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Kurzzusammenfassung

In dieser Arbeit wurden Eisenporphyrin-NO Komplexe mit und ohne axialen Liganden (N- oder S-Donor)
als Modellsysteme fiir NO-gebundene Hamproteine synthetisiert, welche in biologischen Systemen wie
der bakteriellen Stickstoffmonoxidreduktase (NorBC), der Stickstoffmonoxidreduktase in Pilzen
(P450nor), den Nitrophorinen, der l6slichen Guanylatcyclase und der Stickstoffmonoxidsynthase
vorkommen. Detaillierte spektroskopische Untersuchungen der elektronischen Strukturen und
Reaktivitaten dieser Modellsysteme werden hier vorgestellt. Die Unterschiede in den elektronischen
Strukturen zwischen fiinffach-koordiniertem (5C) [Fe"(TPP)(NO)] und sechsfach-koordiniertem (6C)
[Fe'(TPP)(MI)(NO)] (TPP = Tetraphenylporphyrin; Ml = 1-Methylimidazol) wurden mit Hilfe des
magnetischen Zirkulardichroismus (MCD), gekoppelt mit DFT-Rechnungen, untersucht. Ein reiner MCD
C-Term wird im Fall des 5C Komplexes aufgrund der groRen Ubertragung von Spindichte vom NO auf
das Eisen(I1) beobachtet, was zu einer elektronischen Struktur mit merklichem Fe(l)-NO*-Charakter fiihrt.
Durch das Binden des sechsten Liganden wird Elektronendichte vom Eisen auf das NO zuriickgeschoben,
was zu einer Fe(ll)-NO(Radikal) elektronischen Struktur fihrt (MCD A- und B-Terme werden
beobachtet). UV-Vis- und *H-NMR-Bindungsstudien von N-Donorliganden an 5C Komplexe zeigen, dass
die Koordination des axialen Liganden zu einer Schwéachung der Fe-NO Bindung fihrt, wodurch die
Abspaltung des NO’s induziert wird. Die Kraftkonstanten der N-O- und Fe—NO-Bindungen sind im 5C
Komplex groRer als im 6C Komplex, was in Ubereinstimmung mit einer Schwachung der Fe-NO Bindung
im 6C Komplex ist. DFT Rechnungen zeigen, dass die Bildung von Fe(ll)-NO Komplexen um
~7.5 kcal/mol im Vergleich zu entsprechenden Fe(111)-NO Komplexen favorisiert ist.

Verschiedene Thiolat-koordinierte Fe(11)-NO Komplexe wurden in Ldsung synthetisiert und mit Hilfe der
EPR-Spektroskopie untersucht. Die erhaltenen g-Werte und die *N-Hyperfeinaufspaltung zeigen, dass die
Wechselwirkung der Thiolate mit der Fe(ll)-NO Einheit schwach ist. AufRerdem wurde die
Wechselwirkung von NO mit [Fe"(TPP)(SPhF,)] bei tiefen Temperaturen mit Hilfe der UV-Vis

Spektroskopie in-situ untersucht.

Die oben beschriebenen Bindungsstudien von N-Donorliganden an 5C Eisen(l1)-NO Komplexe haben
gezeigt, dass die Synthese eines stabilen 6C Komplexes in Lésung in Abwesenheit von Uberschissiger
Base schwierig ist. Dieses Ziel wurde mit Hilfe eines kovalent an das Porphyrin gebundenen N-
Donorliganden realisiert. Die N-O Schwingungsfrequenz v(NO) in den so erhaltenen Eisen(Il)-NO
Komplexen wurde mit Hilfe der FT-IR Spektroskopie bestimmt. Fir den Liganden H,(T-oF,PP-BzIM)
wurde eine Frequenz von 1644 cm™ bestimmt, ein Wert der jedoch immer noch héher liegt als im Fall
eines freien Imidazol-Liganden. Dartiber hinaus wurde ein H&m/Nicht-Ham bis-NO-Komplex

synthetisiert und als ein vollstandiges Strukturmodell fur das aktive Zentrum der NorBC charakterisiert.



Abstract

In this thesis, iron-porphyrin NO complexes with and without axial ligand (N-donor or S-
donor) have been synthesized as models for NO bound heme proteins present in biological
systems such as bacterial nitric oxide reductase (NorBC), fungal nitric oxide reductase
(P450nor), nitrophorins, soluble guanylate cyclase, and nitric oxide synthase. The detailed
spectroscopic investigations, electronic structures, and reactivities of these model systems are
presented in this work. The difference in the electronic structures between the five-coordinate
(5C) [Fe'(TPP)(NO)] and the six-coordinate (6C) [Fe'(TPP)(MI)NO)] (TPP =
tetraphenylporphyrin; MI = 1-methylimidazole) has been evaluated using magnetic circular
dichroism (MCD) spectroscopy together with DFT calculations. The MCD C term is
observed in the 5C case due to a large transfer of spin density from NO to Fe(Il), resulting in
an electronic structure with noticeable Fe(I)-NO" character. Upon binding the sixth ligand,
the electron density is pushed back from the iron to NO, resulting in an Fe(II)-NO(radical)
type electronic structure (MCD A and B terms). UV-vis and '"H NMR binding studies of N-
donor ligands to the 5C complexes indicate that the coordination of axial ligands weakens the
Fe-NO bond, thereby inducing denitrosylation. The obtained force constants of N-O and
Fe-NO bonds are larger for the 5C compared to the 6C case, also in accordance with the
weakening of the Fe-NO bond in the 6C complexes. DFT calculations show that the
formation of nitrosyl complexes is energetically more favorable for ferrous compared to
ferric systems by ~7.5 kcal/mol.

The thiolate coordinated Fe(I)-NO complexes have been synthesized and investigated in
solution using EPR spectroscopy. From the obtained g values and '*N hyperfine splittings, it
is concluded that the interaction of thiolates with the Fe(II)-NO center is weak. In addition,

the interaction of NO with [Fe'

(TPP)(SPhF4)] has been investigated at low temperature
using in-situ UV-vis spectroscopy.

The synthesis of a stable six-coordinate complex in solution, in the absence of excess base,
has been achieved with covalently attached axial N-donor ligands to iron(II)-porhyrins. The
v(NO) value of 1644 cm™ from FT-IR shows weaker binding of benzyl linked imidazole to
the Fe(I[)-NO center compared to free MI. Furthermore, a heme/non-heme dinitrosyl

complex has been synthesized and characterized as a complete structural model for the

NorBC active site.
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Chapter 1

1 Introduction

My doctoral Thesis focuses on the syntheses, spectroscopic properties, and electronic structures
of several iron-porphyrin nitric oxide (NO) complexes relevant to the heme nitrosyl (Heme-NO)
structures and important functions in biology. In particular, emphasis is put on bacterial nitric
oxide reductase model systems. In addition, mechanistic investigations on the reactivities of
some of the model systems have been performed using various spectroscopic methods.
Spectroscopic techniques employed in my doctoral research are: electronic absorption (UV-vis),
vibrational (FT-IR, non-resonance Raman and resonance Raman), magnetic circular dichroism
(MCD), magnetic resonance (NMR and EPR), and mass spectrometry. Density functional
calculations (DFT) have been employed in order to evaluate the spectroscopic properties,
electronic structures, and reactivity of the model complexes investigated. Most of my doctoral
research (2003 - 2006) has been carried out at the Institut fiir Anorganische Chemie, Universitét
Kiel, Germany, and the final year (2006 - 2007) of my work has been conducted at the
Department of Chemistry, University of Michigan, Ann Arbor, USA, under the guidance of Prof.
Dr. Nicolai Lehnert. Instrumental facilities to carry out this research have been available in the
group of Prof. Dr. Felix Tuczek (Kiel), Prof. Dr. Nicolai Lehnert (Michigan), and also at the
central facility at the Department of Chemistry, University of Michigan. MCD data for the model
complexes described in the Chapter 4 were obtained at the Max-Plank Institut fiir
Bioanorganische Chemie, Miilheim, Germany, in collaboration with Prof. Dr. Frank Neese. EPR
measurements described in Chapter 5 were obtained in collaboration with Dr. Erhard Haupt,

Institut fiir Anorganische Chemie, Universitit Hamburg.

1.1 Heme Nitrosyls

Nitric oxide (NO) is a ubiquitous free radical present in most living organisms. Its chemistry and
biochemistry have been explored by researches for many years. However, the surprising role of
NO as the endothelium derived relaxation factor in living systems has been revealed only in the

late 1980’s by Ignarro and Moncada.' Tt is now known that NO plays a vital role in various



physiological and pathophysiological functions, and its importance has been highlighted in the
Science magazine by selecting NO as molecule of the year in 1992.2 NO regulates various
biological functions® including blood flow, penile erection, platelet reactivity, neurotransmission,
and acts as cytotoxic defensive agent against tumor cells and pathogens. Nitric oxide has also
attracted coordination chemists due to its interesting redox active behavior.* NO can be easily
oxidized to the nitrosonium ion (NO") or can be reduced to the nitroxide ion (NO~), which is
isoelectronic with O,. Correspondingly, a very large volume of scientific papers has been

published in the interesting field of NO complexes of transitional metals.

NO has a short half life of less than one second, when exposed to biological tissue and is
highly reactive to other molecules such as dioxygen, superoxide radicals, or hemeproteins. In
particular, nitric oxide interaction with ferric and ferrous heme proteins attracted much attention
due to its biological significance as described above.” Heme-NO complexes in biology could be
either five-coordinate in the absence of an axial ligand, or six-coordinate with bound axial
ligands such as histidine or cysteine. The presence and absence of the sixth ligand is vital in
controlling the activity of the heme-NO complexes. The heme-NO adduct is observed in nitiric
oxide synthase, soluble guanylate cyclase, nitric oxide reductases and nitrophorins. These NO-
bound proteins carry out important biotransformations with specific functions. The following
sections briefly describe the structure, properties, functions, and importance of each heme-NO

adduct mentioned above.

1.2 Nitric oxide Synthase and NO Biosynthesis

Nitric oxide is synthesized in vivo by the nitric oxide synthase enzymes (NOS). These enzymes
catalyze the five electron oxidation of L-arginine to produce L-citrulline and NO as shown in
Figure 1.0.° This family of enzymes is present in various cells and is classified into three
subtypes depending on the cell types they occur in.” Two constitutive calcium-dependent forms
are known, one discovered in endothelium cells called eNOS, the other present in neuronal or
brain cells, known as nNOS. The third subtype is an inducible calcium-independent enzyme,
especially present in macrophages, and is represented as iNOS. All three subtypes of NOS

require heme, calmodulin, flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN) and



tetrahydrobiopterin (BH4) as cofactors and NADPH and molecular oxygen as cosubstrates to

C g .. 6c.8
oxidize L-arginine.”

Characterization of the heme center in NOS has been accomplished by employing
electronic absorption, EPR and resonance Raman spectroscopic techniques.” The heme iron is
axially coordinated to the protein via a cysteine thiolate residue, as in the case of cytochrome
P450s, and is five-coordinate high spin without a sixth ligand bound in the ferric state of the

enzyme.

+
H,N NH, HZN\fo
Tj: NADPH NH
02 L. + NO
HoR Coo HoR CoO
L-arginine L-citrulline

Figure 1.0. Cellular biosynthesis of NO from L-arginine by NOS.

During the NO synthesis, the substrate arginine appears to bind directly above the heme
center, and then interacts with O, bound to the heme iron. Marletta and coworkers have shown
that NOSs belong to the cytochrome P450 class of heme proteins from their CO binding studies
using electronic absorption spectroscopy.'’ In this study, iNOS and partially purified nNOS,
which were isolated from murine macropages and rat cerebellum, respectively, show
characteristic CO binding properties (Amax at 447 nm) identical to typical CO adducts of
cytochrome P450s. The heme iron present at the catalytic site of NOS plays a key role by binding
and activating O, thereby facilitating NO and citrulline synthesis. The electron transfer from
NADPH to the heme iron is achieved by FDA and FMN.'' The first step in this reaction involves
N-hydroxylation of one of the guanidine nitrogen atoms utilizing NADPH and O, to form N°-

hydroxyl-L-arginine as an intermediate. This intermediate remains bound to the enzyme and is
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oxidatively cleaved to L-citrulline and NO in the following steps.'? This reaction mechanism is
only a hypothesis and is not known for certain. In addition to binding O, to the heme iron of
neuronal NOS, NO can also bind as a sixth ligand in both the ferrous and ferric states of NOS
under an anaerobic atmosphere to generate stable NOS heme iron-NO adducts.” Studies on
nNOS purified from rat cerebellum indicate that NO inhibits by directly interacting with the
enzyme-bound heme actvite site to form a stable five coordinated ferrous heme iron-NO adduct.
This also happens after NO synthesis under oxygen-limited conditions as evidenced from UV-vis
and resonance Raman spectroscopy.”” The inhibition of NOS activity has profound significance
since excess NO production may results in neuropathology.'* Hence, the formation of a ferrous

heme NO complex acts as an inhibitor for the cellular NO synthesis.

1.3 Soluble Guanylate Cyclase

Relaxation of vascular smooth muscle in arteries and veins occurs in response to various
chemical and physical stresses. This blood vessel relaxation is attributed to the endothelium
dependent relaxation factor; which was later discovered to be NO by Ignarro and Moncada.' This
important physiological function of NO is mediated by the heme receptor protein, soluble
guanylate cyclase (sGC)."> NO activates the enzyme by binding its ferrous heme center. The
enzyme then catalyzes the cyclization of guanosine 5’-triphosphate (GTP) to guanosine 3’-5’-
cyclic monophosphate (cGMP).®*'® The proposed reaction mechanism is illustrated in Figure 1.1.
The formed cGMP is an intracellular secondary signaling agent involved in various important
cellular events. The enzyme sGC is a heterodimer of about 150 kDa mass units with « and
subunits of similar masses. The enzyme is believed to contain one heme per subunit. sGC
isolated from bovine lung contains a five-coordinate ferrous heme ligated to an axial histidine
with a characteristic Soret band electronic absorption maximum at 431 nm, and a single band at
555 nm. NO binding to sGC leads to the formation of the five-coordinate heme nitrosyl species
as evident from the electronic Soret band shift from 431 to 398 nm and an appearance of a
shoulder at 485 nm. The new band at 398 nm is directly attributed to the formation of the five-
coordinate heme nitrosyl."” This also implies the dissociation of the axial histidine ligand from
the iron(Il) center. From resonance Raman spectroscopy, the N-O stretch and the Fe-N(O) stretch
at 1681 cm™ and 521 cm™, respectively, in the NO bound sGC have been determined. These

values confirm the rupture of the Fe(Il)-axial histidine bond and the formation of a 5C ferrous
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heme nitrosyl adduct.'® The formation of the ferrous heme NO species is considered to trigger
significant conformational changes in the enzyme structure that lead to the activation of the
enzyme for cyclization of GTP." On the other hand, the addition of CO to sGC results in the
formation of a stable 6C species with no displacement of the histidine ligand and hence, this only
weakly activates the enzyme. Stone and Marletta have shown that NO activates sGC 130-fold,
whereas only 4-fold activation is achieved with CO.?® This result validates the fact that the

interaction of NO with the heme moiety in sGC is crucial for the optimal enzymatic activity.

Figure 1.1. Schematic representation of the activation of soluble guanylate cyclase by NO to

form cGMP.?!
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1.4 Denitrification

Denitrification is a key process in the nitrogen cycle, which transforms nitrate and releases
dinitrogen gas to the biosphere.” Denitrification has several major environmental implications as
follows. First, it is a major mechanism for the loss of nitrates (fertilizer) from the soil. Second, it
is an important process that liberates large quantity of N,O, a green house gas that is also
involved in the depletion of the ozone layer in the stratosphere.”® Third, this mechanism balances
and closes the global nitrogen cycle. The process of dissimilatory denitrification involves four
reduction steps as shown below in equation 1.

NO;™ —NO;, »NO > N,O > N» (equation 1.1)

Each step in this metabolic pathway is catalyzed by different metalloenzymes with
characteristic structural and spectroscopic features.”* Many high resolution X-ray structures of
denitrifying enzymes have been published except the structure of nitric oxide reductase (NOR).”
In the first step, NO; is reduced to NO, in a reaction catalyzed by several types of nitrate
reductases.’*® The subsequent reduction of NO, to NO, N;O and finally to N, involves the
action of a sequence of specific enzymes with interesting catalytic properties. Denitrification is
performed mostly by bacteria for energy generation (respiration), although archaea and certain
fungi can also perform these reactions. These reduction processes are functional only under
anaerobic condition, since respiration of O, occurs in preference to the use of nitrogen oxides
under aerobic condition. Oxygen respiration is found in both eukaryotes and prokaryotes,
whereas denitrification is a prokaryotic pathway. Since the respiratory process results in the
evolution of dinitrogen, the terms dissimilatory nitrate reduction or dissimilatory denitrification
are used in the literature. Another denitrificaton pathway involves the formation of the
ammonium ion (NH;") from the reduction of NO;". Since the released ammonia enters the
nitrogen cycle and can be utilized for the assimilation of nitrogen for the synthesis of nitrogen
containing organic compounds, this process is termed as assimilatory denitrification or nitrate

ammonification. Figure 1.2 shows the complete biological nitrogen cycle.
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1.4.1 Bacterial and Fungal Nitric Oxide Reductases

The reduction of two molecules of NO to N,O is carried out by the enzyme nitric oxide reductase
(NOR). The N-N bond formation in this reaction is shown below in equation 1.2.

2NO +2¢+2H° — N,0 +H,0 (equation 1.2)

Both bacteria and fungi perform this reaction. However, the active enzymes present in these
organisms are completely different. In bacteria, the NO reduction is achieved at a di-iron
heme/non-heme site. On the other hand, the fungal enzyme performs this reaction at a single
heme site.

Genetic and biochemical analyses have shown that the active site of bacterial nitric oxide
reductase (NorBC) closely resembles that of cytochrome ¢ oxidase (CcO). Thus, it is assumed
that these have evolved from a common ancestor, presumably an anaerobic NO reducing
enzyme.”’ However, the bimetallic active site of NorBC contains two irons (a heme iron and a
non-heme iron) rather than a heme iron and a copper as present in CcO.” Since the crystal
structure of NorBC has not been solved so far, the active site structure of CcO is used to serve as
a model for the NorBC active site. The catalytically active site of mitrochondrial CcO is shown
in Figure 1.3. NorBC can be classified into three types depending on the type and number of
electron donors present: ctNOR, gqNOR and qCuaNOR. The best studied bacterial nitric oxide
reductases are the cytochrome bc complexes, thus the name NorBC. They belong to the category
of ctNOR which use a soluble cytochrome c types or blue copper protein (azurin or pseudoazurin)
as their electron donor.” The structure of cNOR is composed of two subunits, NorB and NorC.
The NorB contains the catalytic center and in total two type b hemes and a non-heme iron.The
NorC subunit contains one type ¢ heme. The second type, QNOR, consists of single subunit that
accepts electrons from quinols such as ubihydriquinone (QH,) and menahydroquinone (MQH5).*"
Recently, a third type of NOR, qCU,NOR, has been identified from the grampositive bacterium
Bacillus azotoformans.”" Tts structure is similar to that of cNOR, except a copper A site is present
in the place of heme c to effect electron donation to the catalytic subunit. This type uses MQH>
and a specific cytochrome (css) as electron donors. Interestingly, these three classes possess

highly homologous active site structure that accomplish NO reduction.
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Figure 1.3. Crystal structure of the active site of mitrochondrial cytochrome ¢ oxidase.

The reaction mechanism of dioxygen reduction by CcO has been studied extensively.”” In
contrast, not much information is available at present regarding the NorBC catalyzed NO
reduction mechanism. The resting state of the enzyme has been determined as the all ferric state
with a g-oxo bridge between the two irons centers. The nature of this complex has been
characterized by resonance Raman (RR), EPR, and MCD spectroscopic methods.* The RR
spectrum of oxidized NorBC in unlabelled water shows a characteristic band at 810 cm™ which
shifts to 780 cm™ in labeled water (H,'*0).*> Correspondingly, this mode is assigned to a v(Fe-
O-Fe) stretch. Consequently, the dinuclear site is considered bridged by the oxo group. The EPR-
silent character of this species is observed and considered to arise from the antiferromagnetic
coupling between the two iron centers mediated by the bridging oxo group, which further

supports the aforementioned structural formulation by RR studies.
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Two different mechanisms have been put forward for NorBC based on spectroscopic evidences:
the trans and cis mechanism. EPR studies on the Ps. Aeruginosa enzyme show the formation of
the intermediate ferrous non-heme NO (S = 3/2) species. This study along with a detail steady
state kinetic measurements on NOR activity support the proposed trans mechanism as shown in

Figure 1.4.

2 NO

—_—
HO
42 H 2e l
‘?\l
—
(@)

Figure 1.4: Proposed trans mechanism of NorBC by de Vries and coworkers.**”

In this case, sequential binding of two molecules of NO to a dinuclear site leads to a diiron
ferrous heme/non-heme dinitrosyl complex. Subsequent radical coupling reaction between the
two coordinated NO molecules leads to the formation of an Fe-N,0,-Fe intermediate which later
decomposes to yield the product N,O and the oxo bridged ferric centers, the enzyme’s resting
state. Recently, the formation of a hyponitrite intermediate species has been observed in the
resonance Raman spectrum of a heme Fe-Cu binuclear center that shows NorBC activity.’® The
cis mechanism has been postulated by Gronberg et al. and is based on NO binding experiments to
Cytochrome ubiquinol oxidase from Escherichia coli. This study reveals the binding of two cis
NO molecules to the Cug site, whereas the heme moiety seems to be high spin with no NO bound
to it. Therefore, an alternative mechanism for NO reduction solely at the non-heme site has been
proposed (Figure 1.5a). In addition, recently, a similar cis mechanism has been proposed based
on the NO reduction reaction mediated by the heme center alone (see Figure 1.5b). Here, studies

carried out on cytochrome chb3 from P. stutzeri show a five-coordinate ferrous heme 53 NO
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complex as evidenced from RR spectroscopy. This species is thought to be attacked by the
second molecule of NO to form a hyponitrite (HONNQO?) intermediate, which decomposes to
yield N>O. However, the five-coordinate heme-NO adducts are stable toward attack of second
molecule of NO. Hence, the molecular mechanism of NO reduction to N,O appears to be
complex and needs more spectroscopic investigations to elucidate the enzyme mechanism

unambiguously.

(a) (b)

Figure 1.5: Proposed cis mechanism for the reduction of NO by NorBC (a) mediated exclusively

by the non-heme iron; (b) mediated by the heme center

In the case of fungi, the reduction of NO to N,O is achieved at a single heme site. Interestingly,
fungal denitrification lacks the final step, the conversion of N,O to N,. Instead, P450nor
produces N,O as the final product.’” Hence, NO reduction carried out by these fungi is not
considered strictly as part of the biological denitrification process. The enzyme P450nor is
structurally distinct from the NorBC in the sense that it is belongs to the cytochrome P450 class
of enzymes, hence the name P450nor. Cytochrome P450 enzymes normally catalyze
monooxygenation or hydroxylation of a range of organic substrates. In contrast to other
cytochrome P450s, P450nor is novel since it has no monooxygenase activity. The reaction
catalyzed by P450nor is shown below in equation 1.3.

2NO +NADH + H* — N,0 + H,0 + NAD" (equation 1.3)
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Crystal structures of fungal NOR have been determined from Fusarium oxysporum in its resting
ferric state and also CO bound ferrous state.’” The active site structure from wild type P450nor
with NO bound to the heme in the ferric state is shown in Figure 1.6°’°, which shows the

presence of the axial cysteinate ligand coordinated to the heme.

Figure 1.6: The active site structure of the NO bound wild type P450nor determined from X-ray

crystallography.®*®

The ferric form of P450nor is considered the catalytically active form for the reaction with NO.
Binding of NO to the active site gives raise to a ferric NO complex as evidenced from UV-vis,
resonance Raman, and EXAFS measurements.”® NO and Fe-NO stretching frequencies of
1851 cm” and 530 cm’, respectively, have been determined from resonance Raman

38b

measurements.” = The further steps in this reduction process are unclear. A proposed reaction

mechanism postulated by Shiro and coworkers®”" is shown in Figure 1.7.
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Figure 1.7: Proposed mechanism of P450nor by Shiro and coworkers.**"

This mechanism is based on kinetic stopped-flow and low temperature absorption spectroscopy
data on P450nor. The second step in this catalytic cycle involves the two-electron reduction of
the initially formed Fe(III)-NO complex by NADH to form a transient intermediate /, which
reacts with a second molecule of NO to yield the products N,O and H,O. This intermediate /
exhibits the Soret band maximum at 444 nm, different from the Fe(Ill)-NO complex, which
shows the soret band at 431 nm. Intermediate / has been proposed as a two electron reduced
species of Fe(IlI)-NO, and is formally represented as Fe(I)-NO™ or Fe(I)-NO complex. A more
detailed mechanistic reaction pathway was proposed by Daiber et al. as shown in Figure 1.8.%
This study employed kinetic isoptope experiments and stopped-flow spectroscopy to elucidate
the reaction mechanism. Here, the soret band of intermediate / observed at 444 nm has been
proposed as either Fe(Ill) with a bound NH(O)H radical (ferric hydroxylamine), or Fe(IV) with
bound HNO.
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Figure 1.8. Alternative mechanism of P450nor proposed by Daiber et al.*

1.5 Nitrophorins

Nitrophorins are NO carrier heme proteins present in the salivary glands of blood sucking
insects. These proteins can store NO for a longer period of time under low salivary pH
conditions. They are capable of binding NO reversibly and the release of NO into the host tissue
is achieved at increasing pH and upon dilute protein conditions. NO release causes vasodilation
and inhibits blood coagulation in the host tissue, and thereby enables insects to obtain their blood
meal efﬁciently.40 It has been shown that the secretion of histamine by the victim’s tissue upon
the insect bite is a contributing factor to the delivery of NO from the protein. Histamine could
easily displace NO due to the fact that the dissociation constant of histamine bound to the protein

at neutral pH is far less compared to the dissociation constant of NO from the protein.*!

Four different types of nitrophorins have been isolated from the insect Rhodnius proliux. They
are named rNP1-rNP4 according to their relative abundance in the glands. In these proteins, the
heme center is in its ferric state with axial histidine coordination.*> O, binding to nitrophorins is
unlikely since dioxygen does not bind to ferric hemes. Thus, these proteins are exclusively useful
for NO transport and delivery purposes. The occurrence of ferric instead of ferrous hemes in
these proteins is not arbitrary, but is related to the dissociation rate constants of NO, which are

approximately 4 to 8 orders of magnitude larger in ferric compared to ferrous hemes.* Hence,
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the formation of ferrous heme NO adducts is considered as a dead-end for protein activity. The
crystal structure of NO coordinated nitrophorin (rNP4-NO) from Rhodnius proliux has been
solved as shown in Figure 1.9. The Fe-N-O unit in the structure is not linear, but appears to be
somewhat bent with an angle of 156°.** Interestingly, another type of nitrophorin has been
isolated from Cimex Lectularis, a bed bug recently.* Unlike rNPs, the ferric heme center of ctNP

is axially coordinated by a cysteinate cysteinate ligand like in the P450 enzymes.

Figure 1.9: High resolution crystal structure of nitrophorin (rNP4-NO), shown in the ribbon
presentation. The NO bound heme with axially coordinated histidine is shown in black, disulfide
bonds in yellow, and protein loops are shown in other colors.
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Chapter 2

Overview

In this thesis, the spectroscopic properties, electronic structures, and reactivities of iron
porphyrin NO adducts in the ferric and ferrous oxidation states with axial N- and S-donor
ligands are explored in-depth using various spectroscopic methods and quantum-chemical
calculations. These complexes are synthesized as models for important heme nitrosyl adducts
present in biology such as bacterial nitric oxide reductase, cytochrome P450nor, nitric oxide
synthase, and NO transport proteins (nitrophorins). In addition, various collaborative projects
on other types of model compounds have been performed and are presented at the end of this
thesis.

FT-IR, Raman, and electron paramagnetic resonance (EPR) spectroscopy are extensively
used in this thesis to investigate the properties of the synthesized model complexes. The
basic principles and instrumentation techniques of these methods are briefly described in

Chapter 3.

As described in Chapter 1, ferrous porphyrin NO adducts form as an intermediates in many
enzymatic reactions. This includes the dissimilatory denitrification process where NO
reduction is carried out by the enzyme bacterial nitric oxide reductase (NorBC). This
enzyme’s active site consists of a mixed heme/non-heme di-iron(Il) center, where the heme
shows axial histidine coordination. Whereas the properties of ferrous non-heme iron nitrosyls
have already been characterized in detail, no definitive analyses of the electronic structural
descriptions of corresponding heme complexes have been published so far. Furthermore,
functional NorBC models which carry out the reduction of NO have not been synthesized to
this date. Hence, it is of foremost importance to investigate the properties of ferrous heme
NO complexes as a function of porphyrin substitutions and frans ligands to NO. This will
provide insight for the design of a suitable model system for NorBC to ensure that these
complexes are six-coordinate in solution. In this regard, we have synthesized model
complexes of type [Fe(TPP*)(L)(NO)] (TPP* = tetraphenyl porphyrin type ligand; L = N-
donor), and we have investigated the compounds in detail using spectroscopic methods and
quantum-chemical calculations. These studies are presented in Chapter 4. Based on these

results, we were able to design and synthesize a number of new generation NorBC models,
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which are presented in Chapter 6. In addition, the properties of the corresponding ferric heme
nitrosyls are also evaluated applying vibrational spectroscopy and DFT calculations. These

results are summarized in Section 4.4.

NO bound heme centers with axial cysteinate coordination are present in the active sites of
fungal nitric oxide reductase (P450nor), nitric oxide synthase (NOS), and Cimex nitrophorins
(cf. Chapter 1). Modelling these systems requires thiolates coordination trans to Fe-NO. We
have synthesized and studied the effect of axial thiolate coordination on the properties of
ferrous and ferric heme nitrosyl complexes, and these results are presented in Chapter 5.
These studies also show that these complex with axial thiolates are very reactive and difficult

to isolate as pure solids.

Chapter 6 comprises syntheses and properties of a series of ferrous porphyrin NO complexes
with covalently attached N-donor ligands [Fe'(P)(NO)(L)], where L = pyridine or imidazole
linker. These model compounds are synthesized to obtain a stable six-coordinate ferrous
heme nitrosyl complex in solution for further mechanistic reactivity studies. Attached linkers
with varying chain lengths and designs were synthesized to delineate the effect of chain
length and rigidity on the base binding affinity to the Fe(II)-NO center. These ligand designs
were utilized further to synthesize a complete structural model for NorBC. These interesting
complexes consist of a heme/non-heme mixed assembly and are presnted in Section 6.3. In
addition, non-heme iron complexes with (TPA) and (MPBMPA) ligands have also been

studied to understand the properties of the non-heme portion of the NorBC active site.

In addition to the above mentioned studies on iron porphyrin NO complexes, | have also been
involved in some interesting collaborative projects on ruthenium nitrosyls (synthesis and
crystal growth), manganese prophyrins (crystal grwoth), P450nor mechanism (DFT
calculations) and Cu(I)-NO model complexes (synthesis and spectroscopy). The Cu(I)-NO
project has been carried out in collaboration with Prof. Dr. Kiyoshi Fujisawa, University of
Tskuba, Japan. All the other projects were carried out in collaboration with other members of
Prof. Lehnert’s research group. These results have been published recently or accpeted for
publication.

Finally, the research works presented in this thesis is briefly summarized in Chapter 8.
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Chapter 3

Instrumentation and Background

In this chapter, the basic principles and instrumentation techniques for FT-IR, Raman, and
EPR spectroscopic methods are discussed. In addition, other instruments used in this thesis

are introduced in the Experimental Section of this chapter.

3.1 Fourier Transform Infrared Spectroscopy

3.1.1. Basic Theory and Principles of Infrared Spectroscopy'
According to classical theory, a diatomic molecule with atomic masses m; and m, connected
by a chemical bond vibrates as one-dimensional simple harmonic oscillator (S.H.O). The

vibrational frequency in hertz is given by equation 3.1
( ]% [s7'] (equation 3.1)

where £ is the force constant and u is the reduced mass. Dividing equation 3.1 by velocity of

T

light gives the value in wavenumbers (cm™")

y = 2720( j% [em™'] (equation 3.2)

Vibrational energies, like all other energies are quantized. The allowed vibrational energies,
v, according to the Schrédinger equation for a simple harmonic oscillator relate to the

vibrational quantum number V as is shown in equation 3.3.
= (V +%j hv ; V' =0, 1, 2,.... (equation 3.3)

Thus, at the lowest energy state V= 0, the energy is equal to hv. This is called the zero point
energy.
The above equation can be converted to cm™ by dividing by he. This is shown in equation

3.4.

G(v)=Ey/hC= (V +%j \We
1 .
= (V +§) Oe (equation 3.4)
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where o, is the vibrational eigen frequency of the oscillator, and G(v) is called the vibrational
term. The selection rule for a vibrational transition in the simple harmonic oscillator is given
by equation 3.5.

AV ==+1 (equation 3.5)

Thus, at room temperature, most of the molecules are in the vibrational ground state (V = 0)
so the transition most probably to occur is from V = 0 to V = 1. This vibrational transition is
designated as the fundamental vibrational frequency. In reality, molecules do not vibrate as
simple harmonic oscillators, especially in highly excited vibrational states. P. M. Morse
suggested an empirical expression for the anharmonic oscillator. The potential energy (V) of
an anharmonic oscillator is given in equation 3.6.

V=D, [1—exp a{(r-ro)}]* (equation 3.6)

Here, a is a constant and D, is the dissociation energy of the molecule. When the Schrodinger
equation for the anharmonic oscillator is solved using the Morse potential energy (equation

3.6), the energy levels are given by

G(v)= [V +%) Oe — (V +%) 0.Xe (equation 3.7)

where ®¢X. is the anharmonicity constant. The selection rule for vibrational transitions has
now changed to AV =+ 1, + 2, etc. Thus, overtones are observed in the IR spectra following
this selcetion rule.

In the case of polyatomic molecules, a set of Cartesian coordinates is necessary to describe
the motion of each atom. Thus, there are three independent degrees of freedom in the x, y and
z directions for every atom. Hence, for a molecule with N number of nuclei, there are 3N
total degrees of motional freedom. There are three coordinates required to specify the center
of gravity of a molecule. Thus, the center of gravity of a polyatomic molecule has three
independent translational degrees of freedom. Apart from these, three independent rotational
degrees of freedom for a non-linear molecule and two rotational degrees of freedom for a
linear molecule exist. Finally, subtracting these above described translation and rotational
degrees of freedom from the total number 3N, 3N-6 degrees of freedom for a non-linear and

3N-5 degrees of freedom for a linear molecule remain for vibrations.
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3.1.2. Experimental Setup of Fourier Transform Infrared Spectroscopy
(FT-IR)

The heart of the FT-IR spectrometer is the interferometer, which was invented by Michelson
in 1880. He was awarded the Nobel prize in Physics in 1907 for accurately measuring
wavelengths of light using his interferometer. The interferometer consists of one fixed mirror
and one movable mirror and a beam splitter. An IR source and a detector complete the
spectrometer components. The optical layout of the FT-IR Bruker spectrometer (Bruker IFS
66v) used in the group of Prof. Dr. Felix Tuczek, University of Kiel, Germany, is shown in
Figure 3.1 (top) along with a schematic representation of the Michelson interferometer
(Figure 3.1, bottom). The beam of radiation from the source (silicon carbide heating
filament) is split by the beam splitter into two components which are reflected at the fixed
and movable mirrors back to the beam splitter where they recombine. This way, interference
between the beams is obtained and the intensity of the output beam from the interferometer

can be monitored as a function of path difference by the detector.

IFS 66v/S optical layout

Beamsplitte

Control -
Electronics Mirror Scanner 3

R
IR Input Port

7 Detector
b

—
External Beam

Detector 3 I, 1 . Sample Position_ _
s

4L —»
IR Detector External Beam

External Beam

Fixed mirror

Source e 5 I Moving mirror
_ L2 3 >

Beamsplitter

Detector

Figure 3.1. Optical layout of an FT-IR spectrometer (top), and schematic representation of

the Michelson interferometer (bottom).
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3.2. Raman Spectroscopy

3.2.1 Basic Theory and Setup of Raman Spectroscopy3

The Raman effect was discovered by C. V. Raman in 1928. In contrast to IR spectroscopy,
Raman spectroscopy deals with the scattering of light, and not with absorption. Consider a
photon of frequency v falling on a molecule. If the collision is elastic, then the scattered
photon has an energy equal to the incident photon. On the other hand, if the collision is
inelastic, then the scattered photon will have a higher energy or lower energy compared to
the incident photon. If we assume that the kinetic energy of the photon and the molecule
remain unchanged before and after the collision then, from the law of conservation of energy,
hv+E=hv' +F (equation 3.7)

where hv corresponds to the energy of the incident photon, and Av[] corresponds to the
energy of the scattered photon, respectively.

Rearranging equation 3.7 gives the following expression

(E-E’Yh =v—Vv" (equation 3.8)

If the frequency or energy of the incident and the scattered photon are the same (ie. v =V’ or

E = E’) then Rayleigh scattering occurs. When the photon collides with the molecule, energy
from the photon can be either transferred to the molecule or taken away from the molecule,
which corresponds to Raman scattering. A Pictorial representation of the Raman and
Rayleigh scattering are shown in Figure 3.2. When the molecule is excited to a higher
unstable electronic state then returns to the original vibrational state, then Rayleigh scattering
occurs. On the other hand, if the excited molecules return back to a different vibrational state
then Raman scattering occurs. If the vibrational quantum number of the final state is larger
than that of the initial state before the collision, this leads to Stokes lines (cf. Figure 3.2, left).

Vice vera, anti-Stokes lines are generated (cf. Figure 3.2, right).
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Figure 3.2. Illustration of Raman and Rayleigh scattering.

Thus, both Stokes and anti-Stokes lines are present in a Raman spectrum. Stoke lines are
more intense than the anti-Stoke lines. Anti-Stokes lines are weaker since they are arising
from the excitation of molecules from an excited vibrational state, and initially, there are very
few molecules in the excited vibrational state at room temperature. Raman shift is

represented as the shift in frequency (v—V').

M - LASER

Detector
\\‘\ rIx: é:
. .
\/ [3--9--8-0-] Spectrograph
e N L
M

Figure 3.3. Raman spectrometer assembly built by Prof. Dr. Nicolai Lehnert and Florian
Paulat in Ann Arbor, USA (M = mirror, L = lens, N = Notch ﬁl‘[er).2

A schematic representation of the Raman spectrometer built in the group of Prof. Dr. Nicolai
Lehnert is shown in Figure 3.3. The light source used for the Raman spectrometer in the

Lehnert laboratory is an Argon/Krypton ion mixed gas laser. The main excitation energies
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(power > 100 mW) accessible with the BeamLok 2060 are: 647.1, 568.2, (530.9), 514.5,
488.0, (476.5), 457.9, 413.1, (406.7), and 351.0 nm. The laser beam first passes through
mirrors and the interference filter, etc. and is finally focussed on the sample, the position of
which is indicated as ‘x’ in Figure 3.3. The sample is placed in a dewar (EPR cold-finger
dewar), which is cooled with liquid nitrogen. The scattered light is then collected by another
lens and redirected in 90° using a beam stirrer (square box in Figure 3.3). The scattered light
is then collimated, the Raleigh light is blocked using a Notch filter (‘N” in Figure 3.3), and
finally, the remaining light is focussed on the monochromator entrance slit. The
monochromator corresponds to a PI Acton TriVista DM55 double monochromator with an
attached SPEC 10 400B LN CCD detector (1340x400 pixel, back-illuminated CCD, liquid

nitrogen cooled) from Princeton Instruments (now PI Acton).

3.3. Electron Paramagnetic Resonance Spectroscopy

3.3.1. Basic theory and principles of EPR spectroscopy’

Electron paramagnetic resonance spectroscopy (EPR) also called electron spin resonance
spectroscopy, was discovered by Zavoisky in 1945. The EPR transitions are observed in the
microwave region. In EPR spectroscopy, the interaction of the spin moment of an unpaired
electron (ms = £+ 1/2) with an applied magnetic field results in two different energy states
(Zeeman effect). A transition between these two states can be induced by the application of
microwave radiation. The Zeeman Hamiltonian for the interaction of an electron with the
magnetic field applied along the z direction is given by equation 3.9

H=gBHS. (equation 3.9)

where g is called Lande g-factor. For a free electron, this value is 2.0023193. B is the electron
Bohr magneton, S. is the spin operator; and H is the applied magnetic field strength. This
Hamiltonian operates on the electron spin functions « and f corresponding to mg = +1/2 and
ms = -1/2, respectively. The S spin has its magnetic moment aligned with the magnetic field
direction, whereas and the « spin is aligned opposite to the field.

The energy associated with this transition is given by the equation 3.10.

AE =gBH (equation 3.10)

This energy difference corresponds to frequencies in the microwave region. EPR experiments

are carried out at fixed frequency for practical reasons. Normally EPR spectra are measured
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in the X-band frequency range of 9.5 giga hertz (GHz), where a field strength of about 3400
gauss is employed, or in the Q-band frequency range (35 GHz, 12500 gauss).

E
m, = +1/2
a spin
a p hv=gpH
m,=-1/2
H=0 (Bspin)

H >

Figure 3.4 Energy level diagram associated with the electronic transition in an EPR

experiment.

Hyperfine interaction is an important phenomenon which occurs as a result of the interaction
of electron magnetic moment(s) with the nuclear magnetic moment(s) which, results in a
splitting of the EPR signals. For example, an unpaired electron with S = 1/2 (ms = £ %)
interacts with a nucleus of nuclear spin 7 = 1/2 (m; = £ '4). In the absence of the magnetic
field, the electron spin energy levels are degenerate. The application of a magnetic field
removes the degeneracy giving rise to two sublevels as shown in Figure 3.4. These electron
spin sublevels interact with the nuclear spin, thereby giving rise to further splitting. Another
important feature in EPR is the g-value. For a free electron in vacuum, g = 2.0023. However,
in a molecule, especially in the presence of a heavy nucleus, spin-orbit coupling may cause a
shift in the g value from the free electron value. In this sense, the g value now reflects the
nature of the orbital that is singly occupied. Correspondingly, in the case of organic free
radicals, g values remain close to the free electron value. However, in the case of transitional
metals with unpaired electrons, the g values often times deviate considerably due to orbital

contributions.
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For example, Ferrous heme nitrosyls [Fe(porphyrin)(L)(NO)], discussed mostly in this thesis,
show low-spin (S = 1/2) ground states regardless of whether the iron is five- (5C) or six-
coordinate (6C) and independent of the nature of the axial ligand L trans to NO (L = N-
donor, thiolate, etc.)’. Since iron is in the +II oxidation state and low-spin, it has a
[dxz.dyz, dxz_yz]6 = [tz]6 electron configuration. Free nitric oxide is a radical with S = 1/2
ground state with the unpaired electron being located in the (singly occupied) m* orbitals.
Since the t, orbitals of iron are fully occupied, donation from this 7 orbital of NO is only
possible into the d,2 orbital of iron. This leads to a partial occupation of the d,2 orbital
depending on the strength of this interaction. Besides this ¢ donor bond, m backdonation
from the occupied dy, and dy, orbitals into the empty n* orbitals of NO is also present.

Based on this electronic structure description, it can be expected that the EPR spectra of
ferrous heme NO adducts show similar g values as low-spin d’ complexes with the electron
configuration [dxz,dyz,dxz_yz]f’[dzz]l, as observed, for example, for Co(Il)-porphyrin
complexes. For an S = 1/2 system with a non-degenerate ground state, perturbation theory

yields the following expression for the g values:’

‘PL\P \PL\P
g =9 2/12 || || > i=Xx,7,z

Here, g. is the Landé factor of the free electron, ¥y is the ground state, and the sum runs over
all excited states ¥, (n # 0). Applying a pure ligand field model, the following states need to

be considered in a first order treatment:

¥,) =|(passiveshells)d,d?,d?, zdl
o) =|

yz¥xz¥ y2. y2

RAE ‘(passweshells)d dzd? >
|\¥,) = |(passiveshells)d.d},d?, 2d2>

yz¥xz¥ y2. yZ

EAE ‘(passweshells)d dzd>
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Using these ligand field states, but including orbital reduction factors for covalency, the g

values for the d’ electron configuration are:

g, =g, =2.002
2n2
Ox =9 _ZI};LB (equation 3.11)
yz-27?
6}\‘a2y2
gy YT AExz—>z2

Here, A is the spin-orbit coupling constant for iron(II) (Ao ~ -390 cm™), and o, B, y are the
coefficients of the d,2, dy, and dy, functions, respectively, in the corresponding molecular
orbitals. The denominator AE corresponds to the configurational excitation energy from d,,
or dy, to dp, respectively. Since the unpaired electron occupies a pure d,2 orbital in this
model, there are no additional contributions to g, since L,d,2 = 0. In addition, the excited state
|'¥'1> does not contribute. Based on equation 3.11 it can be expected that the EPR spectra of
ferrous nitrosyls are centered around g = 2.00 and, since d, or dy, are not degenerate due to
their anisotropic interaction with NO, the EPR spectra of these species should in general be
rhombic with (g« # g,) > g,. The g shifts for g, and g, should be small and positive and
hence, all g values should be larger or equal to g.. Since the unpaired electron density on iron
in ferrous heme nitrosyls resides mostly in the d,2 orbital, this ligand field model also

predicts that strong hyperfine lines of the coordinated NO should therefore occur mostly on

gz

3.3.2. EPR Instrumentation

A monochromatic microwave is used as an energy source for electronic transitions in EPR
spectroscopy. The usual source used for this purpose is the klystron, which emits radiation
over only a very narrow frequency range. The microwave beam direction is confined with the
use of waveguides (WG), which are hollow tubes of copper or silver of rectangular cross
section. The sample is placed inside the cavity as shown in Figure 3.5. A simple crystal
detector is normally used in the EPR spectrometer. The spectrum is then recorded by
sweeping the magnetic field while irradiating the sample with (almost) monochromatic

microwaves.
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agnet Detector

e

Microwave source Sample cavity

Figure 3.5. A schematic representation of the EPR spectrometer (simple block diagram).

3.4 Experimental Section

3.4.1 Syntheses with NO and Sample Preparation

For some of the syntheses (for example, the nitrosylation reactions presented in Chapters 5
and 6) performed in this work, Schlenk techniques were applied using Argon (= 4.6) as inert
gas. The NO gas was carefully purified before usage to remove higher NOy impurities such
as N,Oj3 and NO,. For this purpose, the NO gas was passed through an ascarite 11 column
(sodium hydroxide on silica gel) and then through a cold trap at -60 to -70 °C using dry ice

PN'™0 isotopically labeled gas was not further purified, and was taken

and acetone. The
directly from the lecture bottles. Sample preparation and storage of oxygen sensitive
compounds was performed in an inert atmosphere using a MBraun dry box (glovebox).
Oxygen sensitive samples for MCD and Raman spectroscopies were prepared in the dry box

and immediately frozen in liquid nitrogen after removing from the dry box.

3.4.2 Spectrocopic Instrumentation

3.4.2.1. FT-IR Spectroscopy.

Middle- and Far Infrared spectra (MIR & FIR) were recorded on a Bruker IFS 66v vacuum
instrument (University of Kiel) at room temperature. For the MIR region, KBr disks were

used and the spectra were recorded at a resolution of 1 cm™. FIR spectra were obtained on
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CsI pellets at a resolution of 2 cm™. At the university of Michigan, MIR spectra were
recorded on a Perkin Elmer BX spectrometer and FIR spectra were recorded on a Nicolet 740

FT-IR spectrometer.

3.4.2.2. Nonresonance Raman (FT Raman) and resonance Raman Spectroscopy.

FT-Raman (nonresonance) spectra were recorded on a Bruker IFS 66 interferometer with a
Bruker FRA 106 Raman attachment using a NdYAG laser for excitation (A = 1064 nm).
Measurements were performed on pure compounds. Resonance Raman spectra were

measured using the instrument described in Section 3.2.1.

3.4.2.3. Magnetic Circular Dichroism Spectroscopy

The MCD spectrometer consists of a JASCO J-815 CD spectropolarimeter, a Spectromag™"
cryostat (OXFORD) with incorporated superconducting magnet, and the detector. Samples
were measured in propionitrile and butyronitrile solvent mixtures or polystyrene films at

liquid helium temperature, or as indicated as indicated in Chapter 4.

3.4.2.4 UV-Vis Spectroscopy

Absorption spectra were recorded at room temperature using a Varian CARY 5 UV/Vis-NIR
spectrophotometer. The in-situ UV-Vis absorption spectroscopy was performed using an
Analytik Jena Specord S600 diode array spectrophotometer and a dip probe. In this case, the

operating range of the optical fibers is from 220 nm to1100 nm.

3.4.2.5. "H-NMR Spectroscopy

'H-NMR spectra at the University of Kiel were recorded on a Bruker Avance 400 pulse
Fourier transform spectrometer operating at a 'H frequency of 400 MHz. 'H-NMR spectra at
the University of Michigan were recorded on both a Varian Inova 400 spectrometer operating
at 400 MHz (9.4 Tesla; Oxford Magnet) and a Varian Mercury 300 spectrometer operating at
300 MHz (7.0 Tesla; Oxford Magnet). Spectra were recorded at room temperature.

3.4.2.6. EPR Spectroscopy
EPR spectra were recorded on a X-band Bruker ESP-300E spectrometer in University of
Hamburg, Germany, and Bruker EMX spectrometer at the University of Michigan, USA.
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3.4.2.7. Mass Spectroscopy
Mass spectra were recorded on a Micromass Ultima spectrometer, which is a high resolution

magnetic sector mass spectrometer using EI, CI, or Electrospray ionization techniques.

3.4.3. Density Functional Calculations

In general, density functional calculations were performed using the B3LYP and BP86
functionals, and the LanL.2DZ and TZVP basis sets, respectively, as implemented in the
program package Gaussian 03.° In addition, the LanL2DZ* basis set was used, which
consists of LanL2DZ plus polarization functions (from TZVP) on all heavy atoms.” Details
for the calculations are given in the individual chapters, when applicable. In all calculations,
convergence was reached when the relative change in the density matrix between subsequent
iterations was less than 1x 10®. Semi-empirical calculations of absorption spectra were
performed using the INDO/S-CI method as implemented in ORCA.* Molecular and
electronic structures as well as vibrations were visualized using the program packages

GaussView ° and Molden.’
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Chapter 4

Ferrous and Ferric Heme Nitrosyls with trans N-Donor Ligands

4.1. Scope of this project

NO adducts of ferrous heme nitrosyls occur as intermediates in many biologically important
processes (cf. Chapter 1). These ferrous heme nitrosyls could either be six—coordinate (6C)
with NO bound trans to an amino acid residue such as histidine, or five-coordinate (5C) with
no trans ligand. The presence or absence of the trans ligand is vital in controlling the
reactivity of the heme NO unit. NO binding to the enzyme soluble guanylate cyclase (sGC)
leads to the formation of a 5C NO adduct, which activates the enzyme to catalyzes the
cyclization of guanosine triphosphate (GTP) to cyclic guanosine monophosphatae (cGMP). It
has been proposed that the formation of the five-coordinate ferrous heme NO complex
induces conformational changes within sGC that lead to its activation. The 6C heme NO
adduct with axially bound histidine is present in the active site of bacterial nitric oxide
reductases (NorBC). It has been suggested that histidine plays a critical role in the formation
of the N-N bond in the reduction of two molecules of NO.'

Due to the importance of heme NO bichemistry, much research has been conducted toward
the synthesis of either five-coordinate model complexes, or corresponding six-coordinate
complexes with N-donor ligands like 1-methylimidazole (MI) in frans position to NO.?
Despite the fact that much experimental information has been obtained on these model
systems,” their exact electronic structures are still not clearly defined. This is due to the fact
that NO is a redox active ligand, which complicates the exact determination of the electronic
structure and the assignment of (formal) oxidation states® in these systems. We have
therefore investigated five- and six-coordinate model systems of type [Fe(TPP*)(L)(NO)]""
(TPP* = tetraphenylporphyrin type ligand; L = N-donor ligand or missing; n = 0, 1) in detail

using various spectroscopic techniques coupled to DFT calculations.

We have employed low temperature magnetic circular dichroism (MCD) spectroscopy for
the first time to understand the electronic structural differences between five- and six-
coordinate ferrous heme-NO adducts. The MCD spectra of these complexes were evaluated

with the help of DFT calculations. These results are presented in Section 4.2. The MCD
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measurements on these model complexes were carried out by Prof. Dr. Frank Neese at the
Max-Plank Institut fiir Bioanorganische Chemie, Miilheim, Germany. This work has been

published as a short communication in Inorganic Chemistry (2005).

Section 4.3 comprises a detailed study on the five- and six-coordinate model systems with
respect to the effect of the coordination of N-donor ligands (L) in trans position to NO in a
much wider approach. Binding studies to five-coordinate complexes [Fe(TPP*)(NO)] in
solution as a function of the phenyl ring substitution in TPP and the employed nitrogen base
are presented using UV-vis absorption and 'H-NMR spectroscopy. This way, binding
constants K.q are determined, and the 'H-NMR spectra of these complexes are assigned for
the first time. A crystal structure of the complex [Fe"(To-F,PP)(MI)(NO)] (2-F, To-F,PP =
tetra(ortho-difluorophenyl) porphyrin) is presented. The differences in the electronic
structures of five- and six-coordinate iron(Il)-porphyrin NO complexes are then investigated
by vibrational spectroscopy on [Fe"(TPP)(NO)] (1) and [Fe'(TPP)(MI)(NO)] (2, MI = 1-
methylimidazole) as examples. The vibrations of the Fe(I[)-N-O subunits in 1 and 2 are
completely assigned for the first time using isotope substitution. Force constants are
determined using the quantum-chemistry centered normal coordinate analysis (QCC-NCA).
The obtained force constants together with the "H-NMR results provide direct experimental
evidence for a weakening of the Fe-NO bond in six- compared to five-coordinate Fe(II)-NO
complexes. In addition, the MCD spectra of 1 and 2 presented in Section 4.2 are assigned
using MCD theory and quantum chemical calculations. Based on all these spectroscopic
results which are correlated to the DFT calculations, the electronic structural differences
between five and six-coordinate iron(Il)-porphyrin NO adducts are now defined in detail.
Please note that the crystal structure of the complex [Fe"(To-F,PP)(MI)(NO)] was solved by
Priv.-Doz. Dr. Christian Néther, and the NMR measurements were performed by Dr. Gerhard
Peters. This work has been published in Inorganic chemistry (2006) as a full paper.

Section 4.4 comprises investigations on six-coordinate ferric porphyrin NO complexes. In
this study, the mechanism of NO binding to ferric hemes and the possible variation in
electronic structure of the formed complexes is investigated in detail using model compounds
and DFT calculations. The six-coordinate model system [Fe(TPP)(NO)(MI)](BF,) has been

prepared and characterized using vibrational spectroscopy coupled to isotope substitution.
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The energetics of NO binding to ferric hemes are investigated using DFT calculations. In
addition, the crystal structure of the precursor, [Fe(TPP)(thf),](BF4), is presented. The crystal

structure was solved by Priv.-Doz. Dr. Christian Nither.
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Using magnetic circular dichroism (MCD) spectroscopy together
with DFT calculations, the spin density distributions in five-
coordinate [Fe(TPP)(NO)] (I) and six-coordinate [Fe(TPP)(MI)(NO)]
(I, MI' = 1-methylimidazole) are defined. In the five-coordinate
complex, a strong Fe—NO ¢ bond between 5", and d2 is present
that leads to a large transfer of spin density from the NO ligand
to Fe(ll) corresponding to an electronic structure with noticeable
Fe(l)-NO™* character. Consequently, the MCD spectrum is domi-
nated by paramagnetic C-term contributions. On coordination of
the sixth ligand, the spin density is pushed back from the iron
toward the NO ligand, resulting in an Fe(ll)-NO(radical) type of
electronic structure. This is reflected by the fact that the MCD
spectrum is dominated by diamagnetic contributions.

Iron—porphyrin NO complexes play a key role in the
mechanisms of many metalloproteirsHence, synthetic

different EPR spectra, Wyllie et al. speculated that these
systems have different electronic ground stétésit no
further evidence for this conjecture is provided. Judging from
the MCD spectra and DFT calculations presented here, this
difference in electronic structure ¢fandll is elucidated.
MCD intensity is generally considered to arise from three
different mechanism&The C term is temperature-dependent
and originates from spin—orbit coupling of the ground and
target excited states with other intermediate excited states.
On the other hand, th& and B terms are temperature-

independent and are also present in diamagnetic materials.

Thus, the paramagneti€{term) contribution to the total
spectrum can be extracted by subtracting MCD data taken
at variable temperatures. Figure 1 shows the MCD spectra
of five-coordinate (5C) [P§TPP)(NO)] (top) and six-
coordinate (6C) [P§TPP)(MI)(NO)] (bottom) in compari-
son. As one can see, these data are very different. In the
case ofl, the C-term spectrum obtained from temperature-

model systems for these species have been investigated imlependent data is identical in appearance to the total

great detaif Corresponding iron(Il-NO complexes are still

spectrum. Consequently, the MCD response is dominated

the focus of many ongoing studies because of their interestingby the paramagneti€-term contribution. Because spin

spectroscopic and photochemical propettisl their mecha-
nistic significancé.In this communication, the low-temper-
ature magnetic circular dichroism (MCD) spectra of five-
coordinate [F&TPP)(NO)] (, TPP= tetraphenylporphyrin)
and six-coordinate [F€TPP)(MI)(NO)] (Il, Ml = 1-meth-
ylimidazole) are reported for the first time and analyzed with
the help of density functional (DFT) calculations. Both
complexed andll haveS= %/, ground state%.From their

orbit coupling is weak for light elements such as carbon,
nitrogen, and oxygen, th€-term nature of the spectrum
indicates that a significant amount of spin density of the
unpaired electron ih must be located on the formally iron-
() center. This is dramatically different for the 6C complex
Il. From Figure 1, bottom, one can see that the deconvoluted
MCD C-term spectrum is different from the total spectrum,
which is, in fact, dominated by temperature-independent
diamagnetic contributions (Aand B terms). These are
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ac.uni-kiel.de.
T Christian-Albrechts-Universitét Kiel.
* Max-Planck Institut fiir Bioanorganische Chemie.
(1) McCleverty, J. A.Chem. Rev2004,104, 403.
(2) (a) Richardson, D. J.; Watmough, NClrr. Opin. Chem. Biol1999
3, 207. (b) Ding, X. D.; Weichsel, A.; Andersen, J. F.; Shokhireva, T.
K.; Balfour, C.; Pierik, A. J.; Averill, B. A.; Montfort, W. R.; Walker,
F. A. J. Am. Chem. S0d 999,121, 128. (c) Poulos, T. L.; Li, H,;
Raman, C. SCurr. Opin. Chem. Biol1999, 3, 131.
(3) (a) Ford, P. C.; Lorkovic, I. MChem. Re. 2002 102, 993. (b) Wyllie,
G. R. A,; Scheidt, RChem. Re»2002,102, 1067.
(4) Cheng, L.; Novozhilova, I.; Kim, C.; Kovalevsky, A.; Bagley, K. A.;
Coppens, P.; Richter-Addo, G. B. Am. Chem. So200Q 122 7142.

2570 Inorganic Chemistry, Vol. 44, No. 8, 2005

plexes because of the occurrence of (practically) degenerate

excited states in the porphyrin dianion with approxiniaig

(5) Westcott, B. L.; Enemark, J. Hransition Metal Nitrosyls; Solomon,
E. I, Lever, A. B. P., Eds.; Wiley: New York, 1999; Vol. 2, pp 403
450.
(6) Wyllie, G. R. A,; Schulz, C. E.; Scheidt, W. Riorg. Chem.2003,
42, 5722.
(7) (a) Cheesman, M. R.; Greenwood, C.; Thomson, AAdk. Inorg.
Chem.1991, 36, 201. (b) Neese, F.; Solomon, Elrlorg. Chem1999
38, 1847. (c) Oganesyan, V. S.; George, S. J.; Cheesman, M. R.;
Thomson, A. JJ. Chem. Phys1999,110, 762.
10.1021/ic050144k CCC: $30.25 © 2005 American Chemical Society
Published on Web 03/12/2005

43



COMMUNICATION
Table 1. Comparison between Experimental and Calculated Properties of FB@tphyrin NO Adducts (AlIS= /) 2

geometric parameters spin Mdossbauer

(A or deg) »IN—O density parameters (mm/s) EPR parameters
molecule Fe—N N-O Fe-N-O Fe-X (cml) Fe NO o AEq Omax  Omid  Omin orientation ref
Fe(TPP)(NO) (y 1.72 112 149 - 1697 0.33 1.2 2.102 2.064 2.010— 1la
Fe(OEP)(NO) 173 1.17 143 - 1673 0.33 1.260 2.106 2.057 2.015gmin/Fe—N=28° 11b
Fe(P)(NO) (la) _ IEa_N— 24°
BP86/TZVP 1.70 1.18 146 1703 +0.47 +0.53 2.043 2.007 1.997gmin/Fe—N= 24
Fe(P)(NOY 0.36 0.73  2.049 2.025 2.004mi/Fe—N=20°
Feg)P PYMONO) 175 118 138 217 1630 032 073 2079 2.004 1.972— 11d
Fe(P)(MI)(NO) (lla) gmidFe—N= 41°
BP86/TZVP 1.73 1.19 140 2.18 1662 +0.21 +0.78 2.031 1.998 1'97Zg::n/Fe—N=49°
Fe(P)(MI)(NO}! 0.38  |0.57| 2.024 1.991 1.955gmd/Fe—N=29°

aFor abbreviations, see text. F¥ is the Fe-N(imidazole) distance. Because there is an ambiguity about tH@ Btretch in five-coordinate [Fe(TPP)(NO)]
(values of 17082 and 1678° cm™! have been reported), we have reinvestigated the IR spectramd |l as shown in Figure S3. For [Fe(OEP)(NO)],
v(N—O) is taken from ref 6. Experimental MGssbhauer parameters are taken from®8pth densities are calculated at the B3LYP/LanL2DZ* level (cf.
Experimental Details in the Supporting InformatiofBtructural data: [Fe(TPP)(NO)] and [Fe(OEP)(NO)], ref 3b; [Fe(TPP)(MI)(NO)], réf@Galculated
with B3LYP and the following basis sets: Fe, CP(PPP); N, ERRC and O, TZVP; H, TZV (see Supporting Information).
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Figure 1. MCD spectra of [F&TPP)(NO)] (top) and [PTPP)(MI)-
(NO)] (bottom) measured in a butyronitrile/propionitrile glass.

Lo< 123> npdaldy, | 0<101>  da =} +a,,

symmetry? This indicates that the unpaired spin density is
mostly located on the NO unit in the 6C case, which leads
to the temperature-independent MCD spectrum of dia- a<118>
magnetic low-spin Fe(Ifporphyrins. Detailed assignments _

. . ; Figure 2. Contour plots of important-MOs of [Fe'(P)(MI)(NO)] (left)
of the observed electronic transitions are complicated and ,ny'1ré (P)(NO)] (right) calculated with BPS6/TZVP.
will therefore be presented in a forthcoming full paper.

The fact that the paramagnetic compléxexhibits such 1, the obtained agreement between the calculated and

low C-term intensity is surprising and indicates a different experimental structures is excellent. In compléx the
ground state fol compared td. To elucidate the electronic  Fe—NO bond is dominated by two interactions. First, a
structural origin of this difference, DFT calculations at the pseudo-odonation from the singly occupiedty, orbital of
BP86/TZVP level have been applied using the model systemsnO (h = horizontal, thez* orbital in the Fe-N—O plane)
[Fe'(P)(NO)] (2) and [Fe/(P)(NO)(MI)] (lla, P =porphine; into the unoccupied dorbital of iron(ll) is present. The
cf. Figure S4, Supporting InformatiofAs shown in Table  ¢orresponding bonding combination[123[]has an addi-
(8) Gouterman, M. Optical Spectra and Electronic Structure of Porphyrins tional admixture of ¢ and is therefore Iabeleﬂ*h_dZZ/dxz'
and Related Rings. IThe Porphyrins Dolphin, D., Ed.; Academic It is the HOMO of Il (cf. Figure 2, left). BecauseA
Press: New York, 1978; Vol. IIl. _ _also interacts with theo donor orbital of the bound
(9) The model systems and the applied coordinate system are shown '“1-methylimidazole this competition forzdexplains the

Figure S4. The complete MO diagram and contour plotdl oare . i
shown in Figures S6 and S7. strong trans effect of NO on-donor ligands. This can also
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be seen from the corresponding antibonding orbital, Fe(l)~NO" with a d configuration on iron. In contrast, the
dz2/dy, 7*n (012901 The second interaction is a medium- occurrence of the NO stretching frequency below 1700
strengthsr back-bond between the', orbital of NO (v= cmtin | shows that this is a clear overestimate. This is
vertical, ther* orbital perpendicular to the FeN—O plane) also not in agreement with the calculations presented here,
and the ¢, orbital of iron? Corresponding bonding (a[1180  which show an even distribution of the unpaired electron
and antibondingd[1260)]orbitals are also shown in Figure over the Fe-N—O unit. In a previous DFT study, it was

2. To calculate accurate spin densities fiar, the B3LYP claimed that complex has Fe(ll)—NO charactet3 This,

functional was applied, as pure density functionals tend to however, is not in agreement with our experimental and DFT
clearly overestimate metaligand covalencies. Importantly,  resylts.

only a small amount of spin population is obtained on iron
(+0.2), which is mostly due to the F&NO o bond, whereas
the contribution from the back-bond is small. As shown in
Table 1, most spin population is actually located on the
coordinated NO ligand, in agreement with the MCD result.
Altogether, a satisfactory theoretical description of the six-
coordinate compleX is obtained. This is also reflected by
the calculated NO stretching frequency, which is in good
agreement with experiment. Therefore, complexnust be
described as the prototype of a low-spin Fe(INS(radical)
adduct.

The interesting question is then how this electronic
structure changes when going to the five-coordinate complex
I. The most important difference is that, because of the P
absence of the sixth ligand, the drbital strongly decreases 927 n orients theg tensor along the Fe—N(O) bond as
in energy Hence, mixing withz"» becomes very strong such shown in Table 1. In this case, the axisgaf, (the smallest

that the HOMO & "1 (101 has mostly ¢ character g value) is almost aligned with the F(N(Q) bond, which
(cf. contour in Figure 2, right). Because of mixing with leads to the occurrence of the experimentally observed

porphyrin orbitals, an additional 18%zcbceurs in orbital ~ hyperfine lines ogmin. In complexil, theg tensor is rotated
a@8L{7", contribution= 3%). In total, this corresponds to ~away from the Fe-N(O) bond, withgmia now being closest

a net transfer of about one-half of an electron to the Fe(ll) to the Fe—N(O) and Fe—N(imidazole) axes. Correspond-
center. Hence, the complex has noticeable Fe{p* ingly, this g value now shows strong hyperfine splittings.
character. This leads to the occurrence of a large amount ofWe have also calculated Méssbauer parameters (cf. Table
positive spin density on iron (cf. Table 1) and explains the 1) and the*N hyperfine tensoA of the coordinated NO
C-term MCD spectrum obtained fdr In agreement with  (cf. Table S2, Supporting Information), which show accept-
this description, the NO stretching frequency is shifted to ~ able agreement with experiment, further indicating that a
higher energy by~70 cnt! in | compared tdl (cf. Table good theoretical description ¢fandll is achieved.

1). On the other hand, the back-bond is comparable for )
and I, as shown in Figure 2, right From single-crystal Acknowledgment. This work was supported by the

EPR spectroscopy, the spin populations in the related Deutsche Forschungsgemei'nschaft (DFG,. Grant LE 1393/
complex [Fe(OEP)(NO)] have been estimated+0.9 on 1) and the Fonds der Chemischen Industrie. F.N. acknowl-
iron and+0.1 on NO Similar values have been obtained €dges financial support by the Max Planck Gesellschaft and
in a recent computational study using pure density function- the DFG (SPP 1137).

als? However, this would correspond to an almost complete
electron transfer from NO to iron, leading to a low-spin

The results presented above are also useful for evaluating
the very different EPR spectra of five- and six-coordinate
Fe(Il)—porphyrin NO adduct&: For complex!, a charac-
teristic spectrum is observed with hyperfine lines from the
nitrogen of NO on the smallegy value gmin. The six-
coordinate complexl shows a broader spectrum, where
hyperfine lines are observed for the nitrogens of NO and of
the trans-N donor ogmig. In addition, differeng values are
obtained for these complexes. It was claimed that these
differences in the EPR spectra are due to different orienta-
tions of theg tensor with respect to the molecular frafriéc
In agreement with these results, our calculations show that
the strong FeNO ¢ interaction inl mediated by the orbital

Supporting Information Available: Experimental details, UV
vis absorption vs MCD spectra bfandll including Gaussian fits,

(10) Small differences imr back-bonding are observed for theMOs. The IR_spectra _Ofl _and I ] MO diagram ofll, a”‘?' contour plots.
somewhat increaseg-back-bond forl compared tdl leads to the This material is available free of charge via the Internet at
transfer of a small additional amount of spin density from NO to iron http://pubs.acs.org.
in | relative toll. This will be discussed in detail in the forthcoming
full paper. 1C050144K

(11) (a) Wayland, B. B.; Olson, L. WI. Am. Chem. S0d.974,96, 6037.
(b) Hayes, R. G.; Ellison, M. K.; Scheidt, W. forg. Chem 2000,

39, 3665. (c) Patchkovskii, S.; Ziegler, Thorg. Chem200Q 39, 5354. (12) Zhang, Y.; Mao, J.; Godbout, N.; Oldfield, £.Am. Chem. So2002,
(d) Hdttermann, J.; Burgard, C.; Kappl, B. Chem. Soc., Faraday 124, 13921.

Trans.1994,90, 3077. (e) Zhang, Y.; Gossman, W.; Oldfield, E. (13) Rovira, C.; Kunc, K.; Hutter, J.; Ballone, P.; Parrinello, 34.Phys.
Am. Chem. So003,125, 16387. Chem. A1997,101, 8914.
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In this paper, the differences in the spectroscopic properties and electronic structures of five- and six-coordinate
iron(ll) porphyrin NO complexes are explored using [Fe(TPP)(NO)] (1; TPP = tetraphenylporphyrin) and [Fe(TPP)-
(MIY(NO)] (2; MI = 1-methylimidazole) type systems. Binding of N-donor ligands in axial position trans to NO to
five-coordinate complexes of type 1 is investigated using UV-vis absorption and *H NMR spectroscopies. This
way, the corresponding binding constants Keq are determined and the *H NMR spectra of 1 and 2 are assigned for
the first time. In addition, *H NMR allows for the determination of the degree of denitrosylation in solutions of 1 with
excess base. The influence of the axial ligand on the properties of the coordinated NO is then investigated. Vibrational
spectra (IR and Raman) of 1 and 2 are presented and assigned using isotope substitution and normal-coordinate
analysis. Obtained force constants are 12.53 (N-0) and 2.98 mdyn/A (Fe—NO) for 1 compared to 11.55 (N-O)
and 2.55 mdyn/A (Fe—NO) for 2. Together with the NMR results, this provides experimental evidence that binding
of the trans ligand weakens the Fe—NO bond. The principal bonding schemes of 1 and 2 are very similar. In both
cases, the Fe—N-0O subunit is strongly bent. Donation from the singly occupied sz* orbital of NO into d2 of iron(ll)
leads to the formation of an Fe—NO ¢ bond. In addition, a medium-strong sz back-bond is present in these complexes.
The most important difference in the electronic structures of 1 and 2 occurs for the Fe—NO ¢ bond, which is
distinctively stronger for 1 in agreement with the experimental force constants. The increased ¢ donation from NO
in 1 also leads to a significant transfer of spin density from NO to iron, as has been shown by magnetic circular
dichroism (MCD) spectroscopy in a preceding Communication (Praneeth, V. K. K.; Neese, F.; Lehnert, N. Inorg.
Chem. 2005, 44, 2570—2572). This is confirmed by the *H NMR results presented here. Hence, further experimental
and computational evidence is provided that complex 1 has noticeable Fe'NO* character relative to 2, which is an
Fe'!NO(radical) complex. Finally, using MCD theory and quantum chemical calculations, the absorption and MCD
C-term spectra of 1 and 2 are assigned for the first time.

Introduction

ylate cyclasé.Among the different hemes investigated, the

Iron porphyrin NO complexes play a key role in the
mechanisms of many metalloproteishese include nitrite
and nitric oxide reductases (NIRs and NORs, denitrificatton),
NO receptors in neural signalifdNO carriers in bloodsuck-
ing insects (nitrophorins)nitric oxide synthasé and guan-
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nlehnert@ac.uni-kiel.de.
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characterized by short F&N(O) distances of about 1.75 A
and bent FeNO units with an Fe-N—O angle of about
140.14%5 Importantly, electron paramagnetic resonance
(EPR) spectroscopic studies revealed interesting differences
between the 5C and 6C iron(ll) porphyrin NO adduétsC
complexes show a characteristic spectrum with hyperfine
lines from the nitrogen of NO on the smallestalue,g(min),
whereas corresponding 6C complexes show a broader
spectrum, where hyperfine lines are now observed for the
nitrogens of NO and of thi#zans-N donor org(mid). These

of the most-studied systems in biologMany of these differences in the EPR spectra are due to different orienta-
proteins that have been studied contain iron porphyrin centerstions Of theg tensor in these complex&s'’ From vibrational

with axial histidine ligation. Corresponding iron(Il) porphyrin spectroscopy, the 5C iron(1l) pprphynn NO adduct [Fe(TPP)-
NO complexes occur as intermediates in bacterial NOR. (NOl)] (1) has an N-O stretching frequency of about 1700
This enzyme reduces nitric oxide to nitrous oxide at an active cm Where.as the corre_sppndlng 6C complex [Fe,(TP.P)(Ml)'
site that contains both an iron porphyrin and a nonheme iron (NO)] (2) with 1-methyllm|daifci)llelb(ll\élall)1:13 thg axial ligand
center in close proximity. The proposed mechanism includes S"OWs¥(NO) at about 1630 cmt. " Despite the large
binding of two molecules of NO (one at each of the two amount of experimental data available for these systems, their

metal centers) followed by NN coupling of the two NO _exact electronic structures are still not cle_arly _defined. T_his
units as the central step of catalysis (cf. Schem@ 1). 'S due to the fact that NO is a redox-active ligand, which
However, evidence to prove this mechanism is still lacking comphcates.the exact determlnatlo.n of.the electronic structure
and, in addition, other investigations have led to different and the.ass,|gnment of (formal) OX|dat|o_n steifes.number
mechanistic possibilities as wéfllt is, therefore, of central  ©f density functional theory (DFT) studies have focused on
importance to define the electronic structure of the iron(Il) these complexes, and different electronic structures have been

. L
porphyrin NO adducts in detail to obtain further insight into obtained from the;e ?aICUIat',OHSZ'_ In a recent paper,@vge
the catalytic mechanism of this enzyme. In the case of soluble 1@Ve used magnetic circular dichroism (MCD) spectros€opy

guanylate cyclase, a five-coordinate (5C) ferrous heme with _coupled with D_FT calculations to elucidat_e the diﬁerenc_es
axial histidine is present in the active site, which, upon in the electronic structures of 5C and 6C iron(ll) porphyrin
coordination of NO, forms a 5C NO adduct where histidine
is no longer bound to the iron(ll) center. This triggers a
conformational change that activates the enzyme. Because
of this general importance of iron porphyrin NO adducts, a

Scheme 1
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2H" 26
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N
!
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large amount of research has been conducted toward the
synthesis of corresponding model complexes. These inves{13)
tigations use synthetic porphyrin ligands such as tetraphe-
nylporphyrin (TPP) or octaethylporphyrin (OEP). Most of
the research is focused on either 5C species [Fe(porphyrin)-
(NO)]"* (n= 0 and 1) or corresponding six-coordinate (6C)
complexes with N-donor ligands such as imidazole, pyridine
(Py), piperidine, etc., in the position trans to NOCorre-
sponding iron(ll) model complexes are still the focus of many 82;
ongoing studies because of their interesting spectroscopic
and photochemical properti€sand their mechanistic
significancel®=1a1%From crystallography, these systems are
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Five- and Six-Coordinate Iron(ll) Porphyrin NO Complexes

NO adducts? It was shown that, in the 5C complel a
strong Fe-NO ¢ bond is present that leads to a large transfer
of spin density from the NO ligand to Feorresponding to
an electronic structure with considerabléNf@" character.

In the 6C complex2, on the other hand, the spin density is
pushed back from the iron toward the NO ligand, resulting
in an F¢NO(radical)-type electronic structure. Calculated
g tensors are in agreement with this descripfidm recent
studies, calculated) values and*N and 5’Fe hyperfine
tensors (the latter are available from Mdssbauer experi-
ments$%) have also been used to explore the structural
flexibility of the NO ligand coordinated to ferrous herig%
These results reveal another important property of iron(ll)
porphyrin NO adducts, i.e., that the orientation of the NO

porphyrin (HTo-RPP¥> were synthesized and purified as previ-
ously reported.

Syntheses of Precursors[Fe(TPP)CI] and [Fe(TMP)CI] were
prepared according to the method of Adler etqdFe(To-RPP)-
CI] was prepared by literature methoids.

Syntheses of Ferrous NO AdductsThe complexes [Fe(TPP*)-
(NO)] and [Fe(TPP*)(MI)(NO)] (TPP*= TPP, TMP, D-RPP;
MI = 1-methylimidazole) were synthesized using published
procedure’s-?” and isolated as microcrystalline soli##sThe identi-
ties of the compounds were established using elemental analysis,
vibrational spectroscopy, and EPR.

Crystals of [Fe(To-EPP)(MI)(NO)] suitable for X-ray analysis
were prepared as follows. A sample of [Fe(F,PP)CI] (20 mg)
in a glass tube was placed inside a 150-mL Schlenk tube (equipped
with a rubber septum) under an argon atmosphere. A total of 5 mL

ligand is undefined at higher temperatures in these complexes?f CHCl and 1 mL of Ml were added to [Fe@FRPP)CI], and the

because of low barriers for a rotation of NO around the
Fe—N(O) boncf?

In this study, the spectroscopic properties and the elec-
tronic structures of 5C and 6C iron(Il) porphyrin NO adducts
are further elaborated in detail. Binding studies of N-donor
ligands (L) to 5C complexes [Fe(TPP*)(NO)] (TPRx
tetraphenylporphyrin-type ligand) in solution as a function
of the phenyl ring substitution in TPP and the employed
nitrogen base are presented using-ts absorption and
IH NMR spectroscopy. This way, binding constalitg are
determined and th#d NMR spectra of these complexes are
assigned for the first time. A crystal structure of the complex
[FE'(To-F,PP)(MI)(NO)] (2-F; To-F,PP = tetrakisp-di-
fluorophenyl)porphyrin) is presented. The differences in the
electronic structures of 5C and 6C iron(ll) porphyrin NO

resulting solution was stirred for a few minutes. NO gas was passed
through the Schlenk tube for 10 min, and the reaction mixture was
further stirred for 30 minn-Hexane (20 mL) was then introduced
into the Schlenk tube outside of the glass tube for vapor diffusion.
The Schlenk tube was sealed, and crystals of [B&GPP)(MI)-
(NO)] were formed after 10 days.

Crystal Structure Determination. Intensity data were collected
using a STOE Image Plate Diffraction System with Max K
radiation. The structure was solved with direct methods using
SHELXS-97° and refinement was done agaiRstusingSHELXS-
972° All non-hydrogen atoms except O1A were refined with
anisotropic displacement parameters. The hydrogen atoms were
placed in ideal positions and were refined isotropically using the
riding model. The oxygen atom is disordered in two positions and,
therefore, refinement was performed using a split model. The lower
occupied oxygen position (sof O1lA 0.1) was refined only
isotropically (see the Supporting Information). Selected crystal-

complexes are then investigated by vibrational Spectroscopy|ographic data are presented in Table 1.

on [Fe(TPP)(NO)] 1) and [Fe(TPP)(MI)(NO)] 2) as ex-
amples. The vibrations of the FeN—O subunits inl and
2 are completely assigned for the first time using isotope

UV —Vis Spectroscopy.Absorption spectra were recorded in
CH.ClI, or toluene solutions as indicated at room temperature using
a Varian Cary 5 UV-vis—near-infrared (NIR) spectrometer.

substitution. Force constants are determined using quantum- Vibrational Spectroscopy. Resonance Raman spectra were
chemistry-centered normal-coordinate analysis (QCC-NCA). measured on a Dilor XY Raman spectrograph with a triple
The obtained force constants together with the NMR monochromator and a CCD detector. An Ar/Kr mixed-gas laser
results provide direct experimental evidence for a weakening With @ maximum power of 5 W was used for excitation. Spectra

of the Fe-NO bond in 6C compared to 5C B¢O
complexes. In addition, the MCD spectralodnd2, which
have been reported in a preceding Communicéficare
assigned using MCD theory and quantum-chemical calcula-

were recorded at excitation wavelengths of 454.5, 488.0, 514.5,
568.2, and 647.1 nm. The spectra were measured on KBr disks
cooled to 10 K with a helium cryostat. The spectral band-pass was
set to 2 cm. Middle- and far-infrared spectra (MIR and FIR) were
recorded on a Bruker IFS 66v vacuum instrument at room

tions. On the basis of all these spectroscopic results, whichtemperature. For the MIR region, KBr disks were used and the

are correlated to the DFT calculations, the electronic
structural differences between 5C and 6C iron(ll) porphyrin
NO adducts are now defined in detail.

Experimental and Computational Procedures

Syntheses.Reactions were performed by applying Schlenk

techniques using carefully purified solvents. NO gas was passed )
d (26) Adler, A. D.; Longo, F. R.; Kampas, F.; Kim,J. Inorg. Nucl. Chem.

through a potassium hydroxide column and then through a col
trap at—80 °C prior to usage to remove higher nitrogen oxide
impurities.

Syntheses of Ligands.Tetraphenylporphyrin (b\TPP)23 tet-
ramesitylporphyrin (HTMP)2* and tetrakisg-difluorophenyl)-

(22) Zemoijtel, T.; Rini, M.; Heyne, K.; Dandekar, T.; Nibbering, E. T. J.;
Kozlowski, P. M.J. Am. Chem. So004,126, 1930—1931.

(23) Adler, A. D.; Longo, F. R.; Finarrelli, J. F.; Goldmacher, J.; Assour,
J.; Korsakoff, L.J. Org. Chem1967,32, 476.

spectra were recorded at a resolution of T&nn the FIR region,
Csl disks were applied and the resolution was set to 2'chrow-

(24) safo, M. K.; Gupta, G. P.; Walker, F. A.; Scheidt, W.JRAmM. Chem.
Soc.1991,113, 5497—-5510.

(25) Ghiladi, R. A.; Kretzer, R. M.; Guzei, |.; Rheingold, A. L.; Neuhold,
Y. M.; Hatwell, K. R.; Zuberbuhler, A. D.; Karlin, K. Dinorg. Chem.
2001,40, 5754—-5767.

1970,32, 24432445,

(27) Scheidt, W. R.; Frisse, M. B. Am. Chem. S0d. 975,97, 17-21.

(28) Under the identical reaction conditions employed for the syntheses of
6C FENO complexes in this study, complex&and 2-F were
prepared by very slow crystallization and obtained as pure materials.
However, the isolation of the pure 6C complex using TMP as the
ligand was unsuccessful and always yielded mixtureg-Me and
[Fe(TMP)(MI)(NO)] as evidenced by IR spectroscopy.

(29) Sheldrick, W. SSHELXS-97 and SHELXL-97: programs for the
solution and refinement of crystal structurddniversity of Géttin-
gen: Goéttingen, Germany, 1997.
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Table 1. Crystallographic Data for CompouridF2

chemical formula Cs1H33FsN7,OFe
fw 967.69
space group P2/c

a, A 13.126(1)
b, A 12.885(1)
c, A 25.803(2)
B, deg 96.07(1)
vV, A3 4339.6(5)
T, K 293

z 4

Dcalcd 1.481

u, mmt 0.431
A 0.71073
measured reflns 33628
independent reflns 8143

Rint 0.031
observed refins 6593
R1[l > 20(l)] 0.0370
WR2 (all data) 0.1009

ARL= Y ||Fo| — IFdI/Y|Fol; WR2 = [F[W(Fo? — FA)Z/3 [W(FA)?] Y2

Praneeth et al.

NCA) because it is designed for the treatment of large molecules
where>99% of the force constants are purely computational.
DFT Calculations. The structures of the models [Fe(P)(NO)]
(1; S= 1) and [Fe(P)(MI)(NO)] &; S= 1/,) (where P is porphine)
have been fully optimized using BP86/TZVP. For all of these
calculations, a simplified TPP ligand has been used in which the
four phenyl groups in the meso position of the porphyrin ring have
been replaced by hydrogen. The resulting porphyrin model ligand
P (P =porphiné~) is shown in Figure 4 along with the coordinate
system used. Vibrational frequencies have been calculated for all
structures showing no imaginary frequencies. In addition, B3LYP/
LanL2DZ* calculations have been performed on these systems to
obtain accurate total energies and spin densities. The LanL2DZ*
basis set consists of LanL2DZ plus polarization functions (from
TZVP) on all heavy atoms. These methods were used as imple-
mented inGaussian 9§G98)32 Absorption spectra df and2 were
calculated using either time-dependent (TD-) DFT (G98) or the
semiempirical INDO/S-CI method (active space: 160 orbitals) as
implemented irODRCA33 EPR and Mdssbauer parameters have also
been calculated usinQRCAand applying the B3LYP functional

temperature MIR spectra were obtained on a Mattson Genesis typetogether with the following basis sets: Fe, CP(PPP); N, EPR-II; C

| spectrometer equipped with a cryogenic CTI cryostat. Spectra
were recorded at 20 K at a resolution of 1 ¢m

NMR Spectroscopy.’H NMR spectra of the iron(ll) porphyrin
NO complexes were recorded in @Cl, on a Bruker Avance 400
pulse Fourier transform spectrometer operating aHaNMR
frequency of 400.13 MHz. The spectrum of [Fe(TPP)(RifWhere
Pip is piperidined;;) was recorded by dissolution of [Fe(TPP)] in
benzene-gl and addition of Pip. For the titration experiments,
commercially available Pip was used because in this case2be
undeuterated solvent present does not show signals in the aromati
region.

MCD Spectroscopy.MCD spectra have been obtained on frozen
glasses of butyronitrile/propionitrile (1:1 ratio) solutions in the-1.8
25 K temperature range. A CD spectropolarimeter (Jasco 810) with

and O, TZVP; H, TZV. Calculated Mdssbauer isomer shifts (cf.
Table S3 in the Supporting Information) were obtained after scaling
the Fermi contact contribution to tit&e hyperfine tensor with a
factor of 1.81 as determined empiricaffy.

Results and Analysis

A. Binding of Axial N-Donor Ligands to Five-Coordi-
nate Iron(ll) Porphyrin NO Adducts. The binding of
N-donor ligands to [Fe(TPP*)(NO)] in axial position trans

% NO is studied in solution using UWis absorption and

IH NMR spectroscopy. Importantly, the adduct of [Fe-
(To-F,PP)(NO)] @-F) with MI has by far the largest binding
constanKeq of all systems investigated. To examine whether

S1 and S20 photomultiplier tubes as detectors has been used ifh€ increasedeq structurally influences the FeNO bond,

which the sample compartment was modified to accommodate an
Oxford instruments SM4-10T magnetocryostat. The samples were
frozen in metallic sample compartments between two Infrasil quartz
disks separated by 3 mm neoprene spacers.

Normal-Coordinate Analysis (NCA). NCA calculations were
performed using the QCPE computer program 576 by M. R.

Peterson and D. F. Mcintosh. The calculations are based on a

general valence force field; force constants are refined with a
nonlinear simplex algorithm. The simplex optimization was used
to refine onlyselectedforce constants according to the quantum-
chemical-assisted NCA (QCA-NCA) scheriteHere, a force field
from DFT calculations is used as a starting point to generate initial

the crystal structure of the produgt- has been determined.
Vibrational spectra of [Fe(TPP)(NO)ILY and [Fe(TPP)-
(MI)(NO)] (2) are then presented and analyzed using isotope
substitution and NCA.

A.1. Ligand Binding to [Fe(TPP*)(NO)] Complexes in
Solution Monitored by UV —Vis Absorption Spectroscopy.
The coordination of the N-donor ligands 1-methylimidazole
(MI) and pyridine (Py) to the five-coordinate (5C) complexes
1, [Fe(TMP)(NO)] (1-Me), andl-F is studied in solution
using UV—vis absorption spectroscopy in order to determine
the equilibrium constant&eq of the reaction

force constants, and a subset of these is fit to reproduce the known

experimental frequencies. We have now fully interfaced the
Gaussian output with the NCA software using a modified version
of the program Redori§(QCPE 628). This new version produces
input files that can directly be processed by the NCA programs.
Compared to the QCA-NCA procedu®@this allows for the routine
treatment of very large systems because no simplifications have to
be applied to the molecule or the force field. On the other hand,
compared to the QCB-NCA versiéf the tedious editing of the
input files is no longer necessary. This new version is called
guantum-chemistry-centered normal-coordinate analysis (QCC-

(30) (a) Lehnert, N.; Tuczek, Fnorg. Chem.1999, 38, 1659—1670. (b)
Studt, F.; MacKay, B. A.; Fryzuk, M. D.; Tuczek, B. Am. Chem.
S0c.2004,126, 280—290.

(31) Allouche, A.; Pourcin, JSpectrochim. Acta A993,49, 571.

2798 Inorganic Chemistry, Vol. 45, No. 7, 2006

[Fe(TPP*)(NO)]+ L < [Fe(TPP*)(L)(NO)] Q)
(32) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Salvador, P.; Dannenberg, J. J.; Malick, D. K.; Rabuck,
A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J.
V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T;
Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.;
Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.;
Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, Gaussian

98, revision A.11; Gaussian, Inc.: Pittsburgh, PA, 2001.

Neese, FORCA version 2.2; Max-Planck Institut fir Bioanorganische
Chemie: Mulheim/Ruhr, Germany, 2004.

(33)
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Five- and Six-Coordinate Iron(ll) Porphyrin NO Complexes

29 [Fe(To-F,PP)(NO)] vs. Ml in Toluene at 25° C Table 2. Calculated Equilibrium Constant&q [M ~!] and Free
Reaction EnergieAG® [kcal/mol] for the Reaction of [Fe(TPP*)(NO)]
with N-Donor Ligands Following Equation 1

equilib constanKeq  AG° = —RTIn(Keg)

2.0 425

1.8 4

complex Mi Py Ml Py
8 [Fe(TPP)(NO)] (1) B 3 “19  -o07
& [Fe(TMP)(NO)] (1-Me) 36 -2.1
§ [Fe(To-RPP)(NO)] (1-F) 2055 7 —45 -1.2
F=]
<<

agreement with the literature value of 0.7 Mbbtained in

an ethylene chloride solutiofi.The lower binding constant
of Py compared to MI can be rationalized with Py being a
weaker base s = 8.75) than Ml (j)Kg = 6.67). From Table

2, Kegincreases in the orddr < 1-Me < 1-F. Hence, ortho

Wavelength [nm] substitution of the phenyl rings of TPP leads to an increase
Figure 1. Titration of [Fe(To-FPP)(NO)] (L-F) with 1-methylimidazole in the binding constant. This is also observed for the
(MI) in a toluene solution at room temperature monitored by -\é coordination of N-donor ligands to [Fe(TPP*)]-type com-

absorption spectroscopy. The Soret bandl-6fat 403 nm disappears, while

the Soret band of the produgtF appears at 425 nm plexed!® and can be attributed to steric shielding of the

binding site3® In addition, the electron-withdrawing fluoro
Figure 1 shows a typ|Ca| p|0t of the titration of a 5C iron- substituents in b-FHPP lead to a further stabilization of the
(1) porphyrin NO adduct with an N-donor ligand. In this ~adducts compared to methyl groups in TMP. However, the
case1-F was used and reacted with MI. The initial spectrum fluoro substitution of TPP has a distinctively different effect
of the 5C species shows a broad peak in the Soret regionOn Keqfor Ml and Py: compared to TPRsage of To-EPP
centered at 403 nm. Upon the addition of the ligand, this l€ads to an increase in the binding constant for MI by a
peak decreases in intensity, whereas a band at 425 nnfactor of 8Q whereas for Py, the increase is only by a factor
appears, which corresponds to the Soret band of the obtained®f 2.3. This is attributed to the fact that MI hasdonor
six-coordinate (6C) compleX-F. Isosbestic points (cf. Figure ~ Properties, whereas Py iswacceptor. Hence, the withdrawal
1) indicate that this reaction corresponds to a clean trans-Of electron density from the porphyrin leads to an increase
formation of 1-F to 2-F without further intermediates. In  in binding for MI because of electronic effects, whereas the
the case of simple ligand binding reactions such as eq 1, thePy adduct only experiences a small stabilization because of

equilibrium constankeq can be determined from the equation steric and/or electrostatic effects. To further evaluate this
result, we isolated complex [Feg¢TRPP)(MI)(NO)] (2-F)

o c(B)° i as a solid. Importantly, a solution of soldF in toluene or

¢(B)" = crAe— =~ Keq (2) benzene leads to the Uwis absorption spectrum shown in
Figure S5 in the Supporting Information, which resembles

which is based on a general expression that was first derivedth€ spectrum of the corresponding 6C complex obtained from

by Drago and co-worker:3 UV —vis absorption measure- solutions of1-F with excess MI. In contrast, the solution
ments are performed at different concentratic@)° of base, ~ SPectra of solid2 and 2-Me resemble the data of the
and the change in absorbana& is measured. A plot of ~ corresponding 5C complexes indicative of the much smaller
c(B)° vs c(B)YAE then givesKe;t. The advantage of this ~ Dinding constants in these cases. Hence, the combination of
method is that the absolute concentrations of the 5C and 6CT0-F2PP and Mi seems to be ideal for the preparation of 6C
complexes do not need to be determined. Several important™€ NO complexes in solution. . _
trends can be derived from the resultikg, values listed in A.2. Ligand Binding to [Fe(TPP*)(NO)] Complexes in
Table 2. For ligand TPP (compley, equilibrium constants ~ Solution Monitored by NMR Spectroscopy.As shown in

of 26 M1 for Ml and 3 M for Py have been determined, section A.1, UV-vis spectroscopy is a useful tool to monitor

which correspond to a weak interaction. Correspondingly, the binding of axial N-donor ligands to 5C complexes
the free binding energieAG® range in the region of only  [Fe(TPP*)(NO)]. However, there is a potential problem:
—1 to —5 kcal/mol. This is in agreement with the experi- because of the large concentrations of base often used for
mental finding that the isolation of 6C complexes [Fe(TPP¥)- thg formation of the 6C complexes, a possible side reaction
(L)(NO)] is difficult.'* The obtainedKeq for Py is in good might occur:

[Fe(TPP*)(NO)]+ 2L < [Fe(TPP*)(L),] + NO (3)

(34) Neese, Flnorg. Chim. Acta2002,337, 181.
(35) (a) Rose, N. J.; Drago, R. 8. Am. Chem. Sod 959,81, 6138—
6141. (b) Beugelsdiik, T. J.; Drago, R. $. Am. Chem. Sod.975, leading to the diamagnetic low-spin complexes [Fe(TPP*)-

97, 6466—6472. (c) Collman, J. P.; Brauman, J. |.; Doxsee, K. M.; P .
Halbert, T. R.: Hayes, S. E.; Suslick, K. $.Am. Chem. Sod.978, (L)2]. This problem has been mostly overlooked in the

100, 2761—2766.

(36) c(B)% initial concentration of the base (Ml or Pykr: total (37) (a) Choi, I.-K.; Ryan, M. Dlnorg. Chim. Actal988, 153, 25-30.
concentration of porphyrin complexesr[= ¢(6C) + c(5C)]. Ae: (b) Liu, Y.; DeSilva, C.; Ryan, M. DInorg. Chim. Actal997,258,
difference in extinction coefficientsAe = ¢(6C) — €(5C)]. AE: 247—-255.
change in absorbance at a specific wavelength relative to the initial (38) In this respect, it is interesting to note that NO behaves like a normal
absorbance (AE= E — E°). N-donor ligand in these ligand-binding experiments.
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Figure 2. Top panel:'H NMR spectra ofl (top), 1-F (middle), and1-Me (bottom) in CQ:Cl,. Bottom panel:*H NMR spectra of [Fe(TPP)(Pip)(NO)]
(left), [Fe(TPP)(Pipj (middle), and [Fe(®-FPP)(Pip)(NO)] (right). The spectra of the NO complexes were obtained from solutions that cetizdn

piperidine-d; (Pip). Signals marked with asterisks in these spectra belong

literature for two reasons. First, the electronic absorption
spectra of [Fe(TPP*)(L)(NO)] and [Fe(TPP*){])(cf. ref
39) are usually very similar. Solution EFPRand IR?2
measurements clearly show that [Fe(TPP*)(L)(NO)] is

(39) Safo, M. K.; Scheidt, W. R.; Gupta, G. Rorg. Chem.1990, 29,
626—633.

(40) (a) Lanon, D.; Kadish, K. M.J. Am. Chem. S0d.983,105, 5610—
5617. (b) Bohle, D. S.; Hung, C.-HIl. Am. Chem. Sod 995,117,
9584—9585.

(41) (a) Rai, B. K.; Durbin, S. M.; Prohofsky, E. W.; Sage, J. T.; Wyllie,
G. R. A,; Scheidt, W. R.; Sturhahn, W.; Alp, E. Biophys. J2002,
82, 2951-2963. (b) Sage, J. T.; Paxson, C.; Wyllie, G. R. A.; Sturhahn,
W.; Durbin, S. M.; Champion, P. M.; Alp, E. E.; Scheidt, W. R.
Phys.: Condens. Matte2001, 13, 7707—7722. (c) Leu, B. M.;
Zgierski, M. Z.; Wyllie, G. R. A.; Scheidt, W. R.; Sturhahn, W.; Alp,
E. E.; Durbin, S. M.; Sage, J. 3. Am. Chem. So2004,126, 4211—
4227.

(42) (a) Yoshimura, TBull. Chem. Soc. Jpril991,64, 2819—2828. (b)
Vogel, K. M.; Kozlowski, P. M.; Zgierski, M. Z.; Spiro, T. Gl. Am.
Chem. Soc1999,121, 9915—-9921.
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to the corresponding [Fe(TPRQ(Rip)ex.

formed upon the addition of base to [Fe(TPP*)(NO)], but
[Fe(TPP*)(L)] is not detected in these experiments because
it is EPR-silent and does not have characteristic IR bands.
Denitrosylation ofl in the presence of Py was first observed
by Lanon and Kadist% In later studies, Bohle and Hung
reported rate constants for the dissociation of NO from
[Fe(TPP*)(NO)] upon the addition of Py using UWis
absorption measuremertf8.From these data, it was con-
cluded that denitrosylation is highly dependent on the nature
of the porphyrin ligand. We found th&t NMR spectroscopy

is a very useful tool to monitor the formation of even small
amounts of [Fe(TPP*)(L) in solution.

Figure 2 (top panel) shows tHél NMR spectra of the
starting compounds, 1-Me, and1-F. The obtained signals
are very broad because of the paramagnetic nature of these
complexes. For compound, four different signals are
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Five- and Six-Coordinate Iron(ll) Porphyrin NO Complexes

Table 3. ExperimentatH NMR Shifts [ppm] of [Fe(TPP*)(NO)] and
[Fe(TPP*)(Pip)(NO)] Measured against Tetramethylsilane and
Assignments

phenyl

complex pyrrole ortho meta para
[Fe(TPP)(NO)] (2) 5.95 7.79 8.25 7.45
[Fe(To-RPP)(NO)] (1-F) 6.00 8.17 7.65
[Fe(TMP)(NO)] (1-Me) 5.79 8.42/8.22
[Fe(TPP)(Pip)(NO)] 8.13 7.70
[Fe(To-RPP)(Pip)(NO)] 8.23 7.38 7.80
[Fe(TMP)(Pip)(NO)] ? 7.35

aThe signal becomes very broad and, hence, cannot be identified from
the spectra with certainty.

observed at 5.95, 7.45, 7.79, and 8.25 ppm, which belong to
the pyrrole hydrogens of the porphyrin core and the
hydrogens in the ortho, meta, and para positions of the phenyl
rings (cf. Table 3). The two signals at 5.95 and 7.79 ppm
are very broad and, hence, must belong to hydrogens that
are exposed to the paramagnetic center. These signals are
therefore assigned as the pyrrole amg@henyl hydrogens.
In compoundl-F, the ortho positions are substituted with Figure 3. Top view (top) and side view (bottom) of the crystal structure
fluorine. Hence, théH NMR spectrum of this compound  of compounc-F with labeling. The disordered O atom is omitted for clarity.
should be lacking one of the four signals observedifoA
comparison of the spectra in Figure 2 shows that the peakmuch larger for the fluoro-substituted ligand compared to
around 7.79 ppm irl is missing in the spectrum di-F. TPP. At a concentration of15 vol % Pip, the formation of
Hence, this peak can be attributed to taghenyl hydrogens,  the bis-piperidine complex [Fe(TPP*)(Pipincreases in the
whereas the feature at 5.95 ppm must then belong to theorder TPP (8%)< TMP (~15%) < To-FPP (31%). Hence,
pyrrole hydrogens. The remaining two signals at 7.45 and the order for the degree of denitrosylation corresponds to
8.25 ppm can be assigned by comparison uitWe (cf. the order of the N-donor binding constamtsscribed above.
Table 3), where both the ortho and para positions of the Whereas NO loss is only marginal for TPP, this effect is
phenyl rings are substituted with methyl groups. In the very pronounced for &F,PP. Therefore, although the fluoro-
titration experiments, piperidindr (Pip) was then sequen-  substituted ligand @-FPP is optimal for the binding of
tially added to the [Fe(TPP*)(NO)] solutions, and the N-donor ligands to obtain 6C RO complexes, it has the
formation of the 6C complexes [Fe(TPP*)(Pip)(NO)] was severe disadvantage that denitrosylation is facilitated in this
monitored by ‘H NMR. Figure S6 in the Supporting system.
Information shows the corresponding e_xperlment performed A3. Crystal Structure of [Fe(To-FoPP)(MI)(NO)]
o3 e can s 5 e conyeraon o e SC SO @-).To deify posile siucuralchanges o the Fe
for [Fe(TPP)(Pip)(NO)] in this éxperiment is also shown in N—O unit induced by the stronger trans ligand binding, a
crystal structure of compouriF has been determined. This

the bottom panel of Figure 2. In this case, & NMR complex crystallizes in the monoclinic space grdep/c
spectrum only shows two peaks at 7.70 and 8.13 ppm. These P Y P 9

can be traced back to the corresponding signals of the SCWIth j'" a:o(rjnsbloctarl]tedfln generarll pc_JS|t|0_tns. The |rton atom Is
complex 1, as shown in Figure S6 in the Supporting coordinated by the four porphyrin nirogen atoms, one

Information. From these data, the broad signal at 8.13 ppmn!trpgen atom (?f the ,MI Ilgar]d, and one nitrogen atom of
corresponds to the peaks at 5.95 and 7.79 ppmand is mtm_: oxide W|th|n.a slightly (_1|storted optahedron, as ;hqwn
therefore assigned to the pyrrole angbhenyl hydrogens. " Figure 3._ The iron atom is located in the porphyrin ring
On the other hand, the peak at 7.79 ppm corresponds to bottP!an€e (deviation: 0.067 A). The geometry of the axial
the m- and p-phenyl hydrogens, which coincide in the N—Fe.—NO unitis comparable to the gene.ral str'uctural motif
spectrum of [Fe(TPP)(Pip)(NO)]. In addition, three sharp of 6C iron(Il) porphyrin NO complexes with axial N-donor
peaks are observed in the spectra, which are marked withligands as defined by Scheidt and co-workérsmportant
asterisks in Figure 2, bottom left. A comparison with the bond distances foB-F are presented in Table S1 in the
spectrum of pure [Fe(TPP)(Pipshown in Figure 2, bottom  Supporting Information and are compared to those of the
center, shows that these signals correspond to the formatiortructure of2 in Table 4. The obtained FENO and N—O

of diamagnetic [Fe(TPP)(Pig)and, hence, loss of NO upon  bond lengths of 1.75 and 1.20 A as well as the-Re-O
the addition of base to the solution bf Similar denitrosy- ~ angle of 138 in 2-F are similar to the structural data af
lation is also observed in the corresponding experiments with On the other hand, the FéN(imidazole) bond is slightly
1-Me and1-F. The obtained spectrum of [Fegi.PP)(Pip)- longer in2-F compared t®. The relative orientation of the
(NO)] is shown in Figure 2, bottom right. Importantly, the MI and NO ligands in2-F is almost identical with that of
amount of diamagnetic bis-piperidine complex formed is the room-temperature structure @f4 Hence, the crystal
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Table 4. Geometric and Vibrational Properties of [Fe(TPP*)(L)(NO)] Complexes=(MI or Missing; TPP*= Tetraphenylporphyrin-Type Ligand)

geometric parameters [A] vibrational frequencies [cr]
moleculé AFe—N AN-O [OFe—N-O AFe—L; AFe—N »(N—-O) v(Fe—NO) o(Fe—N—-OY}
[Fe(TPP)(NO)] (1) cryst. struct.: ref 27 1697 532 371 (ip)
[Fel (TPP)ESN80)] Lz 112 149 2.00 1625 515 365 (ip)
[Fe'(TMP)(NO)] (1-Me) 1676
|
[FéB(;gngoz)\]/'lf%'fd' 1705 1.179 146 2019 1703 595 427 (ip), 313 (00p)
|
F%g?%%;;@'g% 1742 1.212 143 2.019 1637 507 425 (ip), 308 (oop)
[Fe(TPP)(MI)(NO)] (2) cryst. struct.: ref 14 1630 440 530 (ip), 291 (oop)
[Fel (TPP)(MI)ESN20)] 1750 1182 138 2173 2008 1556 431423 (IRIR) 515 (ip), 287 (00p)
[Fe'(TMP)(MI)(NO)] (2-Me) 1624
[Fe(To-RPP)(MI)(NO)] (2-F) 1752  1.202 138 2.188 2.012 1624
|
[Fésfgéw)z(\vg%]j caled, 1.734  1.186 140 2.179 2.022 1662 609 482 (ip), 317 (oop)
|
[FE'(PYMD(NOJ], caled, 1810  1.215 142 2063 2030 1611 505 430 (ip), 298 (00p)

B3LYP/LanL2DZ

aM| = 1-methylimidazole; P= porphine ligand used for calculations; values Adfe—Ns are averaged Highly disordered structuré.The 6(Fe—N—
0) in-plane (ip) and out-of-plane (oop) vibrations. Note that the oop mode is strongly mixed wilkpFstretches and other F@orphyrin vibrations and,
hence, cannot be identified with one distinct normal mode.

structure does not provide any further evidence for the The IR spectrum of the 6C complex [Fe(TPP)(MI)(NO)]
relatively large stability of2-F in solution compared t@. (2) is shown in Figure S3 in the Supporting Information. In
A.4. Vibrational Properties and Assignments.The IR this case, the NO stretch is found at 1630 crh which
spectrum of [Fe(TPP)(NO)] (1) is shown in Figure S1 in shifts to 1556 cm! upon isotope labeling. This is in
the Supporting Information along with the corresponding agreement with earlier IR result¥®. An additional isotope-
15N180-labeled data. The intense band at 1697 kiis sensitive band is observed at 440 ¢rthat is found at 431
assigned to the NO StretchV(N—O) in accordance with cmtin the isotope-substituted material. Figure S4 in the
earlier work?62 |t shifts to 1625 cm! upon isotope substitu- ~ Supporting Information shows the resonance Raman spectra
tion. In the FIR region, a second isotope-sensitive band is of 2 excited at 488 nm. Weak isotope-sensitive peaks are
observed at 371 cm that shifts to 365 cmt in the 15N80- found at 530 and 440 cr that shift to 515 and 423 cm,
labeled material. This feature corresponds to the in-plane (ip) respectively, in thé°N'*0 compound. These two features
Fe—N—0 bending vibratiod,(Fe—N—0O). From the reso-  at 530 cn* (from Raman) and at 440 crh(from Raman
nance Raman spectra df shown in Figure S2 in the and IR) belong to the FeNO stretch and the ip FeN—O
Supporting Information (excitation at 488 nm), another bend. However, the detailed assignments of these vibrations
isotope-sensitive band can be identified at 532 that are not clear because of strong mode mixing. This is evident
shifts to 515 cmt upon isotope labeling. This band is from the fact thatboth v(Fe—NO) anddi,(Fe—N—O) are
assigned to the FeN stretchv(Fe—NO) of coordinated nitric ~ observed in the Raman spectrazfwhich is not the case
oxide. This assignment is in agreement with the results from for 1. From DFT, the calculatee(N—O) shows very good
nuclear resonance vibrational spectroscopy (NW%lCh agreement with experiment, whereas Iarger deviations are
showy(Fe—NO) at 538 cm for powder samples df. These ~ observed fobi,(Fe—N—0O) and/(Fe—NO) (cf. Table 4). In
assignments are also in agreement with resonance Ramaggreement with experiment, the calculations predict strong
spectra obtained on solutions bf which showr(N—0) at mixing between these latter modes, where the feature at
1678 cntt andv(Fe—NO) at 524 cm*.#2 On the other hand,  higher energy (609 cr) has more Fe—NO stretching and
the assignment af,,(Fe—N—0) to the IR band at 371 cth  the one at lower energy (482 cf) has more Fe—N—O
is not in agreement with the NRVS stutifwhere this mode ~ bending character in the DFT calculations.
has been assigned to a band at 470%dowever, no strong A.5. Quantum-Chemistry-Centered Normal-Coordi-
evidence is presented for this assignment, which is only basedhate Analysis (QCC-NCA). The vibrational assignments
on the experimental result that the 470 ¢feature has an  presented above are further investigated using NCA. Because
in-plane Fe displacement. Table 4 gives a compilation of of the large sizes of the moleculéand?2, the best approach
the vibrational assignments presented here, which are basedior NCA is to generate an initial force field from quantum-
on actual isotope shifts coupled to a NCA. From DFT, the chemical calculations. To obtain a reasonable description of
calculated N—O stretch for mod&lat 1703 cm is in very the Fe—NO subunits il and 2, the TPP rings can be
good agreement with experiment. The in-plane b&géFe— simplified to the porphine ligand “P” (cf. Figure 4% The
N—O) and especially the FENO stretch, on the other hand, calculated force fields of modellsand2 are therefore used
are predicted at 427 and 595 chnrespectively, and, hence, for NCA without further simplification following the QCC-
are obtained too high in energy in the DFT calculations (cf. NCA approach (see the Experimental Section). Masses of
Table 4). 77 are used for the meso hydrogen atoms to better represent
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Figure 4. Figures of the fully optimized structures &fand2 obtained
with BP86/TZVP. Structural parameters are given in Table 4.

Table 5. Comparison of Experimental and QCC-NCA Vibrational
Frequencies [cmi] and of QCC-NCA and Calculated (DFT) Force
Constants [mdyn/A]

force
exptl QCC-NCA constantg
mode nat  15N80  naR  15N180 QCC-NCA calcl
[Fe(TPP)(NO)] (1)
v(N—0) 1697 1625 1698 1624 12,530 12.709
v(Fe—NO) 532 515 531 517 2.975 3.619
Oip(Fe—N—0) 371 365 371 365 0.336 0.415
[Fe(TPP)(MI)(NO)] (2)
»(N—0O) 1630 1556 1629 1557 11.550 12.224
oip(Fe—N—0)/ 530 515 529 517 0.539 0.680
v(Fe—NO) 440 431/(423) 440 431 2.548 3.257
Ooop(FE—=N—0) 291 287 (33%) (328y

anai = natural abundance isotop@<Calculated with BP86/TZVP; see
the Experimental Sectiofi.Using a value of(NO) = 1678 cnt! measured
in solution42 force constants of 12.190 mdyn/A for-ND and 2.985 mdyn/A
for Fe—NO are obtained.Because of the fact that the oop bend shows
strong mixing with porphyrin modes, a reasonable NCA fit of this mode

cally for complex2. Here,v(Fe—NO) anddi,(Fe—N—0O) are
closer in energy, which leads to an almost equal mixing of
these vibrations. Hence, the mode at 530 tims 33%v-
(Fe—NO) and 30%)i,(Fe—N—O) character. The mode at
440 cnT?, on the other hand, has 478@Fe—NO), 11%0;,-
(Fe—=N—0), and 9%5(N—Fe—N) bending character. Hence,
the distinction between(Fe—NO) anddj(Fe—N—0) is
practically lost. Because of the fact that the 440-émode

has more Fe—NO stretching character, it is designated as
v(Fe—NO) in Table 4.

For complext, N—O and Fe-NO force constants of 12.53
and 2.98 mdyn/A are obtained as shown in Table 5. The
Fe—NO force constant of about 3 mdyn/A corresponds to a
very strong bond in agreement with the very large experi-
mental NO binding constants for iron(ll) porphyrifisin
comparison, both the N—O and Fe—NO force constants of
11.55 and 2.55 mdyn/A, respectively, are distinctively
smallerfor 2. Because the FeNO interaction is mediated
by s* orbitals of NO in these complexes, these findings can
only be explained if compled has a stronger FeNO o
bond. Increased donation from a NO antibondint) ©rbital
in the case ofl then leads to a strengthening of both the
Fe—NO and N—O bonds relative ®, in agreement with
the trend in force constants. The weaker® bond in2
could also be explained with a larger amount of back-
donation from iron(ll) to ther* orbitals of NO. However,
this would lead to an inverse correlation of the-#¢O and
N—O bond strengths, which is not the case experimentally.
Hencecomplexed and?2 differ significantly in the strength
of the Fe-NO ¢ interaction. The calculated force constants
from DFT show, in general, good agreement with the NCA
result, as presented in Table 5. The only exceptions in this
respect are the FeNO force constants, which are calculated
distinctively too large (vide infra). On the basis of their
NRVS data, Rai et al. have also performed an NCA for the
low-energy modes of including v(Fe—NO) anddi,(Fe—
N—0).412The obtained force constants of 2.66 mdyn/A for
Fe—NO and 0.30 mdyn for FeN—O compare well with
the results presented here. The lower value for theNf@
force constant is due to their fit @f,(Fe—N—O) to a mode
at 470 cm! (vide supra), which differs from our results.
However, because our analysis is supported by the experi-

could not be achieved within the chosen model. Hence, the energies listedmMentally determined isotope shifts and the good quality of

are those obtained from NCA without further adjustment of force constants.
Free NO: »(N—0) = 1876 cn1?; fy_o = 15.49 mdyn/A. NO: »(N—0)
= 2387 cntt in (NOM)(BF47); fy—0 = 25.07 mdyn/AS7

the NCA fit of these data, we are confident that we have
arrived at a more consistent assignment of the vibrational
data of the FeN—O subunit ofl and that the observed

the phenyl groups of TPP. The results of this treatment are tendencies in the N—O and Fe—NO force constantslfor

presented in Table 5, which show excellent agreement with
experiment for bothl and 2. This further supports the
vibrational assignments presented above. For coniplthe
observed mixing between(Fe—NO) anddi,(Fe—N—0) is
quite small. The mode at 532 ctis a pure Fe—NO
stretching vibration with 88%(Fe—NO). The mode at 371
cm™! has 55% in-plane (ip) Fe—N—O bending character
[39% contribution ofd;,(Fe—N—0O) and 16% from NFe—
N(O) bends]. The ip bendi,(Fe—N—0O) is also mixed with

and?2 are valid.

B. Electronic Structure of Iron(ll) Porphyrin NO
Adducts and Assignments of Optical SpectraThe com-
plete bonding scheme of the six-coordinate (6C) complex
[Fe(TPP)(MI)(NO)] (2) obtained from DFT calculations is
analyzed in detail. This electronic structure is then compared
to that of the corresponding five-coordinate (5C) species
[Fe(TPP)(NO)] @) in relation to the experimental results
presented above. Calculated EPR and Mdssbauer hyperfine

porphyrin core modes and, hence, shows small contrlbutlons(43) Ford, P. C.: Laverman, L. ESoord. Chem. Re:2005, 249, 391—

to several other vibrations. This situation changes dramati-

403.
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_ electron configuration of the metl.Bonding to the por-
>A B-Spin phyrin ligand is mostly mediated by the frontier orbitals of
E a-in 130 e d2_m(g) + %} this ligand. Thg MO diagram.of frge porphﬁjeus_,ed asa
{ o [t ) by By model for TEP in the calgulauons is shown in Flgu_re S7in
1. &y Brgs0- !,‘dw the Supporting Informano_n. The lowest unoccupled_MO
- s 126 e = - (LUMO) of the porphlne ligand corresponds to a pair of
-0.1- — s — dﬂr”rdu—“:J & dggenerata* orbitals of By symmetry, labeled §82/830n .
- MO Figure 5% These undergo a very weak back-bonding
] interaction with the @ and d, orbitals of iron (3% d
1 =M [ daidy]+ o) orbital admixture). The highest occupiedorbitals are of
] 122 —OMO__ da _ Az, and Ay, symmetry and are practically nonbonding to the
7 i’;ﬁ’i.. ; —E’él’gﬂt d orbitals. The iror-porphinec bond is mediated by the
] =T v AT [ in-plane (ip) By orbital and the unoccupied,dorbital of
0.2+ Gt iron. The MO diagram of free nitric oxide is presented in
1. Imm) + Ee7s76- 118 Im(m) + B¢ 756> Figure S8 in the Supporting Information. This molecule is a
1 ==t 4, =7 &, radical 6 = Y, ground state), with the unpaired electron
- being located in the singly occupiett orbitals. Because
] complex2 has a total spin 08 = %/,, the spin-unrestricted
- scheme has to be applied, which distinguishes between
03 &f{ﬁ?‘a;dxy EES E}‘ﬁa{jﬁ’ax, majority (o)) and minority §) spin orbitals. The unpaired
. - electron of NO occupies the orbitats}, (h = horizontal),
] - Mg s o A7 da which is located in the FeN—O plane. Because the t
] functions of Fé are fully occupiedg donation fromow-stj,
1 &0 g to the metal is only possible into thezdorbital. The
] corresponding bonding combinatiom; dz/dy, ([1230] is
] + Im(0) s ————[x]+ ) the highest occupied MO (HOMO) &(cf. the contour plot
'0'4'. g 2] 2—[)] in Figure 6). It has about 43%;, and 42% mixed g/d,,
) 79 e [P _d ] contribution, which corresponds to a strong interaction. Note
n——[ 4] that the interaction ofr;, and d, does not contribute to

Figure 5. MO diagram of [Fe(P)(MI)(NO)] ) calculated with BP86/  bonding because both orbitals are occupied. The sezerid
TZVP. The applied coordinate system is shown in Figure 4, Az, Eg, : * — : : :

etc., correspond to porphyrin orbitals, as shown in Figure S7 in the Or_bltal of NO, Iabgled-[v (V Vertlcal)’ IS unoccupled and
Supporting Information. Ligand orbitals of NO are labeladl (v = Oner.]ted perpendicular to the _FN_O p_Iane. It forms a
vertical; orthogonal to the Fe—N—O plane) amd (h = horizontal; medium-strongr back-bond with ¢, of iron. The corre-

located in the FeN—O plane) and are shown in Figure S8 in the Supporting  snonding antibondina combination™ 1260 con-
Information. The nomenclatui_bindicates that orbite interacts withb p 9 O go . m,._d (« D’—l
and thata has a larger contribution to the resulting MO. sists of 71 /‘”v with 24% @Z admixture, as shown in Table

S2 in the Supporting Information and Figure 6. An additional
parameters are also discqssed. Finally, the MCD spectra ofgmall contribution to the FeNO bond is only found for the
complexesl and2 are assigned. . weakly N—O o-bonding orbitalo® (cf. Figure S8 in the

B.1. Bonding Description of Complex 2 and Compari-  gypporting Information; 7% ,d admixture). In the spin-
son to 1.To analyze the electronic structures of 5C and 6C yrestricted scheme, bofhr and -7 of NO are unoc-
iron(If) porphyrin NO complexes, the model systems [Fe- ¢pjed and undergo additionatback-bonding interactions
(PYNO)] (D and [Fe(P)(M)(NO)] @) have been applied,  yith iron (cf. Figure 6). The corresponding bonding com-

as shown in Figure 4. Geometry optimization was then pinations ¢, 7 (821 and d, 7 (B119)] have about
performed using B3LYP/LanL2DZ and BP86/TZVP. Table g5no4 metal d and about 20%* contribution (cf. Table S2

4 shows that, in the case df both methods lead to very i, the Supporting Information). The antibonding combination,
good agreement with the experimental stru_cture. However, * d,, (BC1260] consists of 67%z" and 27% ¢, which is
for the 6C .comple>(2, the B3LYP geometry is clearly of a comparable tax spin. In summary, NO acts as a medium-
lower q_uallty, Whereas BP86 again shows excellent agree-girongg-donor andr-acceptor ligand ir.
ment with experiment. Hence, the analysis of the electronic  1,q jnieresting question is then, how does this electronic
structures ofl and2 is based_on the fully optimized structures structure change when going from 6C comp®sto 5C
1 and2 from BP86/TZVP. Figure 5 presents the correspond- o njex 17 The experimentally determined PO force
ing molecular orbital (MO) diagram for mode&l Charge
distributions are given in Table S2 in the Supporting (44) In the applied coordinate system (cf. Figure 4), theydorbital can
Information. Figure 4 shows the applied coordinate system  formally be identified with one of the 3t orbitals, whereas g

. . . . . undergoes a bond with the porphyrin and can therefore be classified
used in the following discussion. The axis is roughly as an “e” orbital.
oriented along the N(imidazoleFe—N(O) axis. In complex (45) For the presentation of the electronic structur@ @Figures 5 and 6
2, iron is in the+Il oxidation state and is low-spin (as is and Table S2 in the Supporting Information), the MOs of the

. - porphiné- ligand are labeled as shown in Figure S7 in the Supporting
evident from EPR), which leads to aJjdd,,, de-7® ~ [t]° Information. For example, the HOMO of porphfreis A, 810
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[Fe(P)MD(NO)]
[Fe(PYNO)] +0.78
i

o< 129>

HOMO
Niimidazole)

Figure 7. Top: Contour plots of the SOMOs of [Fe(P)(NOY])(and
[Fe(P)(MI)(NO)] ) calculated with B3LYP/LanL.2DZ*. Calculated for the
fully optimized structures obtained with BP86/TZVP. The calculated spin
densities reflect the shape of the SOMO in both cases. Spin densities on Fe
and NO are indicated. Bottom: calculated orientation of the principal axes
of the g tensor relative to the molecular frame using BP86/TZVP.

o< 123> n;fd;;du

of +0.5 on Fe and+0.5 on NO are obtained fdt, which
corresponds to an increase in the Fe—NO covalency and,
9 hence, the metalligand bond strength. These spin densities
are also in agreement with MCPand*H NMR results (see
the Discussion section).

B.2. Calculation of Hyperfine Parameters of 1 and 2.
f';w_n: The results presented above are very useful to evaluate the
. very different EPR spectra of 5C and 6C iron(ll) porphyrin
Figure 6. Contour plots of important MOs d calculated with BP86/ NO adduct¥ (see the Introduction). In a preceding Com-
TZVP. For the labels, see Figure 5 and Table S2 in the Supporting o i
Information. munication, these differences were analyzed based on

] calculatedy tensors for model& and2.18 In agreement with
constants, which are 2.98 mdyn/A farand 2.55 mdyn/A  gayjier calculationd? it was found that the orientation of the
for 2, show that there is a significant difference in the-Fe g tensor in the molecular frame is different in these
NO bond strengths in these complexes. As shown in SeCtioncomplexes, as shown in Figure 7. However, the question of
A.5, this relates to differences in the FO o bond in  pow this relates to the electronic structure descriptions of
agreement with DFT results published in a preceding these systems as elaborated above is still open. First, the
Commgnicatiori,8 yvhich predict a stronges interaction in fact that complex2 shows smaller overaly shifts thanl
1% This change in the Fe—NO bond strengths should be reflects the decreased spin density on iron in this comitéx.
reflected by the spin densities. To calculate accurate spin Second, the rotation of thggtensor in2 compared td. might
densities, the B3LYP functional has to be applied becauseyglate to the change of the “magnetic orbital” of iron in these
pure density functionals tend to overestimate the metal complexes. In the case bfthe spin density on iron is located
ligand covalencies. A comparison of the calculateet R© in an orbital of mostly g character, which is oriented along
force constants from BP86 with experiment (cf. Table 5) the z axis. On coordination of the sixth ligand, the orbital
shows that this is also the case here. Because spin polarizapecomes stronger mixed with,cand, hence, is rotated off
tion effects are quite small fdrand2,* the calculated spin  he 7 axis (cf. the SOMOs in Figure 7). Presumably, the
densities roughly correspond to the shape of the singly tensor then follows the rotation of the spin density at the
occupied MOs (SOMOs) df and2 shown in Figure 7. The  jron center.
unpaired electron is mostly localized on the NO ligand (spin |5 addition to theg tensor, we have also calculated the
density: +0.8) in the 6C complex. In comparison, values 14\ and5Fe hyperfine &) tensors and Mésshauer parameters

!dez_ﬁ'_ B< 119>

o< 118>

(46) The Fe—NQr back-bonds are similar fdrand2. Small differences (48) This is in agreement with the differences in spin density distribution
are only observed for thd-MOs, where ther back-bond is slightly for 1 and2 as evidenced by MCD spectroscopy and the diffeteht
stronger forl. For example, the antibonding combinatio d, (8- NMR chemical shifts of the pyrrole hydrogens in these systems (cf.
(104 has 57%, and 35% ¢, character compared to 67%; and Table 3). In diamagnetic [Fe(TPP)(Pibjcf. Figure 2), these signals
27% d; (B1260)for 2. This leads to the transfer of a small additional are observed at 8.97 ppm, which is close to the value®fl ppm
amount of spin density from NO to iron ibrelative to2. for 2. In contrast, these hydrogens show a stronger paramagnetic shift

(47) Praneeth, V. K. K.; Haupt, E.; Lehnert, Bl. Inorg. Biochem2005, to 5.95 ppm inl. Correspondingly, the calculated spin densities on
99, 940—-948. the pyrrole hydrogens are 2—4 times largerlithan they are ir.
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Table 6. Comparison of Experimental and CalculatéN Hyperfine (A) Tensors of the Nitrosyl Nitrogen Inand2 and Related Model Complexes
14N hyperfineA[g] [MHz]

molecule Alg(max)] Alg(mid)] Alg(min)] orientation
[Fe(TPP)(NO)], expifa 37.1 49.7 48.7 ?
[Fe(OEP)(NO)], expft16d 40.9 49.7 42.7 g/A: 30° ¢
[Fe(P)(NO)] (0, calcd 28.3 62.0 49.9 Alg(min)[/Fe—N: 1°d
[Fe(TPP)(Pip)(NO)], exptf? 60.8 ?
[Fe(P)(MI)(NO)] (2, calcd 15.2 84.0 13.2 Alg(min)[/Fe—N: 30*

aThe values of thé\ tensor [MHz] are given relative to tigetensor; i.e., a giver value is paired with thg value whose principal axis is closest to the
principal axis of thisA. The column “orientation” then gives the relative orientation ofAttensor.? Single-crystal EPR dat&.Angle between the principal
axes of theg and A tensorsd The angle between the principal axesggmin)/A[g(min)] andg(mid)/A[g(mid)] is about 20°g(max) andA[g(max)] are
collinear and oriented perpendicular to the- -0 plane.® The angle between the principal axesydfin)/A[g(min)] andg(mid)/A[g(mid)] is about 3%
g(max) andA[g(max)] are collinear and oriented perpendicular to the e O plane.

for models1 and2 using the B3LYP functional. For the 5C A, [T9[JA,[B1{HOMO) to E,[82/83(LUMO) (cf. Figure
complexes, the experiment&N hyperfine tensor is quite  S7 in the Supporting Information) transitions give rise to
isotropic, withA[g(mid)] ~ 50 MHz being somewhat larger two excited states of Esymmetry. These show strong
than the other two values, although the experimental resultsconfiguration interaction (Cl) coupling, leading to the intense
for 1 and [Fe(OEP)(NO)] are somewhat different in this Soret or B band at higher energy #¢ 100 000 Mt cm™?)
respect, as shown in Table 6. From thé'l#® adduct of and the Q band at lower energy, which has low to zero
hemoglobin, it is known that the hyperfine tensor becomes intensity (depending on the actual complex). The corre-
quite anisotropic in the case of a 6C complex (values of 29.6, sponding wave functions for these excited states are therefore
32.9, and 63.6 MHzd subunit) and 26.9, 44.2, and 62.3 defined as
MHz (8 subunit) have been determingf)n agreement with
this, the A[g(mid)] value of [Fe(TPP)(Pip)(NO)] has been |1p50reD=i
determined from solution EPR to be 61 MM#The general NG
trend with the A tensor being more anisotropic for 6C
compared to 5C F&O complexes is reproduced well by where y1: A [T90 — E4B2/83] and v, A[B810 —
the calculations. The calculated valuesfdg(min)] = 49.9 E4[82/83[&are the individual excited states of Bymmetry.
MHz for 1 andA[g(mid)] = 84.0 MHz for2 can be directly ~ Because of vibronic mixing of the Q state with the Soret
compared to solution EPR data and show very good state, an additional quite intense band designated,ds Q
agreement. The othek values show some deviations (cf. observed at about 1250 ctnto higher energy from G52
Table 6), but the overall agreement between theory andBecause complexdsand2 have a low-spin 8iconfiguration,
experiment is satisfactory. In a recent publicatiéf\ the three torbitals of iron(ll) (vide supra) are fully occupied
hyperfine couplings for a model similar fowere calculated  and, hence, no low-energy porphyrir) o metal (§) charge-
to be 29, 31, and 74 MHz for the minimum-energy transfer transitions are possible in these cases. Therefore,
structure?®d which agrees with our results. Table S3 in the the absorption spectra of complexeand2 are dominated
Supporting Information lists the calculated Méssbauer isomer by only two features: the intense Soret band at around 400
shifts & and quadrupole splittingdE, for models1 and 2 nm and the Qband at about 540 nfi.Figures 8 and 9 show
in comparison with experiment. The isomer shifts are the absorption and MCI-term spectra of complexdsand
reproduced well, indicating that the electron densities are 2, respectively, which allow for the identification of 10
well described by our calculations. The quadrupole splittings electronic transitions below 30 000 ct Table 7 sum-
and theSFe hyperfine tensor elements show noticeable marizes the band positions obtained from correlated Gaussian
deviations (cf. Table S3 in the Supporting Information). One fits of these data (included in Figures 8 and 9). Because the
source of the observed errors relates to the chosen basis setspectra were measured under different experimental condi-
for these calculations. Previous DFT work of Oldfield and tions, small differences in the band positions were tolerated
co-workers using the “locally dense” basis set appréfach in the fit. To assign the electronic spectra of complekes
on [Fe(OEP)(NO)] and model systems comparabl& amd and2, TD-DFT calculations on the B3LYP level have been
2 led to quadrupole splittings that are in excellent agreement performed. Using the porphine approximation, the calculated
with experimen€®dTherefore, the calculation of the quad- Soret band positions of 28 500 cfrfor 1 and 26 670 cmt
rupole and®Fe hyperfine tensors seems to require exten- for 2 only show poor agreement with experiment, as shown
sively large basis sets. _
B.3. Assignment of the Optical SpectraThe absorption (51 Soterar, M Shtea Spees e Eecuoni Sy of Pty
and MCD spectra of porphyrin complexes are dominated by Press: New York, 1978; Vol. IIl.
intensexr — z* transitions of the porphyrin dianiot{25! (52) (a) Spiro, T. G.; Strekas, T. ®roc. Natl. Acad. Sci. U.S.A972,
These have been analyzed in detail by Gouterman. The g?;aieﬁ?E%GE(?élgbgfdpiggh_T\,'vgs'lL"ﬁngggg?n)gfn,\s,l’Aljelvgeg’g;A,sgﬁF;'.’ ©
Egawa, T.; Suzuki, N.; Dokoh, T.; Higuchi, T.; Shimada, H.; Kitagawa,

1
[y, + .0 and [WOC= Tzlwl — .0

(49) Utterback, S. G.; Doetschman, D. C.; Szumowski, J.; Rizos, A. K. T.; Ishimura, Y.J. Phys. Chem. £004,108, 568—577. (d) Paulat,
Chem. Phys1983,78, 5874—5880. F.; Praneeth, V. K. K.; Néther, C.; Lehnert, Morg. Chem2006, in
(50) Chestnut, D. B.; Moore, K. Ol. Comput. Chenl989,10, 648—659. press.
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Table 7. Correlated Fit of the UWVis Absorption and MCDC-Term Spectra ofl and 22

[Fe(TPP)(NO)] (1) [Fe(TPP)(MI)(NO)] (2)
UV—vis UV—vis
no. MCDC term position I assignmerit MCD C term position b assignmerst
1 15268 (15200) 266 (0]
2 16451 16298 2126 el 16551 16412 3807 ®
3 17028 (17042) 410 ® 17239 17166 3358 ®
3a 17894 17742 6954 &
4 18252 18401 8098 el 18275 18554 14180 e
5 20311 20241 4893 7 — 7*®), CTD (19935) 19955 6052 Y, 7 — 7O
6 21858 21499 9858 a¥, 7 — 7+ @, Soret 21880 21644 9388 &Y 7 — 7+, Soret
6a 22867 (22331) 15185 SofBt
7 23583 23436 35030 SofBt 23507 23470 146880 Sofrét
8 24530 24840 82184 Sofrét 24166 24495 44087 Sofdt
9 25624 7 — n*®), CT®, Soret 25127 25541 (14719) &P, Soret
10 26869 26969 (17896) er
11 28238 28180 7 — a*13)
12 30894 30971 7 — *(1.3)

aThe parentheses are used when a band position cannot be exactly determined from the data. For tharfimtine numbeof Gaussians has been
used. If, for example, a band can be identified from the MCD spectrum but no corresponding band is necessary to fit the absorption spectrum, then the
absorption data are not fit with this feature. Hence, in very few cases, bands appear in the correlated fit of the MCD spectra, but not in the fit of the
absorption spectra (and vice versy.is given in M~1 cmL. ¢ Electronic transitions (cf. Figures 5 and S7 in the Supporting Information):=Qharge
transfer,@ — w* = porphyrint — 7* transition; see text.

120000 4 - 15000
[Fe(TPP)(NO)] 180000+ [Fe(TPPYMI)(NO)] - 18000
100000 405 nm 160000  1-methyl- 425 nm L 16000
imidazole
- 14000
80000-‘ 10000 L 12000
T = 10000
g 60000 E
i 3 s 8000
= ' =
“ 40000 :' L 5000 L5000
.'I L4000
20000+ ' 2000
; %8 Q
0 T T 7 v 0 10000
40000 35000 30000 25000 20000 15000 10000
1200+
1000
800
< 6004
g 400+ 2
= 200] - A1
s =N I 2N .’[\{\ x 10
8 -2001 i V.U C-Term
-400 4 )
-600 5
-go0d
-1000
'ﬁﬁ' 35000 30000 25000 20000 15000 10000
-1600] : i T . . wavenumbers (cm’”)
40000 35000 30000 25000 ann:_‘ 15000 10000 Figure 9. Electronic spectra of [Fe(TPP)(MI)(NO)R). Top: UV—vis
wavenumbers (cm’) spectrum measured in GEl; at room temperature. Bottom: MCD spectra
Figure 8. Electronic spectra of [Fe(TPP)(NOY)( Top: UV—vis spectrum measured in propionitrile/butyronitrile (1:1) at 5 K. The dashed lines
measured in CkCl, at room temperature. Bottom: MCO-term spectrum represent a correlated fit of the UV—vis absorption and the MGErm

measured in propionitrile/butyronitrile (1:1) at 2 K. The dashed lines data (cf. Table 7).

represent a correlated fit of these data (cf. Table 7). o . .
significant error to the geometric and electronic structures
in Table 8. In addition, the shift of the Soret band frarto of the porphyrin ring. We then tried to perform TD-DFT
2 is calculated to be 1830 crh which is too large. Using  calculations using the complete TPP ligand by applying the
semiempirical INDO/S-CI calculations dhand?2 leads to crystal structures of and2,*42753put convergency of these
some improvement of the theoretical Soret band positions, calculations could not be achieved. Therefore, the INDO/
but the deviation from experiment is still unsatisfactory. This S-CI method was used again, and this leads to very good
result is not surprising considering that the Soret and Q bandsagreement between the experimental and calculated Soret
actually correspond to porphyrin— zz* transitions. Hence,  band positions, but deviations are also observed, as shown
neglect of the phenyl substituents of TPP introduces ain Table 8. Therefore, because of the fact that none of the
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Table 8. Calculated Q and Soret Band Energies Compared to
Experiment

transition energy A(5C—6C)

model/method Q Soret Soret
[Fe(TPP)(NO)J/exp 15268/17028 2453G
[Fe(P)(NO)J/TD-DFT 19370 28500
[Fe(P)(NO)J/INDO/S-CI 14960 26420
[Fe(TPP)(NO)J/INDO/S-CI 15470 24740
[Fe(TPP)(MI)(NO)])/exp 16551/17239 23507 1023
[Fe(P)(MI)(NO))/TD-DFT 19090 26670 1830
[Fe(P)(MI)(NO)J/INDO/S-CI 14610 25730 690
[Fe(TPP)(MI)(NO))/INDO/S-CI 14080 24260 480

aFrom MCD; cf. Table 7.

Praneeth et al.

and W5°'represent a couple of energetically close excited
states with orthogonal transition dipole moments. Excited-
state spin—orbit coupling (SOC) between these states leads
to the following expression for th€-term intensity as
derived in the Supporting Information:

MCD CZCFe RSoret(l) R Soret(2
M~ — = (D3 W D) (8)

Soret

The corresponding SOC matrix element is proportional to
c2¢"e wherec represents the coefficient of d orbital admixture
to the porphyrin F orbitals (<5% contribution; see the

Supporting Information). Hence, the SOC matrix element is

excited-state calculations leads to an overall satisfactory quite small because of the very small coefficients, but this

agreement with experiment, the INDO/S-CI calculations on
the entire complexes will serve as a basis for an only
semiquantitative interpretation of the optical spectra ahd
2.

Assignment of the Soret RegionBecause of the presence

is compensated for by the large transition dipole moments
of the Soret band. If one alternatively considers the transition
to W°'as|JCand W5 *'as intermediate stat&[) the same
expression for th€-term intensity in eq 8 is obtained, but
because of the sign change in the denomindtot that

of the phenyl substituents, the effective symmetry of the TPP occurs whenK[and|JOare exchanged, the resulti@gterm

ligand in complexed and?2 is lower thanD4n. Hence, the
2-fold degeneracy of the LUMO j82/83Lis lifted, which
leads to a splitting of the individual excited states and
12 into two components:

Y1 ATOG-ED  yys A, B1G-ED
Yy AT9G-E oy A, 810G~ EP

In the simplest approximation used in the following, the
energetically split LUMO E82/830is considered but,
otherwise, an effectivB 4, symmetry is assumed. CI coupling
of the individual transitions then leads via cross-coupling to
the Soret and Q states:

1
|wioret= 72|1/J1a+ Popd

1
|Ip§0ret'= 72|1/’2a+ PqpH

1
WP0= 72|¢1a — Yol

1
[WSC= ——hp — P
2 \/E 2a 1b'

As shown by Neese and Solomon, the MQDterm
intensityCo for an S= %/, (orbitally nondegenerate) ground
state is defined I3°

1 . e
Com 2wy 3 (IO BT +
K=A,J

uyw
AL < DY)LYY (@)

for a transition from the ground stat&lto the excited state
|[JLJwhere|K[is an intermediate state. This expression can
be used to derive an equation for @@eerm intensity of the
Soret band. In this case, the two Soret excited SHtEE™
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signal changes its sign. Hence, this mechanism gives rise to
a so-called pseudA-term in the MCD spectrurfi® where

two adjacent bands are observed with opposite sign because
of SOC of the corresponding excited states.

This is exactly what is observed in the MCO-term
spectrum of comple®, where bands 7 and 8 can therefore
be assigned to the two Soret transitions (cf. Table 7), which
are split by approximately 106a1500 cm™. This is also in
agreement with the INDO/S-CI calculation on the entire
complex1, which predicts two Soret components, but their
obtained splitting is too smalN100 cnt?). From the INDO/
S-Cl results orll, mainly four different types of electronic
transitions are identified in the energetical region below the
Soret band (cf. Figure S7 in the Supporting Information for
porphyrin MO labels):

m— W A, [T20)B, [T4G~ E/B2/83[(LUMO)
CT®: A TI0IA, B1G~7;_d, dfd,, 7

m— 2*@: lower-lying E () — E,[82/83[(LUMO)
a—a*®: A [TIUA, 810~ B, 840

Here,m — a*® and CT® (which is a porphyring) — NO-
(7r*)_iron(d,) transition) are located closest to the Soret band
followed by x — 7*®), which leads to the assignments of
bands 6 and 5, as given in Table 7. An additional admixture
of @ — 7*®@, which is distributed over the whole visible
spectral range, is probably also present. The larger intensity
of band 6 compared to 5 is due to an additional admixture
of Soret character. To higher energy of the Soret transition,

(53) Because of a disorder in the crystal, the experimental structute of
in ref 27 has a planar TPP ring. This, however, is certainly not the
case in the actual complex and, correspondingly, the INDO/S-CI
calculations on this structure lead to a wrong ground state. Therefore,
the conformation of the TPP ring from the crystal structur@ efas
applied in the TD-DFT calculation fol. This contributes to the
incorrect calculation of the Soret shift.
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bands 9 and 10 are observed, which have predominantof the presence of the phenyl substituents, the out-of-plane
charge-transfer character fromyA790and A 810 the (oop) distortions of the porphyrin core, and the bent NO
unoccupied g and d2 orbitals of iron (CT?; in the ligand. The deviations are especially severe for the 5C
coordinate system shown in Figure 4). In the case of complexcomplexl, where the iron center shows a large displacement
2, the Soret band shows a shift to lower ene¥bwhich is out of the porphyrin plane. In such cases, the porphyrin core
predicted by the INDO/S-CI calculations to lead to enhanced itself usually shows a significant amount of oop distortién.
mixing with CT® and the appearance of three Soret Importantly, a large oop distortion of the porphyrin ring will
components in the spectrum. In fact, the MCD spectrum is have a profound effect on the MCD intensity because it
able to resolve these three individual contributions as bandsinduces oop character to the Soret transitions. This opens
6a, 7, and 8, as shown in Figure 9. Bands 6 and 5 that areup new channels for the MCD intensity because it allows
observed to lower energy of the Soret band are assigned infor SOC in thex andy directions. This connects the drbital
agreement witll. To higher energy of the Soret feature, no with dy; and d,, which gives rise to additional contributions
contribution of CT is predicted because of the fact that to theC term. Importantly, these contributions will be very
both d, and 42 orbitals are significantly shifted to higher different forl and2 because of the different nature of their
energy in2 compared td.. Because iron is located closerto SOMOs (cf. Figure 7).

the center of the porphyrin ring i, d is shifted to higher

energy because of an increased antibonding interaction withDiscussion

the porphyrin orbital ByB80L] On the other hand, dis
strongly affected by the axial binding of the N-donor ligand

(vide gupra) and shifted to hlgher enefdy. . . complexes [Fe(TPP*)(NO)] and how this influences the
Assignment of the Q Region.The medium-intense  gn0ctroscopic properties and electronic structures of these
absorption features observed in the Q region of the spectrasystems_ From previous studies, it is known that this
of both 1 and2 actually correspond to the vibronic bands  jnsaraction is weak!437but quantitative information is not
Qv, whereas the Q bands themselves are of quite low intensity,,aijaple for biologically relevant imidazole-type ligands.
(vide supra). This is reproduced by the INDO/S-CI calcula- Therefore, we have determined binding constafs of

t|ons., which 'do npt .predlct any absorption featu.res of 1-methylimidazole (MI) and pyridine (Py) to 5C complexes
considerable intensity in the Q region or belthitheoretical [Fe(TPP*)(NO)] from U\-vis titrations. Corresponding free
analysis of the MCDC-term intensity of the Q transitions binding energies\G® range between-1 and—5 kcal/mol
shows that both ?Ompqnen@? and W3 should lead to a (cf. Table 2). From these data, some fundamental relation-
pseudo-A-term signal in the MCD spectrum. However, ghins can be established: First, the strength of the interaction
because the tran5|t|onﬁd|pole moments of the Q band arésirongly depends on the basicity of the applied lig&hd.
quite small, the produdd™® x DZ? is small and, hence,  Hence, Ml is a stronger ligand than Py. Second, the phenyl
the Q transitions should also be weak in MCD. As shown in gypstituents in TPP*-type ligands influence the binding
Figures 8 and 9, this is actually the case for bbtand 2. because of steric and electronic effects. Steric effects are
For complexl, the splitting of the two components of Q is  jntroduced byo-methyl substitution of the phenyl rings of
large (~1800 cm*), which leads to a pattern wheré®™Q  Tpp and lead to a slight increase of the binding constants.
(band 1) is followed by its vibronic band,Q (band 2; both  This is due to steric shielding of the binding site. Electronic
with positive sign) before the second componefit @and  effects are observed fas-fluoro-substituted TPP (FF,-
3; negative sign) appears (see Table 7). In contrast, the Qpp): the corresponding iron(ll) porphyrin NO compléx (
splitting is smaller for2 (~700 cm™) and, hence, the [y exhibits an 80 times enhanced ligand affinity for M
pseudo-Asignal of Q (bands 2 and 3) is observed before compared to TPP, which is attributed to the fact that MI has
the pseudo-Asignal of Q (bands 3a and 4). z-donor abilities. To further investigate possible reasons for
Limitations of the Model. On the basis of the simpl&4, the enhanced stability of [Fe(TofP)(MI)(NO)] (2-F), we
model derived above, one would also predict quite similar have determined the crystal structure of this compound.
overall C-term intensities for complexelsand2. However, However, the obtained structure and-® stretching fre-
this does not seem to be the case experimentalys was quency are similar to those of [Fe(TPP)(MI)(NO)] (2).
already mentioned above, the symmetry of the porphyrin core Hence, although the free binding energy of Ml is twice as
is actually clearly lower thaD, in these complexes because large in 2-F as it is in 2, the properties of the FEN—O
subunit are not noticeably affected by this change. We have
(54) tThze,otéser\t/ed ?hift of thl_ett_Sor%t ?and t?hhigher ener%%omparedd further investigated the binding of N-donor ligands to
(215 due to8 arger spting between the occupiaddnd a1 complexes [Fe(TPP)(NO)] byH NMR tirtions. In this
(8) the different ring conformations if and 2, which leads to a  way, the spectra of 5C and 6C iron(Il) porphyrin NO adducts
stapiization (‘;fv’if dgr?ggé”gy""t?]‘l 2n‘é‘?§;ag'f“fﬁé'l‘;‘oﬁtgﬂtmg‘r’:”ig are assigned for the first time. These studies provide a direct
nonbonding to iron) and (b) a large shift to lower energy ef due spectroscopic proof that the addition of larger amounts of

to st{onfg_ mi))(ing with g in 1 (induced by the out-of-plane displace-  N-donor ligands to 5C [Fe(TPP*)(NO)] not only leads to
ment of iron).

(55) Because standard quantum-chemical methods such as HF, DFT, or
Cl calculations operate within the Bort©ppenheimer approximation, (56) (a) Spiro, T. G.; Strekas, T. @. Am. Chem. Sod 974,96, 338—
vibronic features such as,@annot be calculated with these methods. 345. (b) Hoard, J. LSciencel971,174, 1295.

In this paper, we have investigated the coordination of
N-donor ligands to five-coordinate (5C) iron(ll) nitrosyl
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the formation of the 6C complex [Fe(TPP*)(L)(NO)] but also ate. These possibilities lead to very different spectroscopic
facilitates the formation of the diamagnetic complexes [Fe- properties and reactivities. Hence, a definition of the
(TPP*)(L).]. Importantly, this indicates that binding of an electronic structures of heme nitrosyls is very important to
N-donor ligandweakensthe Fe—NO bond, which is in  elucidate their function in biological signaling and catalysis.
agreement with kinetic studies by Kharitonov efaDur In this paper, the bonding scheme of the 6C com@ag
results also show that the degree of denitrosylation is strongly analyzed in detail. Contributions to the FRO bond arise
dependent on the employed TPP* (porphyrin) ligand: whereasfrom (a) ac-donor interaction between the singly occupied
TPP itself only leads to the formation of small amounts of z* orbital of NO (a-7) and the empty 4 orbital of iron
the bis(N-donor) complex, compounds with the fluoro- and (b) a medium-strong-back-bond between the.cnd
substituted ligand To4PP are very susceptible to NO loss. d,, orbitals of iron and the empty* orbitals of NO -z},
Therefore, the increase in the N-donor binding constant in 7y). The occupied orbitals of the back-bond are mostly
1-F goes along with a decrease in the stability of the metal-based and, therefore, the corresponding electrons can
Fe—NO bond. This demonstrates the difficulty of synthesiz- pe assigned to the metal, leading to a low-spin iron(ll)
ing stable 6C iron(ll) porphyrin NO complexes in solution  description. As evidenced from the calculated spin densities,
in the absence of excess NO. the donation from the singly occupied orbital of NO into

The UV—vis and NMR titration experiments show that, d, of iron(ll) is limited. Hence, the electronic structure of
although the binding constants of N-donor ligands to 5C iron- complex2 has to be described as the prototype of at Fe
(I1) porphyrin NO complexes are very small, their coordina- NO(radical) system. Recently, the electronic structure of the
tion has a profound effect on the electronic structure of the 6C low-spin FENO complex [Fe(cyclamac)(NO)J* has
Fe'—=N—O subunit. Using vibrational spectroscopy coupled been studied in detdff. In this compound, the applied
to normal-coordinate analysis (NCA), the differences in the cyclam—ac ligand system provides a planas donor set
electronic structures of 5C complex [Fe(TPP)(NQ)] &nd  |ike porphyrin. In the axial position, acetate (ac) is bound
6C complex [Fe(TPP)(MI)(NO)] (2) are further evaluated. trans to NO. Interestingly, the observed-® stretching
Because of the size of the systems studied, force constantgrequency of 1615 cri, the EPR spectrum showing smalll
were obtained using quantum-chemistry-centered (QCC)- g shifts and hyperfine splittings of the coordinated NO ligand
NCA. In the case ofl, »(N—O) is observed at 1697 cth  ong(mid), and the calculated spin-density distribution in this
andv(Fe—NO) at 532 cm, which leads to force constants complex closely resemble the properties 2fHence, in
of 12.53 and 2.98 mdyn/A for these bonds, respectively. agreement with our analysis @ this complex has also been
Binding of Ml weakens the FeNO ¢ bond, as evidenced described as an FHO(radicaD system.
by the fact thaboththe N—O and Fe—NO bonds become  As evidenced by the experimental force constants, the main
weaker in2. In the case of the N—O bond, this is directly difference in the electronic structures of completemd?2
evident from the measured-NO stretching frequency of  relates to the FeNO o bond, which is distinctively stronger
1630 cn1, corresponding to a force constant of 11.55 mdyn/ for 1. Because the back-bond is comparable fdrand2,
A. The Fe-NO frequency of 440 cni is less diagnostic  the increaseds covalency in the case of leads to an
because of extensive mode mixing with the-f"&-O bend  electronic structure with noticeable'R©* character relative
at 530 cm?, but the NCA force constant of 2.55 mdyn/A  to 218 This does not mean that compléxcorresponds to
emphasizes this point. On the basis of these experimentakhe FéNO" limit where the unpaired electron has been
findings as well as spin-density distributions evidenced by completely transferred to the metal center but that this system
MCD spectroscopy? DFT calculations can be used to s somewhat in between, with the unpaired electron being
exactly define the electronic structures of these iron(ll) equally distributed over the FENO unit. This electronic
porphyrin NO adducts. structure description is in agreement with (a) spin-density

The principal bonding scheme of 'R¢O complexes has  distributions elucidated from MCD spectroscdy(b) the
been described by Enemark and Feltiféifhese complexes  |arger overallg shifts obtained from EPR fol, (c) the

were classified agFeNO}/ and it was predicted that they  stronger paramagnetic shifts of the pyrrole hydrodens
show bent FeNO units with radical character on the nitrosyl the porphyrin core observed for complédx and (d) the
ligand. This description is also applicable to completes  weaker Fe—NO bond i@, as evidenced by the complex’s
and 2 and explains their basic features. However, this tendency to lose NO. Hence, the obtained bonding descrip-
description also leaves room for a large variation of the tions for 1 and2 presented here are in agreement with all
electronic structure mediated by metéiiand covalency. In - available experimental data. Compared to earlier DFT
this way, the electronic structure could vary all the way from  studies'”2°we have now arrived at a quantitative description
an FE'NO™ extreme (as has been shown for nonheme iron- of NO bonding to ferrous heme centers.
(1) NO adduct$?) on the one side to an F¢O™ extreme on Because the transition frofinto 2 corresponds to a change
the other side, with the EBIO(radical) case being intermedi- in the Fe—NOo¢ covalency and because covalency is a
- ] ) i - property that can change gradually, intermediate stages
57) Kharitonov, V. G.; Sharma, V. S.; Magde, D.; Koesling Bochem- ) N
67) istrsnlgg%e, 6814_?;12;?3 agce oesing.Shenem between complexekand?2 should exist. This is indeed the
(58) Enemark, J. H.; Feltham, R. @oord. Chem. Re:1974,13, 339.
(59) Brown, C. A,; Pavlosky, M. A.; Westre, T. E.; Zhang, Y.; Hedman, (60) Serres, R. G.; Grapperhaus, C. A.; Bothe, E.; Bill, E.; Weyhermdiller,

B.; Hodgson, K. O.; Solomon, E. 0. Am. Chem. Sod995, 117, T.; Neese, F.; Wieghardt, KI. Am. Chem. So@004,126, 5138—
715—732. 5153.
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case. Studies of Scheidt and co-workétsmve shown that  solution when Ml is used as the base. However, it is also
less donating ligands such as 4-methylpiperidine and 4-(di- demonstrated that the systems with enhanced binding
methylamino)pyridine lead t@(N—O) of 1642 and 1653  constants facilitate NO loss, which is a drawback. Consider-
cm L, respectively. In these cases, the weaker interaction withing the molecular mechanism of NorBC, a number of
the iron center is documented by the longer—Rebond different proposals are currently discussed in the literdture.
lengths of 2.29 and 2.28 A for these ligands, respectively, Because of the large affinity of ferrous heme for nitric
compared to 2.18 A for MI. The second important interaction oxide®® we believe that mechanisms where NO binds
between F& and NO corresponds to @ back-bond. The  exclusively to the nonheme iron center are less likely. Hence,
strength of this interaction can also be varied, as shown bythis leaves the mechanism shown in Scheme 1 as the most
Spiro and co-worker&, for 5C complexes where the phenyl probable alternative. Importantly, the enhanced radical
rings of the TPP ligand carry either electron-withdrawing character of NO in 6C ferrous heme complexes as identified
or electron-donating groups. Importantly, in this case, an here is advantageous for the central (radicabNNcoupling
inverse correlation of the NO and Fe—NO bond strengths  step in this mechanism, whereas 5C'IR® should be less
is observed. reactive. This is in agreement with recent findings of Wasser
Detailed analysis of the absorption and MCD data of €t al., who synthesized a structural model for NorBC based
complexesl and 2 shows that their electronic spectra are on a 5C heme nitrosyl and which does not show any NO
largely dominated byr — z* transitions of the porphyrin reductase activit§* However, it should also be noted that
ligand. Hence, the differences in the electronic structures of Not much experimental information is available for the
these complexes are only very indirectly reflected by the enzyme regarding the coordination number of the ferrous
observed electronic transitions. The most obvious change isheme b NO adduct. EPR experiments under turnover
a shift of the Soret band by 1000 cnt? to lower energy in conditions have identified the nonheme iron(ll) NO adduct
2 compared tol. Importantly, the absorption spectra bf ~ as a high-spin§ = %,) species, but the information on the
and2 alone neither resolve many transitions nor allow for heme center is limiteé?. On the basis of the properties of
an identification and analysis of the components of the Soret ferrous and ferric hems, it was speculated that the heme
and Q bands. This is solely based on the MCEterm nitrosyl intermediate is only 5€ which would be in
spectra, which again demonstrates the enormous potentiafisagreement with our findings. However, no proof of this
of this method. Theoretical analysis shows that both the Sorethypothesis is provided. On the basis of our results, we
and Q bands give rise to a pseutiderm in the MCD spectra ~ Propose that this species is actually 6C. In this context, it
of 1and2 and, hence, they can easily be identified. Because Should also be noted that hemoglobin and myoglobin form
the Soret band has large transition dipole moments, this6C nitrosyl adducts and, therefore, this is definitively a
feature is also intense in the MCD-term spectrum. In  mechanistic possibility for NorBC.
contrast, the Q band is weak both in absorption and in MCD. Acknowledgment. This work was supported by the
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4.4. Binding of Nitric Oxide to Ferric Hemes: Electronic Structure

of Six-Coordinate Iron(III)-Porphyrin NO Complexes

4.4.1. Introduction

Nitric oxide (NO) is a poisonous gas, which, however, has proven to be of great biological
significance. In 1992, it was therefore voted as ‘the molecule of the year’ by the magazine
Science.! These pioneering results triggered further research and up to this day, it is known
that NO plays a key role in nerve signal transduction, vasodilation, blood clotting and immune
response by white blood cells.” New biological functions of NO and the corresponding, one
electron reduced nitroxyl ion are still discovered.” Many of the biologically important
reactions of nitric oxide are mediated by heme proteins. NO is produced in vivo by the nitric
oxide synthase (NOS) family of enzymes,” which utilize dioxygen to oxidize L-Arginine
yielding L-Citrulline and NO. The cardiovascular regulation by NO (produced by endothelial

(e-) NOS) is then mediated by soluble guanylate cyclase (sGC),’*’

which is activated by
coordination of NO to its ferrous heme active site. In addition, the role of nitric oxide in
vasodilation is exploited by certain blood-sucking insects that inject NO into the bites of their
victims using small NO-carrier proteins, the so-called Nitrophorins (Np).® Furthermore, nitric
oxide occurs as an intermediate in dissimilatory denitrification.” Here, NO is produced by
nitrite reductase (NIR) and further reduced to nitrous oxide by the nitric oxide reductases
(NOR). In a number of these proteins, ferric heme NO adducts occur as intermediates of
catalysis or as enzyme-product complexes. The observed biological Fe(IIl)-porphyrin NO
adducts can be divided into two classes depending on the nature of the axial ligand
coordinated in trans-position to NO, which is either histidine (his) or cysteine (cys). In
cytochrome cd; NIR, a six-coordinate ferric heme NO complex with axial histidine
coordination is observed as enzyme-product complex.® Correspondingly, the nitrophorins
from Rhodnius prolixus (tNpl — rNp4) contain ferric heme centers with a histidine

coordinated in the axial position.**

The NP proteins then reversibly bind NO and release it in
the victims tissue. The occurrence of ferric instead of ferrous hemes in these systems is not
arbitrary, but is related to the rates of NO loss, which are approximately 4 to 8 orders of
magnitude larger in ferric compared to ferrous hemes.”®*” Hence, formation of ferrous heme
NO adducts has often been referred to as a ‘dead-end’ of protein activity, and would certainly
impose a rather dramatic limit on the dissociation of NO from the NIR enzyme-product

complex or the Np’s. In a similar way, ferric heme NO adducts with axial cysteine
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coordination occur at the end of the catalytic cycle of the NOS enzymes, again helping to
prevent deactivation of the protein. Recently, corresponding nitrophorins containing an axial
cysteine ligand have also been identified.*® In the case of fungal NOR (P450nor), the ferric
form of the enzyme is catalytically active and binds NO forming a Fe(Ill)-porphyrin NO
adduct with axial cysteine coordination.'® This is followed by two-electron reduction leading
to a formal Fe(I)-NO complex that reacts with a second molecule of NO forming nitrous

. 11
oxide .

Table 4.4.1: Vibrational properties of ferric heme NO adducts in proteins and model
complexes

Complex v(N-O) [em™'] | v(Fe-NO) [em']| Reference
P450cam-NO 1806 528 10c/12a
P450cam-NO + adamantone 1818 520 10c
SR-NO “ 1828 510 13
P450nor-NO 1851 530 10c
CPO-NO “ 1868 538 10c
iNOS-NO 537 4d
[Fe(OEP)(NO)](ClO,) 1868/1838 611/600 22/25a
HRP-NO “ 1903 604 14
NorBC-NO “ 1904 594 15
Np1-NO 1917 591 4b/16
hHO-1-NO 1918 596 17
[Fe(OEP)(MI)(NO)](CIO4) 1921 - 23a
Hb-NO ¢ 1925 594 18
Mb-NO ¢ 1927 595 19
[Fe(TPP)(HO-i-CsH;1)(NO)](ClO4) 1935 - 23d

“ SR = picket fence porphyrin model complex with axial thiolate ligand; CPO =
chloroperoxidase; HRP = horseradish peroxidase; NorBC = bacterial NOR; hHO-1 = human
heme oxygenase-1; Hb = hemoglobin; Mb = myoglobin

® Data for the chloroform solvate and the corresponding solvent free complex, respectively.

In the so-called Enemark-Feltham scheme, the Fe(Ill)-porphyrin NO adducts are classified as
{FeNO}°® complexes where the exponent “6” refers to the number of d electrons plus the
unpaired electron of NO *. The electronic structure of the {FeNO}® heme complexes has in

general been described as Fe(I)-NO™ (cf., for example, ref. 8) in agreement with {RuNO}°

65



systems where this electronic structure was observed before and has extensively been
studied.”’ Hence, the Fe-NO interaction in these complexes is dominated by n backbonding
from two t, type d orbitals (‘d;’) of low-spin iron(II) into the unoccupied m* orbitals of NO".
This bonding description is analogous to the isoelectronic Fe(II)-CO complexes. A number of
crystal structures have been determined for Fe(Ill)-porphyrin NO model complexes including
five-coordinate (5C) [Fe(OEP)(NO)](C10,) (OEP = octaethylporphyrin)* and six-coordinate
(6C) [Fe(OEP)(L)(NO)](ClO4) (L = neutral N-donor ligand) and related systems.”> These
complexes show linear Fe-N-O units and extremely short Fe-NO bond lengths of 1.63 - 1.65
A in agreement with the Fe(IT)-NO" description. In addition, the N-O stretching vibrations in
these complexes are usually found in the 1900 cm™ region as shown in Table 1 which also
corresponds to coordinated NO'. Hence, it was believed for a long time that the bonding
description of {FeNO}° is fully analogous to Fe(II)-CO. However, in recent studies it was
found that the N-O and Fe-N(O) stretching vibrations in different Fe(IlI)-porphyrin NO
adducts (mostly protein data) do not show an inverse correlation as in the case of Fe(Il)-
porphyrin CO complexes,”* but a direct correlation where an increase in v(N-O) goes along
with an increase in v(Fe-NO) and vice versa.” Therefore, additional contributions to the Fe-
NO bond must exist in these complexes besides the strong m backbond. The fact that
vibrational data obtained for proteins were mostly used for these correlations is due to the fact
that Fe-NO stretching vibrations are only available for a very limited number of model
complexes. The observed direct correlation was interpreted using DFT calculations.” Tt is
related to a small admixture of a fully Fe-N-O antibonding orbital into the occupied porphyrin
ay, T orbital, which is very sensitive to porphyrin substituents and environment. Hence, this
mechanism leads to the partial population of an Fe-N-O antibonding orbital, which explains
the experimental trend: a stronger population of this orbital leads to a lowering of both v(N-
O) and v(Fe-NO) and vice versa. Interestingly, it has been postulated that the nature of this
Fe-N-O antibonding orbital is different for five- and six-coordinate complexes: in the 5C case,
it corresponds to the antibonding combination of the d,2 orbital of iron(I) and c* of NO,**

® In addition to these slight

whereas for 6C it is the antibonding combination of d, and m*.
variations in the ‘classic’ m backbonding electronic structure model for heme {FeNO}°
systems, it has been pointed out by Walker in a recent review *° that the {FeNO}° formalism
leaves room for an even wider variation in electronic structure, as has been discussed recently
for analogous {FeNO}’ complexes.”® Here, the Fe(Ill)-porphyrin NO adducts could also
exhibit an Fe(III)-NO(radical) electronic structure, where the unpaired electrons of low-spin

iron(IlT) and NO are antiferromagnetically coupled leading to the experimentally observed
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diamagnetic ground state. This would be advantageous for the nitrophorins because it would
prevent the autoxidation reaction of Fe(I)-NO' complexes®’, which ultimately leads to
ferrous NO adducts and hence, deactivation of the proteins as NO carriers. In order to
understand the functioning of the nitrophorins and the nature of ferric heme NO interactions
in general, it is necessary to elucidate the electronic structures of the formed Fe(III)-porphyrin
NO complexes in detail. The established Fe(I)-NO" and the elusive Fe(II)-NO(radical)
electronic structures, for example, will lead to very different reactivities of the resulting
complexes. In addition, the formation of an Fe(II)-NO" complex from a ferric heme and NO
requires the occurrence of an NO to Fe(Ill) electron transfer. However, not much is known

about the mechanism of complex formation in these systems.

In this study, the mechanism and energetics of NO binding to ferric hemes and the possible
variation in electronic structure of the formed complexes is investigated in detail using model
complexes and density functional (DFT) calculations. The six-coordinate model system
[Fe"(TPP)(MI)(NO)](BF,) (1; TPP = tetraphenylporphyrin, MI = 1-methylimidazole) has
been prepared and characterized using vibrational spectroscopy coupled to isotope
substitution. This way, V(N-O) and 6(Fe-N-O) are assigned. In addition, the crystal structure
of the precursor, [Fe(TPP)(thf),](BF,), is presented. The energetics of NO binding to ferric
hemes are then investigated using DFT calculations. Complex formation energies are
calculated and compared to the values obtained for corresponding ferrous systems to elucidate

the difference in complex stabilities of these systems.

4.4.2. Experimental and Computational Procedures

4.4.2.1. Syntheses

Reactions were performed applying Schlenk techniques using carefully purified solvents. NO
gas was purified by first passing through an ascarite II column (NaOH on silica gel) and then
through a cold trap at —80°C to exclude higher nitrogen oxide impurities.

Syntheses of ligand. Tetraphenylporphyrin (H,TPP) was synthesized and purified as
previously reported. **

120

Syntheses of precursors. [Fe(TPP)Cl] was prepared according to the method of Adler et a
[Fe(TPP)ClO,4] wase prepared by literature methods.*”
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Synthesis of the ferric NO adduct [Fe""'(TPP)(MI)(NO)|(BF,) (1).

A sample of [Fe(TPP)ClO4] (100 mg, 0.13 mmol) and KBF,4 (160mg, 1.3mmol) is placed in a
100ml Schlenk flask. The flask is purged three times with argon and 20ml of CHCI; are
added. This heterogeneous reaction mixture is then stirred at room temperature for about 2 hrs
and filtered. The obtained filtrate, [Fe'

100ml schlenk flask and 1-methylimidazole (10uL, 0.13mM) is added. NO gas is then passed

(TPP)(BF4)] (precursor complex), is collected in a

through the stirred solution for 10 minutes. n- Hexane (15ml) is slowly added to the reaction
mixture which is then stored in a freezer (-20°C) for 2 days. The resulting precipitate is
filtered and obtained as microcrystalline solid. The IR spectrum shows the NO stretching

band at 1 cm™, indicative of the formation of 1.Yield: 95 mg (84 %).

Synthesis of the ferric NO adduct [Fe"' (TPP)(NO)(NO,)] (1A).

0.1 g of [FeTPP],O were dissolved in 20 mL of CHCI; in a 100 mL Schlenk flask under an
argon atmosphere. The solution was stirred for few minutes and then nitric oxide was added.
Then 0.2 mL of air was injected into the reaction. The resulting solution was allowed to stir
under NO atmosphere for 1 hour. Finally, n-hexane (20 mL) was added and the obtained

precipitate was stored under an argon atmosphere. Yield: 75 mg (72 %).

4.4.2.2. Crystal Structure Determination.

Single crystals of the bis-(thf) coordinated precursor complex, [Fe"(TPP)(thf),](BF,), suitable
for x-ray structural analysis were obtained after two weeks from a saturated solution of the
precursor in thf layered with n-hexane. Intensity data were collected using a STOE Image
Plate Diffraction System with Mo-Ka radiation. The structure was solved with direct methods
using SHELXS-97°" and refinement was done against F* using SHELXL-97. All non-
hydrogen atoms were refined with anisotropic displacement parameters. The hydrogen atoms
were placed in ideal position and were refined isotropically using the riding model. There are
three crystallographically independent thf molecules in the asymmetric unit. In two cases,
three carbon atoms are disordered and were refined using a split model. There is one
additional thf molecule in the asymmetric unit which is disordered and for which no
appropriate split model can be found. Therefore, the data were corrected for disordered
solvent using the ”Squeeze” option in Platon. Selected crystallographic data are presented in
Table 4.4.6. Selected bond lengths and angles are presented in Table 4.4.7.
[Fe(TPP)(thf),](BF4) crystallizes in the triclinic space group P-1 with all atoms located in

general positions. The iron atom is coordinated by the four porphyrin nitrogen atoms and two
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oxygen atoms of the tetrahydrofurane ligands within a slightly distorted octahedron (Figure
4.4.6). The iron atom is located in the porphyrin ring plane (deviation from the mean plane:

0.0044 A).

4.4.2.3. Density Functional Calculations.

The structures of the models [Fe(P)YMI(NO)]" (1, S = 0), [Fe(P)MD]™ (S = 1/2, 5/2) and
[Fe(P)Y(MD)] (S = 0, 2) were fully optimized using BP86/TZVP. For these calculations, a
simplified TPP ligand has been used where the four phenyl groups in meso position of the
porphyrin ring have been replaced by hydrogen. The resulting porphyrin model ligand P (P =

porphine) is shown in Scheme 4.4.1 along with the coordinate system used. Vibrational

frequencies have been calculated for 1 showing no imaginary frequencies. In addition,
B3LYP/LanL2DZ and B3LYP/LanL2DZ* geometry optimizations have been performed on
these models and the corresponding ferrous NO adduct [Fe(P)(MD(NO)] (S = 1/2) to
investigate the method dependence of the complex formation energies. BALYP/TZVP single
points on the fully optimized B3LYP/LanL2DZ* structures were also employed. The
LanL2DZ* basis set *** consists of LanL2DZ ** plus polarization functions (from TZVP **) on
all heavy atoms. All these methods were used as implemented in the Gaussian 98 package 3

Orbitals were plotted using GaussView.

Scheme 4.4.1 Porphine ligand
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4.4.3 Results and Analysis

4.4.3.1. Vibrational Spectroscopy and Electronic Structure of Fe(III)-
Porphyrin NO Adducts.

4.4.3.1.1. Vibrational Properties and Assignments

The MIR spectrum of [Fe(TPP)(MI)(NO)](BF,) (1) is shown in Figure 4.4.2 together with the
corresponding '°N'®0 isotope labeled data. The N-O stretching vibration v(N-O) is identified
as the band at 1896 cm™ that shifts to 1816 cm™ upon isotope substitution. One other isotope
sensitive band is found at 588 cm™. This feature appears at 572 cm™ in the ’N'*0 compound.
In the case of a linear Fe-N-O unit, it can be expected that the Fe-N-O bend is IR active,
whereas the Fe-NO stretch should be Raman active. This is, for example, observed for
[Ru(NH3)s(NO)]X, (X = Hal_, etc.), a linear Ru(I)-NO" complex. Hence, the band at
588 cm’ is assigned to 8(Fe-N-O). From solution studies on [Fe(OEP)(Py)(NO)]CI and
[Fe(SP-14)(Py)(NO)]CI (SP-14 = strapped porphyrin ligand), v(Fe-NO) has been assigned to
bands at 602 cm™ and 603 cm™, respectively, using resonance Raman measurements with 407

nm excitation.” The bending modes have not been identified in this study.
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Figure 4.4.1. IR spectra of [Fe(TPP)(MI)(NO)](BF4) (1, top) and of the corresponding

isotope labeled complex (bottom).
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The observed v(N-O) frequency of 1896 cm™ for 1 is in good agreement with the literature
value of 1921 cm™ obtained for [Fe" (OEP)(MI)(NO)](ClOy) as shown in Table 4.4.2. Six-
coordinate ferric heme NO adducts in proteins with frans histidine ligation also show N-O

frequencies in the 1900 cm™ region as listed in Table 4.4.1. The calculated v(N-O) and

d(Fe-N-O) frequencies for model 1 are in very good agreement with experiment (cf. Table
4.4.2).

As mentioned in the Introduction, detailed vibrational studies on ferric heme NO model
complexes are rare. This is most likely due to the fact that these complexes are unstable, and
tend to decompose by either loss of NO, or reaction with O, to form the nitro-nitrosyl adduct
[Fe(porphyrin)(NO)(NO3)]. In order to make certain that compound 1 does not correspond to
[Fe(TPP)(NO)(NO,)] (1A), we prepared this complex and investigated its vibrational
properties. Figure S1 shows a comparison of the IR spectra of 1 and 1A, which are clearly
different. In the case of 1A, v(N-O) is located at 1876 cm™. The N-O stretching frequencies of
the coordinated nitrite ligand are observed as characteristic bands at 1460 cm™ for v,(NO,)
and 1298 cm™ for v{(NO,) (assignments from ref. 3%). These shift to 1400 and 1238 cm™ upon
N'®0 isotope labeling as shown in Figure 4.4.2, which is in agreement with the assignment
of these features to v(NO,). Importantly, both bands are missing in the spectrum of 1, which

confirms that this complex is in fact the ferric heme NO adduct with axial MI coordination.
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Figure 4.4.2. IR spectra of [Fe(TPP)(NO)(NO,)] (1A, top) and of the corresponding

isotope labeled complex (bottom).
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Table 4.4.2: Geometric and vibrational properties of [Fe(P*)(L)(NO)] complexes (L = MI,
Py, etc., or missing; P* = tetraphenylporphyrin or octaethylporphyrin type ligand)

Molecule ® Geometric Parameters [A] Vibrational Frequencies [cm™]
AFe-N(NO) | AN-O | ZFe-N-O | AFe-L,, | AFe-N, | v(N-0) | v(Fe-NO) | 8(Fe-N-0)
Fe'" Complexes
[Fe™(OEP)(NO)](ClO,) * ¢ 1.644 1.112 177 1.994 1868 611
[Fe(OEP)(MI)(NO)](C10O,) ° 1.646 1.135 177 1.988 | 2.003 1921
[Fe(OEP)(Py)(NO)]C1 7 602
[Fe(SP-14)(Py)(NO)]C1 7 603
[Fe"(TPP)(NO)](BFE,) 1853
[Fe"(TPP)(MI)(NO)](BF,) 1896 588
[Fe™(TPP)(MI)("N'"0)](BE,) 1816 572
11T +
glfg éfT)él\;yl)(NO)] — cale 1644 | 1.147] 180 | 2018 | 2022 | 1933 639 606/598
TIT +
g;Lé?/(Ll;nMLI;%\IZO)] — cale 1.639 | 1.169| 180 1.976 | 2.023 | 1908 657 613/601
Fe'' Complexes
[Fe'(TPP)(MI)(NO)] 1.750 1.182 | 138 2.173 | 2.008 1630 440 >30(ip)
) ) ) ) 291(oop)
[Fe"(P)(MI)(NO)] — calc 482(ip)
BPSE/TZVD 1.734 1.186 | 140 2.179 | 2.022 1662 609 317(00p)

“MI = 1-methylimidazole; P = Porphine ligand used for calculations; values for AFe-Np are averaged
b Taken from refs. 23a,b

¢ Chloroform solvate

4 Taken from ref. 35

“DFT predicts a small splitting of the  modes.

Table 4.4.3. Comparison of experimental vibrational frequencies [cm™] and
calculated (DFT) force constants [mdyn/A]

exp. Force constants f
Mode n.a.i. ‘p PN"0 Calculated ”
v(N-O) ¢ 1896 1816 15.62
v(Fe-NO) 4.82
dip(Fe-N-O) 588 572 0.46/0.47

“ n.a.i. = natural abundance isotopes

» Calculated with BP86/TZVP; see Experimental Section

“ Free NO: v(N-O) = 1876 cm’'; fy.o = 15.49 mdyn/A

NO": v(N-O) = 2387 cm™ in (NO")(BE4"); fu.o = 25.07 mdyn/A *’

4.4.3.1.2. Electronic Structure of [Fe(P)(MI)(NO)|" (i )

The electronic structure of the six-coordinate complex [Fe(TPP)(MI)(NO)]™ (1) is analyzed
in this study using the model [Fe(P)(MI)(NO)]" (P = porphine ligand). Geometry optimization
has been performed on this system using BP86/TZVP and B3LYP/LanL2DZ. As shown in
Table 4.2.2, both methods give very good agreement with the crystal structure of the six-
coordinate complex [Fe"(OEP)(MI)(NO)](C104).2* In particular, the very short Fe-NO bond
< 1.65 A and the linear Fe-N-O unit are reproduced by the DFT treatment. For the further
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analysis of the electronic structure of 1, the BP86/TZVP optimized model [Fe(P)(MI)(NO)]"
(I) is used for consistency with earlier work on ferrous heme NO adducts.?® The obtained
structure of 1 is shown in Figure 4.4.3. For the following evaluation of the MO diagram of

1 , the applied coordinate system given in Scheme 4.4.1 is used.

Figure 4.4.3. Fully optimized structure of [Fe(P)(MI)(NO)]" (I; P = porphine; MI =
I-methylimidazole) obtained with BP86/TZVP. Important structural parameters are given in

Table 4.4.2.

Figure 4.4.4 shows the obtained MO diagram of complexI. Contour plots of important
molecular orbitals are presented in Figure 4.4.5. As evidenced by the N-O stretching
frequency of > 1900 cm™ (vide supra), the linear Fe-N-O unit, and in agreement with the

82.20 and recent DFT results,” the electronic structure of complex 1 can in general be

literature
classified as Fe(I1)-NO". Since iron is in the +II oxidation state and low-spin (as evident from
magnetic MOssbauer measurements), it has a [d,(z,dyz,dxz_yz]6 ~ [‘[2]6 electron configuration.
Both ©* orbitals of the NO" ligand (isoelectronic to N,) are empty and hence, undergo =
backbonding interactions with the dy, and dy, orbitals of the metal in the applied coordinate
system. The corresponding bonding combinations, dy, m* and dy, m,*, are delocalized over
several molecular orbitals. Major contributions are found in MO <111>, which has 55% d,
and 19% m,* character, and <110> that corresponds to a mixture of 36% dy, and 18% m,* (cf.
Table 4). Hence, the strength of this backbond is better estimated from the corresponding
antibonding combinations, m,* dy, <123> and m,*_dy, <124>, which are the LUMOs of

complex 1. Both have about 68% n* and 27% d orbital character, which corresponds to a

very strong 1 backbonding interaction. Contour plots of these orbitals are shown in Figure 5.
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The third t, type d orbital of iron, ds2_y2 <118>, is practically non-bonding (cf. Table 4.4.4).
Hence, the calculated orbital coefficients are also in agreement with the Fe(II)-NO"
description. However, the obtained N-O force constant of 15.2 mdyn/A is markedly lower
than that of free NO* (25.1 mdyn/A) and is actually very close to that of free NO *’. This is in
agreement with the two very strong Fe-NO m backbonds, which lead to a transfer of a
significant amount of electron density from the dy, and dy, orbitals of Fe to the n* orbitals of
NO. The total donation corresponds to about one electron. In addition, there is a weak o
interaction between oy, of NO™ and d,2 of Fe. The corresponding bonding combination,
onb_d;2 <66>, has 51% o, and 4% d contribution, which corresponds to a very weak
interaction. Note that the HOMO of complex 1 is an almost pure porphyrin A, <81> orbital
(see ref. 26b) with a small admixture of a Fe-NO o antibonding orbital (cf contour plot in
Figure 5). This has been previously described from B3LYP calculations *°. The charge
contributions obtained here are 1% d,” and 0.3% o*, which is negligible for the total Fe-NO
bond strength (cf. Table 4.4.4).

Having elaborated a detailed electronic structure description of complex 1, it is now
interesting to make a comparison with the corresponding, one-electron reduced complex
[Fe(P)(MI)(NO)] (E ) 20 This compound has been described as Fe(II)—NO(radical),26a which
shows that the reduction in going from 1 to 2 is mostly ligand (NO) based. A closer
comparison of the electronic structures of these complexes reveals further differences. In the
case of 2, the Fe-N-O unit is bent, which leads to a strong Fe-NO & bond between d2 of iron
and the singly occupied in-plane n* orbital of NO. This explains the large stability of the Fe-
NO bond in this case and the observed trans-effect of the NO ligand on axially coordinated N-
donor ligands, which induces long Fe(II)-Np bond lengths compared to the corresponding
bis(imidazole) ligated Fe(IT)-porphyrins **. In contrast, the Fe-NO & bond in 1 is very weak,
because it is mediated by the o, orbital of NO, which is located at very low energy and
exhibits poor donor abilities. The negligible ¢ bond in 1 leads to the observed very short Fe-
NO bond and the lack of a trans-effect of NO on the bound MI ligand. In fact, all Fe(II)-NO"
complexes with trans N-donor ligands exhibit Fe-Np bond lengths comparable to the
corresponding [Fe™(porphyrin)(imidazole),]” complexes ***. On the other hand, the Fe-NO 7
backbond is distinctively stronger for 1 compared to 2. However, this does actually not relate
to the observed n* d mixing, but to the fact that the number of backbonds is reduced from

two in 1 to 1.5 in 2. This is evident from the orbital decompositions of the corresponding
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antibonding orbitals: for 1, d contributions of 27% are observed, which is comparable to the

(average) 25% d character of the m,*_dy, (o/B<126> in ref. 26b) orbital in 2. This indicates

that the linear Fe-N-O unit and the shorter Fe-NO bond by itself do not facilitate the ©

backbond in 1 compared to 2.

Table 4.4.4: Charge contributions of important molecular orbitals of [Fe(P)(MI)(NO)]" (I )
calculated with BP86/TZVP.

Ener Fe N Nwmr | ZMI
Nr. label [Hartgr}elze] d s | p S p stp
<125> | dz ou+Im(c) -0.23526 || 56 4 3 1 2 9 11
<124> | n* d,, -0.25401 || 27 0 42 0 26 0 1
<123> | m* dy, (LUMO) | -0.25465 || 27 0 42 0 26 0 0
Ay<81>+d2 o
<122> (HOMO) -0.29701 1 02 | 0.1 0 0 2 2
<121> | A1y<79> -0.30203 || © 0 0 0 0 0 0
<120> | E,<75/76> +d,, m* -0.32744 || 10 0 2 0 2 0.5 1
<119> | E,<75/76> +dy, me* -0.32773 || 10 0 3 0 2 0 0
<118> | dye-y2 -0.33166 || 86 0 0 0 0 0 0
<117> | B,,<74>+ Im(n) -0.33288 || O 03 | 0.2 0 0 1 41
<116> | Ap<72>+dy2-2 -0.34318 || 6 03 | 0.2 0 0 2 2
<114> | Im(n)+d,, m* -0.36820 || 14 0 2 0 4 18 52
<112> | E<70/71> -0.37193 || 2 0 0 0 0 5 13
<lI1> |d,, m* -0.39427 || 55 0 6 0 13 1 1
<110> |d,, m*+Im(n) -0.40249 || 36 0 5 0 13 5 14
<109> | E,<77/78> + m* -0.40746 1 0 1 0 4 0 0
<108> | By, -0.41055| O 0 0 0 0 0 0
<107> | E,<77/78> + Im(zn) dy, | -0.41102 || 4 0 0 0 0 5 21
<106> | B;,<80> dyy -0.43033 || 19 0 0 0 0 0 0
<102> | Im(c) d2+ o -0.44589 || 13 1 1 0 1 36 67
<73> T -0.61229 || 2 0 41 0 47 0 0
<72> nyb -0.61271 3 0 43 0 48 0 0
<66> G d2 + Im(o) -0.63694 || 4 2 14 9 26 2 7
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Figure 4.4.4. MO diagram of [Fe(P)(MI)(NO)]" (I ) calculated with BP86/TZVP. The
applied coordinate system is shown in Scheme 1. Ay, Ay, and E,, etc. correspond to porphine
orbitals.?®® The nomenclature ‘a_b’ indicates that orbital a interacts with b and that a has a

larger contribution to the resulting MO.
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<122>

Gnp—dz2 + Im(; )

Figure 4.4.5. Contour plots of important molecular orbitals of [Fe(P)(MI)(NO)]" (1- )

calculated with BP86/TZVP. For labels see Figure 4.4.4 and Table 4.4.4.
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4.4.3.2. Nitric Oxide Binding to Ferrous and Ferric Porphyrin Complexes:

Energetic Considerations

The stability of the ferrous and the ferric NO complexes is determined from the following
complex formation reactions using DFT calculations:

hs-[Fe(P)MD]™" + NO > Is-[Fe(P)(MD)(NO)]" (n=0, 1) (1)

The calculated complex formation energies considering both low-spin (Is) and high-spin (hs)
reactants [Fe(P)(MI)]™" are listed in Table 4.4.5. From experiment, it is known that both
ferrous and ferric five-coordinate hemes with axial imidazoles are high-spin *****!. As will be
shown in the following analysis, the prediction of the correct ground state for the reactant
turned out to be a major challenge for DFT; especially for the ferric complex. Importantly, the
calculated reaction energies show a large degree of method dependency as shown in Table
4.4.5. Using BP86/TZVP, unrealistically large energies > -30 kcal/mol are obtained. In
addition, for both the ferrous and the ferric case, the five-coordinate reactants are predicted to
be low-spin. Hence, as has been discussed in the literature before, total energy calculations
with gradient-corrected functionals are problematic (see, for example, ref.*?). Therefore, we
have then focused on the B3LYP functional. Using B3LYP/LanL2DZ* calculations on the
fully optimized structures from BP86/TZVP leads to much more realistic reaction energies.
For the ferrous case, eqn.1 is exothermic with -16.7 kcal/mol. In this case as well as in all
other B3LYP calculations, the correct high-spin ground state for the ferrous reactant is
predicted. In the ferric case, this approach leads to degenerate hs- and Is-states for
[Fe(P)(MI)]” and a reaction energy of about -12.5 kcal/mol. In order to further improve on
these numbers, we then applied full geometry optimizations using B3LYP/LanL2DZ*. This
way, reaction energies of -16 kcal/mol (ferrous) and about -13 kcal/mol (ferric) are obtained;
in the latter (ferric) case, the wrong ground state for the reactant is still predicted. Finally, we
used B3LYP/TZVP single points on the B3LYP/LanL2DZ* structures. In this case, a
complex formation energy of -11.4 kcal/mol is obtained in the ferrous case. Importantly, this
method finally predicts the correct hs ground state for ferric [Fe(P)(MI)]" with a calculated
energy difference AE(hs/Is) of 5.6 kcal/mol. Because of this stabilization of the hs state of the
reactant, the reaction energy for eqn.1 dramatically drops to only -4 kcal/mol. In summary,
these calculations show that the formation of nitrosyl complexes is energetically more
favorable for ferrous compared to ferric systems by ~7.5 kcal/mol. This number is equivalent
to a difference in binding constant by a factor of 3 x 10°. This is in excellent agreement with
the experimentally determined trend in dissociation rate constants: for ferric heme systems,

dissociation rate constants range from 0.65 to 40 s™', leading to a relatively small binding
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constant for NO (K¢q = 10° to 10° M™). In contrast, for Fe(Il) systems, the dissociation rate

constants are in the order of 10 s, leading to very large binding constants for NO (Keq =

10" to 10" M) .

Table 4.4.5. Reaction energies for [Fe(P)(MI)]™ + NO > [Fe(P)(MI)(NO)]™ (T =298.15K)

Ag (BP86)[kcal/mol] Ag (B3LYP)[kcal/mol]
Complex/Method

Educt: hs Educt: Is Educt: hs Educt: Is
Fe''(P)(MD)] + NO
[Fe (P)MD] -44.1 -37.9 -16.7 223
BP&6/TZVP full OPT
Fe'(P)(MD)]" + NO
[ (PYMD] -53.4 -41.2 -12.6 -12.3
BP&86/TZVP full OPT

[Fe"(P)(MD)] + NO

Structure of NO adduct incorrectly described

B3LYP/LANL2DZ full OPT
[Fe™(P)(MI)]" + NO

-8.9 9.2
B3LYP/LANL2DZ full OPT
[Fe"(P)(MD)] + NO

-16.1 21.7
B3LYP/LANL2DZ* full OPT
[Fe"(PY(MD]™ + NO

(P)MD -13.3 -12.8

B3LYP/LANL2DZ* full OPT
[Fe'(P)(MI)] + NO

-11.4 -18.8
B3LYP/LANL2DZ*//B3LYP/TZVP
[Fe(P)(MI)]" + NO

-3.9 9.5
B3LYP/LANL2DZ*// BSLYP/TZVP
4.4.4.Discussion
In this paper, the new  six-coordinate  Fe(IIl)-porphyrin complex

[Fe"(TPP)(MI)(NO)](BF4) (1) has been prepared from [Fe"(TPP)(thf),](BF4) by careful

reaction with purified NO. The structure of the precursor has been determined. Using complex

1, the spectroscopic properties and electronic structures of ferric heme nitrosyl model

complexes are then explored. This is achieved using IR spectroscopy coupled to DFT
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calculations. For complex 1, v(N-O) and d(Fe-N-O) frequencies of 1896 and 588 cm’ are
assigned using isotope labeling. The electronic structure of this complex is in agreement with
the widely accepted Fe(IT)-NO" description for ferric nitrosyls as reflected by the N-O

! 8220 The Fe-NO interaction is

stretching frequency >1890 cm™ and the linear Fe-N-O unit
dominated by m backbonding between two d, orbitals of the metal and two empty n* orbitals
of NO" . This is manifested in the corresponding antibonding orbitals, which have 68% m*
and 27% d, character, which corresponds to a strong interaction. This leads to a net transfer of
half an electron from the metal to the ligand and explains the lowering of the N-O stretching
frequency from 2390 cm™ in free NO* to 1896 cm™ in complex 1. In contrast, the Fe-NO o
interaction is negligible, due to the generally poor donor abilities of the o,, orbital in
diatomics with multiple bonds. Corresponding to this strong m and weak o bonding
description, the Fe-N-O unit is linear and short to maximize the m interaction. Recently, it was
proposed that the ferric heme NO adducts in nitrophorins might have an electronic structure
that corresponds to Fe(II[)-NO(radical) in order to prevent autoxidation. * However, the N-O
stretching frequency of ferric rtNp1-NO of 1917 cm™ is very close to the values obtained for
model complexes like 1 or [Fe"(OEP)(MI)(NO)]", or corresponding enzymatic species (cf.

Table 4.4.1). Hence, the good agreement between the calculated and experimentally observed

v(N-O) mode for model 1 with the Fe(I1)-NO" ground state indicates that the nitrophorins do
not differ in this respect from the other ferric nitrosyl species. The electronic structure of 1
also shows a very small admixture of an Fe-NO antibonding d,2_c* orbital into the A,, <§1>
HOMO of the complex. This is in agreement with DFT calculations for corresponding five-
coordinate ferric heme NO complexes **. Interestingly, it has been proposed recently that the
nature of this N-O antibonding orbital admixed into Ay, <81> changes to a n* type orbital in

. . 2
the six-coordinate case 3b

. We do not find any evidence for this in six-coordinate 1.

The calculated formation energy for the ferric heme NO adduct 1 is about -4 kcal/mol. This
value is relatively low, but in agreement with the experimentally determined complex
formation constants in the 10’ to 10° M™' range and the observed tendency of these complexes
to lose NO. However, this is in contrast to the Fe-NO force constant of 4.9 mdyn/A, which
indicates a strong Fe-NO bond. This contradiction is explained based on the calculated
complex formation energies. Since the ferric nitrosyl complex is low-spin, the force constant
is a measure for the steepness of the low-spin potential energy surface, where the formation
energy of the NO complex is -9.5 kcal/mol corresponding to a strong bond. However, the

actual binding of the NO ligand to the iron center is accompanied by a spin transition, since
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the initial five-coordinate reactant complex is actually high-spin. From the calculations, the
stabilization of the high-spin over the low-spin state of the NO-free complex is 5.6 kcal/mol,
which reduces the ‘low-spin’ formation energy of -9.5 kcal/mol by more than half. Hence, this
shows how careful one has to be when correlating force constants with actual
(thermodynamic) bond strengths in transition metal complexes, where spin state changes are a

common phenomenon.

The quantitative description of the Fe-NO bond in the ferric heme system 1 provided above
allows for a detailed comparison with the corresponding ferrous complex [Fe(TPP)(MI)(NO)]
(2) studied before 2°**. Interestingly, the one-electron reduction of the Fe(I)-NO" complex 1
is mostly ligand centered resulting in an Fe(II)-NO(radical) electronic structure description of
2. This is evident from the N-O stretching frequency, which is reduced from 1896 cm™ in 1 to
1630 cm™ in 2. The Fe-NO bond in the ferrous complex corresponds to a ¢ bond mediated by
the singly occupied m* orbital of NO and d,. of iron, and a m backbond between the
unoccupied t* orbitals of NO and the d, orbitals of the metal 266 comparison, the ¢ bond is
clearly much stronger in 2 compared to 1. On the other hand, the © backbond is stronger in 1,
but only due to the fact that two © bonds are formed in 1 compared to 1.5 in 2. The actual
d, _m* orbital mixing is similar in these cases, which is surprising considering the distinctively
shorter Fe-NO bond observed for 1. Due to the quite strong ¢ bond present in 2, the overall
Fe-NO bond strength is larger in the ferrous complex. This is reflected by the four to five
orders of magnitude larger (experimental) complex formation constants of ferrous compared
to ferric nitrosyls. This in turn relates to larger NO dissociation rates in the ferric case. For
example, for the water soluble iron porphyrins [Fe'"'(TPPS)(NO)] and [Fe"(TPPS)(NO)],
dissociation rate constants of 6.4 x 10* s’ and 0.5 x 10° s respectively, have been
determined °. In addition, the calculated complex formation energy of —11.4 kcal/mol for 2 is
—7.5 kcal/mol larger than obtained for 1. However, the thermodynamically stronger Fe-NO
bond in complex 2 is not in agreement with the observed trend in force constants, where 1 has
a much larger Fe-NO force constant (4.82 mdyn/A, obtained from DFT) compared to 2 (2.55
mdyn/A, obtained from QCC-NCA, see Section 4.3). Even if it is taken into account that the
coordination of NO is accompanied by a spin state change of the metal (vide supra), this still
does not offer any explanation for the observed trend. We believe that the difference in force
constants relates to the different nature of the Fe-NO bond in these compounds: since
complex 1 exhibits a pure © bond, the potential energy is automatically steeper than in a case

where a 6 bond of significant strength is present. This, in turn, is due to the fact that © overlap
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decreases much faster with distance than ¢ overlap. Hence, the force constants are not a good
measure to determine relative bond strengths in this case due to the fact that the nature of the

Fe-NO bond is very different in 1 and 2.

Figure 4.4.6. Top view (top) and side view (bottom) of the crystal structure of
[Fe"'(TPP)(thf),](BF,) with labelling. The hydrogen atoms, the disordered solvent molecules,
and the counter anion are not shown for clarity.
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Table 4.4.6. Crystallographic data for [Fe"'(TPP)(thf),](BE).

Chemical formula Cs¢Hs,BF,FeN,O5
Formula weight 971.68

Space group P-1

a 10.6964(9) A
b 13.4320(10A
C 18.7082(15)) A
o 78.173(9)°

B 86.379(10)°
Y 82.788(9)°
\Y% 2608.1(4) A’
T 170 K

Z 2

Deated 1.237 Mg/m3
" 0.349 mm'

A 0.71073 A
Measured reflections 21052
Independent reflections 11889

Rint 0.0367
Observed reflections 8221

R; [1>20(])] 0.0475

wR, (all data) 0.1310

R1=% | |Fol| -|Fe| |/=]|Fol; wR2 = [S[W(F. > F2? / S[w(F 2]

Table 4.4.7. Selected bond lengths and angles for [Fe'"(TPP)(thf),](BF,).

Fe(1)-N(1) 2.026(2) Fe(1)-N(2) 2.031(2)
Fe(1)-N(3) 2.028(2) Fe(1)-N(4) 2.031(2)
Fe(1)-0(1) 2.190(2) Fe(1)-0(2) 2.137(2)
N(1)-Fe(1)-N(3) 179.44(7) N(2)-Fe(1)-0(2) 89.70(6)
N(1)-Fe(1)-N(2) 89.78(6) N(4)-Fe(1)-0(2) 90.81(6)
N(3)-Fe(1)-N(2) 90.09(6) N(1)-Fe(1)-0(1) 89.78(6)
N(1)-Fe(1)-N(4) 90.04(6) N(3)-Fe(1)-0O(1) 89.68(6)
N(3)-Fe(1)-N(4) 90.08(6) N(2)-Fe(1)-0(1) 91.70(6)
N(2)-Fe(1)-N(4) 179.45(7) N(4)-Fe(1)-0(1) 87.78(6)
N(1)-Fe(1)-0(2) 90.55(6) O(2)-Fe(1)-0(1) 178.56(5)

N(3)-Fe(1)-0(2) 89.99(6)
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Chapter 5

Thiolate Coordination to Iron Porphyrin Nitrosyls

5.1. Scope of this Project

In recent years, there has been a tremendous interest in understanding the chemistry of
nitric oxide bound heme proteins owing to their important functions in various biological
processes (cf. Chapter 1). Accordingly, much research has been carried out with iron
porphyrin NO model complexes to gain in-depth knowledge about their various properties
including their structural, optical, and electronic characteristics. In many biochemical
processes, axial ligand coordination trans to NO is vital to fine-tune heme-NO reactivity. In
this respect, several six-coordinate iron porphyrin NO complexes with N-donor ligands have
been prepared and the effect of the trans ligand on the Fe-NO unit has been explored in detail
(cf. Chapter 4). However, much less research has been directed toward the corresponding six-
coordinate complexes with #rans S-donor ligands. Nonetheless, these systems are of great
biological importance. NO bound heme centers with axial cysteinate coordination are present
in the active sites of fungal nitric oxide reductase (P450nor), nitric oxide synthase (NOS),
and Cimex nitrophorins (cf. Chapter 1). Only two iron porphyrin model complexes with axial
thiolate coordination are available in the literature. The first complex is based on a picket
fence iron porphyrin covalently linked to a benzylthiolate group, prepared by Suzuki et al.'
UV-vis studies on this complex show reversible binding of NO to its ferric state. Reduction
of this ferric NO complex using NaBH, leads to the charactersitic EPR spectrum of a thiolate
coordinated Fe(Il)-porphyrin NO complex. However, these thiolated ligated ferrous and
ferric NO adducts have not be isolated as solids. The second complex, was prepared by Xu et
al.?, is based on non-covalently attached thiolate bound to octaethylporphyrin iron(IIT). The
crystal structure of this complex is shown in Figure 5.1.1. This complex is the only

structurally charactersized thiolate bound heme NO adduct available to this date.

In order to obtain more insight into the vibrational properties and electronic structures of
these enzymatic species, we have synthesized a series of six-coordinate Fe(II)-NO adducts
[Fe"(TPP)(SR)(NO)]” (TPP = tetraphenylporphyrin) with substituted thiophenolates (SR)

and tetrahydrothiophene, and we have investigated solutions of these compounds using
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electron paramagnetic resonance (EPR) spectroscopy. The interaction of the Fe(II)-NO
center with different thiolate ligands has also been explored computationally. The six-
coordinate model complex [Fe(P)(SR)(NO)]" (P = porphine ligand) has an interesting
electronic structure where NO acts as a medium strong ¢ donor and 7 acceptor ligand. The
vibrational properties, bond distances and force constants have been determined for this
model system from DFT calculations and vibrational analysis. This studies are summarized

in Section 5.2.

In addition, the coordination behavior of thiolates to Fe(III)-NO centers has been explored
using UV-vis, vibrational, and NMR spectroscopy. The initially formed
[Fe"(TPP)(SPhF,)(NO)] adduct, shows decomposition, and the corresponding products have
been analyzed using spectroscopic techniques. A detailed mechanistic investigations has
been carried out on this species, and its reaction with excess NO and N,Os. These results are

elaborated in Section 5.3.

)

£

(o}

R = NHCOC(CHa)3

Figure 5.1.1. Model compounds synthesized by Suzuki et al.' (left) and Xu et al. (right)
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Abstract

The interaction of the Fe(II)-porphyrin NO model complex [Fe(TPP)(NO)] (1, TPP = tetraphenylporphyrin) with thiophenolate
ligands and tetrahydrothiophene is explored both computationally and experimentally. Complex 1 is reacted with substituted thio-
phenolates and the obtained six-coordinate adducts of type [Fe(TPP)(SR)(NO)]™ are investigated in solution using electron para-
magnetic resonance (EPR) spectroscopy. From the obtained g values and "N hyperfine pattern of the NO ligand it is concluded
that the interaction of the thiophenolates with the Fe(II) center is weak in comparison to the corresponding 1-methylimidazole
adduct. The strength of the Fe-S bond is increased when alkylthiolates are used as evidenced by comparison with the published
EPR spectra of ferrous NO adducts in cytochromes P450 and P450nor, which have an axial cysteinate ligand. These results are fur-
ther evaluated by density functional (DFT) calculations. The six-coordinate model complex [Fe(P)(SMe)(NO)]™ (1-SMe; P = por-
phine ligand used for the calculations) has an interesting electronic structure where NO acts as a medium strong ¢ donor and =«
acceptor ligand. Compared to the N-donor adducts with 1-methylimidazole (1-Melm), etc., donation from the m; orbital of NO
to Fe(II) is reduced due to the stronger trans effect of the alkylthiolate ligand. This is reflected by the predicted longer Fe-NO bond
length and smaller Fe-NO force constant for 1-SMe compared to the 1-Melm adduct. Therefore, the Fe(II)-porphyrin NO adducts
with trans alkylthiolate coordination have to be described as Fe(II)-NO(radical) systems. The N-O stretching frequency of these
complexes is predicted below 1600 cm ™! in agreement with the available experimental data. In addition, 1-SMe has a unique spin
density distribution where Fe has a negative spin density of —0.26 from the calculations. The implications of this unusual electronic
structure for the reactivity of the Fe(II)-NO alkylthiolate adducts as they occur in cytochrome P450nor are discussed.
© 2005 Elsevier Inc. All rights reserved.

Keywords.: Nitric oxide; Porphyrin; P450nor; Density functional calculations

1. Introduction

Iron—porphyrin NO adducts occur as intermediates
in many biologically important processes [1-5]. Corre-
spondingly, much research has been conducted toward
the synthesis of either five-coordinate model complexes
[Fe(porphyrin)(NO)I*" or corresponding six-coordinate
complexes with N-donor ligands like 1-methylimidazole

" Corresponding author. Tel: +49 04318801739; fax: +49
04318801520.
E-mail address: nlehnert@ac.uni-kiel.de (N. Lehnert).

0162-0134/$ - see front matter © 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jinorgbio.2005.02.007

(1-Melm) in trans position to NO [6-9]. Much less
research has been directed toward the corresponding
six-coordinate complexes with trans S-donor ligands.
Nevertheless, these systems are of great biological
importance. NO bound heme centers with axial cystei-
nate coordination are present in fungal nitric oxide
reductase (P450nor) [10-16] and nitric oxide synthase
(NOS) [5]. Yoshimura studied the interaction of iro-
n(II)-NO adducts with thiols and thioethers by EPR
using protoporphyrin IX dimethylester as the porphy-
rin ligand [17]. From these data, it was concluded that
the Fe(Il)-sulfur interaction is weak. The only syn-
thetic iron—porphyrin NO model complex with trans
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Scheme 1.

thiolate coordination was prepared by Suzuki et al.
[18-20]. This compound is based on a picket fence por-
phyrin with a covalently attached linker containing a
benzyl thiolate group for coordination to the iron cen-
ter. The corresponding Fe(III)-NO adduct has been
studied using vibrational and absorption spectroscop-
ies. Reduction of this compound led to the correspond-
ing Fe(II)-NO complex which has been studied with
electron paramagnetic resonance (EPR) spectroscopy.
In order to further investigate the binding of sulfur li-
gands to Fe(Il)-porphyrin NO adducts in solution,
EPR spectra of the model complex [Fe(TPP)(NO)] (1,
TPP = tetraphenylporphyrin) with added thiopheno-
lates (cf. Scheme 1) and tetrahydrothiophene (a thioe-
ther) are presented in this study. The obtained data
are correlated to the EPR spectra of 1 itself and of
the corresponding adduct with 1-methylimidazole (1-
MI) [21-26] as well as EPR data of NO adducts of fer-
rous P450 and P450nor [15,16]. Density functional
(DFT) calculations on the simplified model
[Fe(P)(SMe)(NO)]™ (P = simplified Porphyrin ligand)
are then used to explore the general properties of
Fe(II)-NO complexes with trans S-donor ligands as
they occur in the P450 enzymes (bacterial P450cam, li-
ver microsomal P450;,; and P450nor) in detail. This
way, the electronic structure of these systems is defined
and calculated spectroscopic properties are discussed.

2. Experimental and computational procedures
2.1. Syntheses

Reactions were performed using Schlenk tech-
niques. The starting material [Fe(TPP)(NO)] (TPP =
tetraphenylporphyrin) was synthesized using published
procedures [27]. The different tetrabutylammonium
(TBA) phenyl and benzyl thiolates (TBA)(SR) were
synthesized using the corresponding thiols HSR pur-
chased from Aldrich by reacting them with
(TBA)(OMe) in methanol. Recrystallization from tet-
rahydrofuran/diethylether (1:2) yielded the TBA salts
in high yields (>90%). The identity of the compounds
was established using NMR spectroscopy and elemen-
tal analysis.

2.2. EPR spectroscopy

EPR spectra were recorded on a conventional X-
band spectrometer (Bruker ESP-300E) equipped with a
liquid nitrogen flow cryostat. Spectra were taken at
120 K and a microwave power of 20 mW, a modulation
frequency of 100 kHz, and a modulation amplitude of
1 G. Samples were prepared by dissolving 1 in purified
toluene (concentration: ~1 mM) and adding the corre-
sponding (TBA)(SR) salt in large excess in a glove box.

2.3. Density functional calculations

Spin-unrestricted DFT calculations using the BP86
functional [28,29] and the TZVP basis set [30,31] were
performed with the program package Gaussian 98 [32].
The structure of the anion [Fe(P)(SR)(NO)]™ (‘P’ = Por-
phine) was fully optimized for R = methyl, phenyl lead-
ing to the models 1a-SMe and 1a-SPh, respectively. For
these calculations, the TPP ligand has been simplified by
replacing the four phenyl substituents with hydrogen
leading to the ligand P (cf. Figure S1) which also serves
as a model for the enzymatic porphyrin ligands. The ob-
tained structures for 1a-SMe and 1a-SPh correspond to
true minima as evident from frequency calculations. In
addition, geometry optimization of the tetrahydrothi-
ophene complex la-hdtp was attempted. However, due
to the weak Fe(II)-S interaction in this case, the fully
optimized structure could not be obtained. The Fe-S
bond length in the optimization varies between 2.85
and 2.9 A indicative of the weak interaction. In all these
calculations, convergence was reached when the relative
change in the density matrix between subsequent itera-
tions was less than 1 x 10~%, Force constants in internal
coordinates were extracted from the Gaussian output
using the program Redong (QCPE 628) [33]. Orbitals
were plotted with the program GaussView. Since pure
density functional theory tends to overestimate metal-
ligand covalencies, the B3LYP functional was used for
the calculation of accurate spin densities. EPR parame-
ters were calculated using BP86/TZVP and the program
ORCA [34].

3. Results and analysis

Different synthetic approaches are possible for the
preparation of Fe(Il)-porphyrin NO adducts with trans
thiolates. In this study, [Fe(TPP)(NO)] (1) was used as
starting material and reacted with a large excess of the
corresponding TBA thiolate salt leading to compounds
1-SPh, 1-SPh®™¢ and 1-SPh® with coordinated thio-
phenolate, para-methoxy thiophenolate and para-fluoro
thiophenolate ligands (cf. Scheme 1), respectively, in
solution. A corresponding thioether complex (1-h4tp)
was also prepared. In comparison, reaction of an
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Fe(IIT)-porphyrin precursor [Fe(TPP)X] (X=CI",
etc.), with excess NO in the presence of thiolate seems
unfavorable, since the intermediate Fe(III)-NO species
is reactive towards bases [35]. Corresponding Fe(Il)—
NO complexes are more stable and less reactive. Using
1 as starting material also avoids the presence of free
NO, which might react with (coordinated) thiolates
[36,37]. In addition, benzylthiolate was also used. How-
ever, the obtained product in this case was EPR silent
indicating that the stronger reductant benzylthiolate re-
acts with the Fe(II)-INO moiety in contrast to the thio-
phenolates. The nature of the reaction product is still
under investigation. Fig. 1 presents the EPR spectra ob-
tained for 1-SPh and 1-h4tp in comparison with 1 and 1-
MI measured under the same conditions. EPR spectra
were recorded over the whole spectral range and no fur-
ther signals were observed indicating that no iron(III)
impurities are present (iron(II) impurities are EPR si-
lent). As shown in Table 1, the g values determined
for 1 and 1-MI are similar to the literature results. In
addition, the obtained resolution of the '*N hyperfine
is comparable to that previously reported [21,22]. As
shown in Fig. 1, the coordination of the 1-Melm ligand
to 1 leads to a distinct decrease of the g values. This is
accompanied by a shift of the strong '*N hyperfine of
the coordinated NO ligand from the smallest g value
g(min) (min = minimum) in 1 to g(mid) (mid = middle)
in the case of 1-MI due to a rotation of the g tensor [24—
26]. Addition of thiophenolate or tetrahydrothiophene
to solutions of 1 leads to EPR spectra that show distinct
changes in their overall appearance as compared to the
spectrum of 1 (cf. Fig. 1). However, analysis of the data
shows that the observed g values for both 1-SPh and 1-
h4tp are very similar to 1 (cf. Table 1) and, in addition,
that the '*N hyperfine of the coordinated NO is ob-
served on g(min) as in the case of 1. These findings indi-
cate that the interaction of the thiophenolates and
thioethers (cf. also Ref. [17]) with the Fe(II)-NO center
is much weaker compared to N-donor ligands like 1-
Melm. This is further evidenced by comparison with
the Fe(II)-NO adducts of P450nor, P450cam and
P4501  from Refs. [15,16]. The obtained g values as well
as the observed '“N hyperfine on g(mid) both resemble
the properties of 1-MI as given in Table 1. Therefore,
the enzymatic species with cysteinate as axial ligand
show a stronger Fe-S interaction (similar to N-donor li-
gands) than the thiophenolates and thioethers. This re-
sult follows the simple trend in basicity with cysteinate
being a stronger base than the thiophenolates or
thioethers.

In order to evaluate the electronic structure of the
Fe(II)-NO thiolate adducts in comparison to the corre-
sponding thioether and N-donor complexes, density
functional calculations have been performed on models
[Fe(P)(SMe)(NO)]™ (1a-SMe), [Fe(P)(SPh)(NO)]™ (1a-
SPh) and [Fe(P)(H4Tp)(NO)] (1a-hdtp; P = Porphine;
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Fig. 1. EPR spectra of frozen toluene solutions of [Fe(TPP)(NO)] (1
top) and of adducts of 1 with I-methylimidazole (1-Melm, Concen-
tration ~1 M), thiophenolate (SPh, Concentration ~1 M) and tetra-
hydrothiophene (H4Tp, Concentration ~1 M) as indicated.
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Table 1
Comparison of experimental g values of [Fe(porphyrin)(L)(NO)]"™ (n =0, 1) centers in model complexes and enzymes
Molecule/enzyme® g(max) g(mid) g(min) Solvent Reference
Fe(TPPYNO 2.102 2.064* 2.010 Toluene [21]
[Fe(TPPYNO)] 2.106 2.066* 2.013 Toluene b
2.079 2.004* 1.972 CHCl; [22]
[Fe(TPP)(1-Melm)(NO)] 2.074 2.005* 1.978 Toluene b
[Fe(TPP)(SPh)(NO)]~ 2.108 2.068 2.013* CHCl, o
[Fe( TPP)(SPhOMC)(NO)] 2.108 2.067 2.012% Toluene b
[Fe(TPP)(SPhF)(NO)]® 2.109 2.067 2.013* Toluene o
[Fe(TPP)(H4 Tp)(NO)] 2.104 2.054 2.010% Toluene b
P450nor: Fe(II)-NO 2.082 2.007* 1.97 Buffer [15]
P450cam: Fe(11)-NO 2.073 2.009%* 1.976 Buffer [16]
[Fe(SR)(NO)] ¢ 2.07 (2.04) 2.00* Toluene [18]

3 P = Porphine?; *= shows '“N hyperfine lines of the coordinated NO ligand.

® This work.

¢ The spectra also show the presence of other species (impurities ?) in the g = 2 region.
4 Model complex of Suzuki et al. (see Section 1). In this case, the g values have been assigned in a different way compared to P450nor and P450cam

and hence, g(min) shows the "*N hyperfine here in contrast to the enzymes.

cf. Experimental Section) in comparison to the 1-Melm
adduct (1a-MI). Table 2 shows a compilation of the ob-
tained bond distances and vibrational properties. Since
no crystal structure is known for the Fe(II)-NO thiolate
adducts, comparison of the obtained structure with
experiment is only possible for 1a-MI. In this case, the
calculations show excellent agreement with experiment
as shown in Table 2. Therefore, it is reasonable to as-
sume that a good theoretical description is also obtained
for the S-donor adducts from the DFT calculations.
Hence, the calculations can serve as a basis to analyze
general trends in the electronic structures along this ser-
ies of complexes. The calculated Fe—S bond length for
1a-SMe (2.42 A) as a model for the P450 NO adducts
is distinctively shorter than that obtained for 1a-SPh
(2.51 A). This indicates that methyl thiolate undergoes
a stronger interaction with Fe(II) than thiophenolate
in agreement with the EPR results. This is also evident
from the calculated Fe-S force constants. For 1a-SPh,
a value of 0.57 mdyn/A is obtained for Fe-S compared
to 0.81 mdyn/A in 1a-SMe. The Fe-S bond distance of
the tetrahydrothiophene adduct la-hdtp is very long
(calculated: >2.80 A) which is borderline between com-
pound formation and solvatization. Altogether, the

Table 2

trend in the calculated Fe-S bond strengths follows
the trend in the basicity of the different sulfur donors
and is in agreement with the EPR results. In compari-
son, for the 1-Melm adduct 1a-MI, the calculated Fe—
N(imidazole) force constant is 0.61 mdyn/A and hence,
comparable to the Fe-S force constant in 1a-SPh. How-
ever, the EPR data show that for 1a-MI the interaction
of the Fe(Il) center with the trams ligand is strong,
whereas it is weak for 1a-SPh. Since the calculated
Fe-N(imidazole) distance in 1a-MI is in good agreement
with experiment, this indicates that the Fe-S interaction
is somewhat overestimated in 1a-SPh. Table 2 also lists
the calculated Fe-NO bond lengths, which reflect the c
donor ability of the trans ligand to NO. This is further
evaluated based on the electronic structure of 1a-SMe.

Fig. 2 shows the obtained MO diagram for model 1a-
SMe using BP86/TZVP. Charge distributions are given
in Table 3. In this complex, iron is in the +II oxidation
state and low- spin (as evident from EPR) which leads to

a [dy.,d,.,dy ] [t,]° electron configuration on the me-
tal. Free nitric oxide is a radical with S =1/2 ground
state with the unpaired electron being located in the sin-
gly occupied n* orbitals. Since complex 1a-SMe has a
total spin of S =1/2, the spin-unrestricted scheme has

Comparison of calculated geometries, vibrational frequencies and force constants for [Fe(P)(L)(NO)I"~ (n =0, 1) centers using BP86/TZVP

Molecule? Geometric parameters (A) Y(N-O) (cm ™! Force constants (mdyn/A)
AFe-N  AN-O  /Fe-N-O  AFe-X, flFe-N)  AIN-O) fiFe-Xy)

[Fe(TPP)(1-MeIm)(NO)] experimental®  1.750 1.182 138 2.173 1630°

[Fe(P)(1-MeIm)(NO)[° 1.734 1.186 140 2.179 1662 3.25 12.22 0.61

[Fe(P)(SCH3)(NO)]™ 1.788 1.198 138 2.416 1599 2.38 11.26 0.81

[Fe(P)(SPh)(NO)]™ 1.766 1.194 139 2.513 1617 2.81 11.51 0.57

@ P = Porphine’~ ligand used for the calculations (cf. Figure S1); X, is the ligand trans to NO.

® Crystallographic data: see Ref. [25].
¢ Taken from Ref. [26].

92



944 V.K.K. Praneeth et al. | Journal of Inorganic Biochemistry 99 (2005) 940-948

[Fe(P)(S-CH,)(NO)]

L .

o o-Spin
od 19— dyy Big
1 17 ‘E:_dyz

0.0 LUMO Eq

1 14 —HOMO + S(py)
1 ——seo+d,
1l ey g sen

1 17— 5@ dp+An
-0.11

4 15— E,_d,, +S(p,)

4 w——E 4,

4 100 Eut+ S(p,)_dz2

—_  E.

1 es8————— Eu+S(p,)_dy,/dp

i 96— Blg_dxy
-0.2=

4 o Ajg_dp

- gg= Eg

- b b

76 Th/C _dxz

-03_- " E

=1 73

b /d, *

120 —————— d,2 S(py) + Ty

Ho————— dyy By,

=,
LUMO

13M S(p,) +dy, Ty

dx:_yz

Hdu_n.’: +S(py)
[+ S

107 ————— S(py)_d o+ Asy

105

gngdﬂ +S(pg)

103
ey
100 ————— Eu+ S(p,)
- u
98 —— E+S(p,)_d,,/d 2
96— Big_dyy
94— Ajp_dp2

b
B4 Eg+
Ec+m

81 et

76 e |,

73—

Fig. 2. MO diagram of [Fe(P)(SCH;3)(NO)]™ (1a-SMe) calculated with BP86/TZVP. The applied coordinate system is shown in Figure S1. Ay, A,
and E, correspond to porphyrin r orbitals. Ay, A,, are the highest occupied orbitals of the free ligand P?~. Correspondingly, Eg is the LUMO of free
porphine(2-). By, is the in-plane donor orbital of the porphyrin nitrogens that interacts with the d,,, orbital of iron. Ligand orbitals of NO are labeled
n; (v = vertical; orthogonal to the Fe-N-O plane) and rj (h = horizontal; located in the Fe-N-O plane). S(ps) and S(p,) are the sulfur p donor
orbitals within (p,) and orthogonal to (p,) the Fe-N-O plane. The nomenclature ‘a_b’ indicates that orbital a interacts with » and that @ has a larger

contribution to the resulting MO.

to be applied which distinguishes between majority (o)
and minority (B) spin orbitals. Hence, the unpaired elec-
tron of NO occupies the orbital a—n; (h = horizontal)
which is the o—n* function located in the Fe-N-O plane.
The corresponding B—m; orbital is unoccupied. Since the
t, functions of Fe(Il) are fully occupied in 1a-SMe, ©
donation from a-m; to the metal is only possible into
the d,. orbital (the applied coordinate system with the
S—-Fe-N(O) unit roughly along the z axis is given in Fig-
ure S1). The corresponding bonding combination,
ni—d,./d.2(a(114)), is the highest occupied molecular
orbital (HOMO) of 1a-SMe (cf. Fig. 2). It has about

41% m; and 24% d contribution. Since the metal contri-
bution corresponds to a mixture of d,. and d.,
the strength of this interaction is better estimated
from the corresponding antibonding combination,
d_mf ((120)), which has 25% n;, and 50% d_» contribu-
tion (cf. Fig. 3). Hence, this corresponds to a medium
strong Fe-N o bond. In addition, this orbital has a
10% admixture of the trans thiolate p donor orbital ori-
ented along the Fe-S axis, labeled S(py), as shown in
Fig. 3. This competition of w;, and S(py,) for d» explains
the sensitivity of the calculated Fe-N(O) bond lengths
for the nature of the trans ligand as shown in Table 2.
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Table 3
Charge contributions of important molecular orbitals of [Fe(P)(SMe)(NO)]~ (1a-SMe) calculated with BP86/TZVP
Nr. Label Energy Fe N (0] S 2 SR
[HARTREE] d s p s p s+p
a(120) d_my + S(py) 0.0706 50 1 17 0 7 10 11
o(119) dy,. Big 0.0513 69 0 0 0 0 0 0
a(117) m;d,. 0.0286 27 0 42 0 25 2 2
o(116) E, 0.0078 3 0 1 0 0 1 1
a115) E, (LUMO) 0.0077 6 0 0 0 0 0 0
of114) n;_d./d> + S(p,) (HOMO) —0.0119 24 1 23 0 17 21 22
a113) S(py) +d.m —0.0231 3 0 4 0 4 78 85
of112) de_dp —0.0452 92 0 0 0 0 0 0
ol 11) d.-_S(pn) —0.0560 31 1 1 0 1 13 14
o(110) dy./d m; —0.0643 33 1 10 0 15 2 2
a(109) d,._m; + S(py) —0.0649 49 0 6 0 9 4 5
(107 S(py)-d.2 + Ay —0.0848 13 1 2 0 3 38 42
(9 6) B, d,, —0.1859 28 0 0 0 0 0 0
o(94) Ajgd, —0.2185 10 0 1 0 0 1 11
o(76) nd/c®d,. —0.2859 3 4 33 2 39 0 1
o(75) o —0.2867 3 1 34 1 41 0 0
o(73) c®/nb.d, —0.3106 5 3 30 6 38 0 0
B(120) d»S(py) + 7 0.0851 43 1 23 0 11 8 10
B(117) md,. 0.0380 25 0 44 0 25 2 2
p(116) ) _dy./d2 + S(py) 0.0214 37 2 20 0 15 12 13
B111) dy.-mf + S(pp) —0.0452 46 0 2 0 4 15 17
B(110) —0.0558 24 1 4 0 8 15 16
B(109) d,._m: +S(p,) —0.0612 51 0 5 0 8 6 6

Note that the interaction of r; and d,., does not contrib-
ute to bonding since both orbitals are occupied. The sec-
ond a—n* orbital of NO, labeled m (v = vertical), is
unoccupied and oriented perpendicular to the Fe-N-O
plane. It forms a © backbond with the d,.. orbital of iron.
The bonding combination, d,._r}(a(109)), has 49% d,.
and 15% =} contribution. Correspondingly, the anti-
bonding combination w_d,.(o(117)) has mostly
character as shown in Table 3. The metal d,. function
also interacts with the thiolate S(p,) orbital which is
the p donor function of sulfur oriented perpendicular
to the Fe-N-O plane. Since both d,. and S(p,) are occu-
pied, this interaction is repulsive and leads to a weaken-
ing of the Fe-S bond. In the spin-unrestricted scheme,
both B—n* orbitals of NO are unoccupied. Hence, both
B-m; and B-n! undergo additional © backbonding inter-
actions with iron(II) (cf. Fig. 2, right). The correspond-
ing bonding combinations, d,._w;, (split into {111) and
B(110); cf. Table 3) and d,._m}(B(109)), are shown in
Fig. 3. In summary, this electronic structure is qualita-
tively comparable to that obtained for 1a-MI [26]. In
both cases, NO acts as a medium strong ¢ donor and
n acceptor ligand. However, the strengths of the individ-
ual interactions are different in the different complexes.

Based on this electronic structure description, the ob-
served trends in the Fe-N(O) bond lengths and N-O
stretching frequencies shown in Table 2 can be analyzed.
Importantly, the Fe-NO o bond mediated by the inter-
action of mj and d.. is weakened in the case of 1a-SMe.
This is evident from a comparison of the corresponding

antibonding orbitals, d.._m; (cf. Figure S2): in the case of
1a-MI (0(129)), this MO has a 35% = contribution
which is decreased to 25% in 1a-SMe (o120)). This
weakening of the Fe-NO o bond in 1a-SMe is due to
the fact that alkylthiolate is a stronger o donor than
1-Melm. This is again evident from the charge contribu-
tions of the orbital d._m; (cf. Figure S2): it has a 10%
contribution of the sulfur donor orbital S(p,) in 1la-
SMe (o(120)), whereas the admixture of the ¢ donor
function of 1-Melm is only 3% in the corresponding
orbital of 1a-MI (o129)). Therefore, since alkylthiolate
donates stronger into the d,» orbital than 1-MelIm, this
reduces the donation of = and leads to an elongation
of the Fe-NO bond by ~0.05 A. Correspondingly, the
Fe-NO force constant decreases from 3.25 mdyn/A in
1a-MI to 2.38 mdyn/A in 1a-SMe as shown in Table
2. Based on magnetic circular dichroism (MCD) spec-
troscopic data and density functional calculations, it
was shown that 1a-MI has an electronic structure that
is best described as Fe(II)-NO(radical) [26]. Due to
the reduced donation from 7}, the unpaired electron of
nitric oxide is even stronger localized on the NO ligand
in 1a-SMe. Hence, the Fe(I1)-NO(radical) description is
even more pronounced for 1a-SMe than for 1a-MI. Ta-
ble 4 gives the calculated spin densities for the different
model complexes which show that the NO ligand carries
a larger amount of spin density in 1a-SMe than in 1a-MI
in agreement with this analysis. The increased popula-
tion of m; in 1a-SMe is also evident from the calculated
NO stretching frequencies. From Table 2, the predicted
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a<l17>

HOMO

]
a<109>

dy, ™+ S(p,)

B<110>  dg, m'+S(p)

B<109=>

dy, ™+ S(p)

Fig. 3. Contour plots of important molecular orbitals of [Fe(P)(SCH;3)(NO)]™ (1a-SMe) calculated with BP86/TZVP. For the labels see Fig. 2 and

Table 3.

value for w(NO) is 1662 cm™" for 1a-MI compared to
1599 cm ™! for 1a-SMe. This latter value compares well
with the measured N-O stretching frequency of the fer-
rous P450cam NO adduct, which has been determined
to 1591 cm™! from resonance Raman spectroscopy
[38]. This further indicates that 1a-SMe is a good model
for the enzymatic Fe(II)-NO complexes with axial
cysteinate.

Another important difference in the electronic struc-
tures of 1a-SMe and 1a-MI is evidenced from the differ-

ent spin density distribution in these complexes. As
shown in Table 4, the Fe center carries an unusual neg-
ative (P) spin density in the case of 1a-SMe which is
exclusively observed for the alkylthiolate adduct. This
is due to the fact that the Fe-NO = backbonding inter-
action is much stronger for the o than for the B spin in
the B3LYP wavefunction of 1a-SMe. This leads to a
transfer of a significant amount of o spin density to
the n} orbital of NO and hence, creates B spin density
on the metal. This also explains the fact that the
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Table 4

Comparison of calculated g values and spin densities for [Fe(P)(L)(NO)]"~ (n =0, 1) centers calculated with BP86/TZVP

Molecule® g values Orientation Spin density®

g(max) g(mid) g(min) Fe Z(NO) 2(Xyr)
[Fe(P)(NO)] ® 2.043 2.007 1.997 g(min)/Fe-NO: 24° +0.47 +0.53 -
Fe(P)(1-MeIm)(NO)] ® 2.031 1.998 1.972 glmid)/Fe-NO: 417 +0.21 +0.78 +0.01
[Fe(P)(1-Melm)(NO)] : : : g(mm)/Fe—NO: 49° ’ ' '
[Fe(P)(SCH;)(NO)]~ 2.019 1.994 1.974 min)/Fe-NO: 26° ~0.27 +1.14 +0.08
[Fe(P)(SPh)(NO)]” 2.026 1.998 1.972 mm)/Fe NO: 36° +0.01 +0.92 +0.06

2 P = Porphine®~ ligand used for the calculations (cf. Figure S1); X, is the ligand frans to NO.
® Taken from Ref. [26]; spin densities were calculated with B3LYP/LanL2DZ plus polarization functions (taken from the TZVP basis set).

¢ Calculated with B3LYP/TZVP; see Section 2.

calculated spin density on the NO ligand in 1a-SMe is
larger than 1 as shown in Table 4. The actual spin den-
sity distribution around the NO ligand is spherical due
to the transfer of o spin density to w{. In addition, the
o donor interaction between Fe(II) and the trans alkyl-
thiolate ligand also shows spin polarization effects and is
found to be stronger for §§ than for o spin. Hence, this
further increases the negative (P) spin density on iron
whereas at the same time, positive (o) spin density is cre-
ated on the thiolate ligand as shown in Table 4. In con-
trast, these spin polarization effects are negligible for 1a-
MI where the spin density mostly reflects the distribu-
tion of the unpaired electron of NO and hence, has
the shape of the orbital «; [26].

Table 4 also presents the calculated g tensors for
models 1a-SMe, 1a-SPh and 1a-MI. The g values are
obtained too low which is the usual finding for Fe(1I)-
porphyrin NO adducts [24,26]. In the case of 1a-SPh,
the principal axis of the minimal g value g(min) is closest
to the Fe-N(O) axis in agreement with the experimen-
tally observed '*N hyperfine splittings of g(min) [26].
However, the obtained g shifts (relative to the five-coor-
dinate complex [Fe(P)(NO)]) are in the same range as
those calculated for 1a-MI which again indicates that
the Fe(II)-S interaction is overestimated for 1a-SPh in
the calculations. For 1a-SMe, the largest g shifts are ob-
tained. The relative orientation of the g tensor in la-
SMe with g(min) being oriented approximately along
the Fe-N(O) axis is in contrast to the experimental data
obtained for P450 and P450nor [15,16]. Since experi-
mental data for alkylthiolate adducts of [Fe(TPP)(INO)]
are missing (vide infra), it is not clear whether this is cal-
culated incorrectly or if the porphyrin ligands present in
the proteins have an additional influence on the EPR
properties of these systems.

4. Discussion

EPR spectra of solutions of [Fe(TPP)(NO)] (1) with
added thiophenolate and thioether ligands are pre-
sented. The obtained g values and "*N hyperfine pattern

indicate that the resulting Fe—S bonds are very weak in
agreement with an earlier binding study using thiols and
thioethers [17]. Correspondingly, no solids of these com-
plexes could be isolated so far. Comparison with EPR
spectra of enzymatic NO adducts [15,16] indicates that
alkylthiolates like cysteinate form stronger bonds to
Fe(II) in agreement with results from DFT calculations.
However, addition of the stronger donating benzylthio-
late to solutions of 1 leads to sample degradation due to
the fact that it is a stronger reductant. From DFT, the
Fe(II)-NO thiolate adducts have an interesting elec-
tronic structure where NO acts as a medium strong &
donor and m acceptor ligand in agreement with the re-
sults obtained for 1-MI [26]. However, two important
differences are observed for Fe(Il)-porphyrin NO ad-
ducts with frans alkylthiolate and N-donor ligands.
Firstly, o donation from 7} (the singly occupied n* orbi-
tal of NO) to d.» of Fe(Il) is weakened in the alkylthio-
late adducts compared to the corresponding complexes
with trans N-donors. This is due to the fact that alkylthi-
olate is a stronger ¢ donor and hence, has a stronger
trans effect on the coordinated NO compared to N-
donor ligands. The reduced charge donation from mj
of NO to Fe(Il) corresponds to a distinctively larger
occupation of the N-O antibonding orbital n; which ex-
plains the somewhat weaker N-O bond (cf. force con-
stants in Table 2) in the case of the alkylthiolate
adduct. Hence, N-O stretching frequencies below
1600 cm™' are predicted for Fe(II)-NO alkylthiolate
complexes in excellent agreement with published experi-
mental data. The electronic structure of these systems
has therefore to be described as Fe(II)-NO(radical),
where the radical character of the NO ligand is even more
pronounced than in the N-donor adducts like 1-MI [26].
Secondly, the spin density distribution for the alkylthio-
late adduct is unique for such complexes in showing a
negative spin density on iron and a spherical spin density
distribution around the NO ligand. This is due to strong
spin polarization effects which are not observed for cor-
responding complexes with N-donor ligands.
Importantly, complex 1-SMe is a model for the corre-
sponding NO adduct of fungal nitric oxide reductase,
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P450nor. This enzyme is able to catalyze the reduction
of two molecules of nitric oxide to nitrous oxide at a sin-
gle heme center with an axial cysteinate ligand. There-
fore, it is important to evaluate how the axial thiolate
ligand alters the properties of the heme center to enable
the catalytic NO reduction. The ferrous NO adducts
studied here are not intermediates in the proposed cata-
lytic cycle of P450nor [13] and hence, this question can-
not be answered from the EPR data and calculations
presented here. However, our results show that the axial
thiolate has a distinct effect on the coordinated NO. In
the case of Fe(Il), it can be expected that the increased
radical character of the NO ligand will lead to an in-
creased reactivity of this molecule compared to the cor-
responding systems with axial histidine. In addition, the
NO should be less tightly bound to the Fe(Il) center
when an axial cysteinate ligand is present.
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There are two errors in Tables 1 and 3 in the original publication which need to be corrected.

1. Table 1 (excerpt shown): [Fe(TPP)(NO)]: the stars (*) have to be moved from the g(mid) to the g(min) value, as
follows:

Table 1
Comparison of experimental g values of [Fe(porphyrin)(L)(NO)"~ (n = 0,1) centers in model complexes and enzymes
Molecule/enzyme® g(max) g(mid) g(min) Solvent Reference
[Fe(TPP)(NO)] 2.102 2.064 2.010% Toluene [21]

2.106 2.066 2.013* Toluene b
[Fe(TPP)(1-Melm)(NO)] 2.079 2.004* 1.972 CHCl; [22]

2.074 2.005* 1.978 Toluene b
[Fe(TPP)(SPh)(NO)~ 2.108 2.068 2.013* CHCl; b

b

[Fe(TPP)(SPh°M)(NO)]° 2.108 2.067 2.012% Toluene

2. Table 3 (excerpt shown): entry 8 (a1 1 2)): the orbital should not be labelled d(x2) — d(32), but d(x2 — y2), as
follows:

o(114) ;_d../d.2 + S(p,) (HOMO) —0.0119 24 1 23 0 17 21 2
1 13) S(p,) +d.-m! —0.0231 3 0 4 0 4 78 85
«112) do_ye —0.0452 92 0 0 0 0 0 0
K11 1) de.S(py) —0.0560 31 1 1 0 1 13 14
«(110) de/d —0.0643 33 1 10 0 15 2 2

DOI of original article: 10.1016/j.jinorgbio.2005.02.007.
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5.3 Thiolate Coordination to Ferric Porphyrin NO Complexes:
Spectroscopic Characterization.

The major goal of this project is to synthesize a series of six-coordinate Fe(III)-porphyrin NO
adducts, [Fe"(TPP*)(SR)(NO)] (TPP* = tetraphenylporphyrin type ligand), with substituted
thiophenolates (SR) in order to study the effect of different thiolates on the spectroscopic
properties and the electronic structure of the Fe-NO unit. So far, most of the investigations

were performed using [Fe™

(TPP)(SPhF,4)]. This precursor was then exposed to one
equivalent of NO and the following reactions were monitored in-situ using UV-Vis

absorption and IR spectroscopies.

5.3.1 Syntheses

All reactions were carried out under an argon atmosphere using Schlenk techniques. Samples
were generally handled inside an argon glove box. The iron(IlI)-NO complexes are
susceptible to autoreduction reactions in the presence of any nucleophile yielding the
corresponding (five-coordinate) iron(IT)-NO complexes. Thus, all solvents employed should
be free of nucleophiles such as OH and CH;O . In addition, the ethanol present as a
stabilizer in CHCIl; has to be removed. This is achieved by washing with conc. H,SO, and
water. CHCl; and n-hexane were distilled over CaH, under an argon atmosphere prior to
usage. NO gas was purified by first passing through an ascarite II column (NaOH on silica
gel) followed by a cold trap operated at —80 °C to exclude higher nitrogen oxides such as
N,0; and NO,. [Fe"(TPP)(SPhE4)]' and [Fe"™(TPP)(NO,)(NO)]* were prepared according

to reported procedures and characterized using UV-Vis and NMR spectroscopic techniques.

Preparation of [Fe''(TPP)(SPhF,)(NO)] (1) using unpurified NO (Method A): A solution
of [Fe"(TPP)(SPhF4)] (0.1g) in 10 mL of freshly distilled CHCl; is prepared in a 100 mL
Schlenk flask. Then, 1 equivalent of NO gas is passed into the solution at —40 °C. A dramatic
color change from dark brown to deep red occurs upon NO addition. The resulting solution is
stirred for 15 minutes, then n-hexane (20 mL) is slowly added and the flask is stored inside a
freezer (-20°C) for 1 day. The precipitate obtained is filtered and dried under vacuum. IR
(KBr): v(N-0O) 1872 cm™. UV-Vis in CH,Cl, (Amax): 431, 543, 580. UV-Vis and IR spectral

data confirm the formation of [Fe"(TPP)(NO,)(NO)] in this reaction (vide infra) as shown in
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Figure 5.3.1 IR spectrum of [Fe(TPP)(NO,)(NO)] isolated from the reaction of
[Fe'(TPP)(SPhF,)] with unpurified NO (Method A)

Figure 5.3.1° Notably, several other attempts to synthesize the desired product
[Fe"'(TPP)(SPhF,)(NO)] always resulted in the isolation of a mixture of
[Fe"'(TPP)(NO,)(NO)] (major product) and [Fe'(TPP)(NO)] (minor product), as judged from
the IR spectra. Thus, the synthesis of [Fe(TPP)(SPhF4)(NO)] (1) as a solid by this method

1s unsuccessful.

Preparation of [Fe'"(TPP)(SPhF,)(NO)] (1) using purified NO (Method B): The same
procedure as described above is adopted with the exception that purified NO gas is used.
Importantly, very few milligrams of solid material are isolated in this case. The IR spectrum
of the obtained compound shows the v(N-O) band of five-coordinate [Fe"(TPP)(NO)] at
1698 cm™ (very strong) and a small feature at 1823 cm™ which corresponds to the formation

of [Fe"(TPP)(SPhF4)(NO)] as shown in Figure 5.3.2. This v(N-O) frequency of 1823 cm™ is
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Figure 5.3.2 IR spectrum of a mixture of [Fe'(TPP)(NO)] and [Fe"(TPP)(SPhF,4)(NO)],
isolated from the reaction of [Fe""(TPP)(SPhF,)] with purified NO (Method B).

in good agreement with the literature value of 1828 cm™ for the Suzuki complex

[Fe"(SR)(NO] (cf. Section 5.1) *

5.3.2 Electronic Absorption Spectroscopic Studies: Formation and Decomposition of
[Fe"(TPP)(SPhF4)(NO)] (1)

The formation of 1 was monitored in solution at low temperature using in-situ UV-Vis
absorption spectroscopy. In a typical experiment, a solution of [Fe"'(TPP)(SPhF,)] (approx. 1
x 102 M) in 10 mL CHCl; is placed in a 100 mL Schlenk tube. Then about 1 equivalent of
NO gas is injected via a microliter syringe into the solution at -40°C. The dark brown color
of the solution changes to deep red on addition of NO. Figure 5.3.3 shows the subsequent
absorption changes observed after NO addition. The Soret band of the starting material at
414 nm decreases in intensity while at the same time a new (Soret) band appears at 439 nm.
In addition, bands at 380 nm and 515 nm of the starting material decrease in intensity,
whereas a new band is observed at 556 nm. This corresponds to the formation of the six-
coordinate NO adduct [Fe"(TPP)(SPhF4)(NO)] as can be seen by comparison with
absorption data of the Suzuki complex [Fe"(SR)(NO].* Moreover, isosbestic points at 426,
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463 and 545 nm suggest a clean conversion of the starting material to the product without
further intermediates. However, as can be seen from Figure 5.3.3, a complete conversion to
the product is not obtained here in contrast to the Suzuki complex. In an attempt to drive the
reaction to completion, an excess of NO gas was added and the resulting spectral

changes were monitored.

Absorbance

0,0

T T T T T T T T T T 1
300 350 400 450 500 550 600
Wavelength (nm)

Figure 5.3.3 Electronic absorption spectral changes for the reaction of [Fe"(TPP)(SPhF,)]
with purified NO gas at -40°C monitored in-situ.
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Figure 5.3.4: Spectral changes for the decomposition of [Fe"'(TPP)(SPhF,)(NO)] yielding
[Fe"(TPP)(NO,)(NO)] at -40°C. Insert: an independently prepared sample of
[Fe'(TPP)(NO,)(NO)] in CHCl; at room temperature.
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Figure 5.3.5: Electronic absorption spectrum of the final product 4 obtained from the
decomposition of 2.
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Interestingly, the presence of an excess of NO leads to a slow disappearance of the 439 nm
band of 1 and the appearance of a new band at 431 nm as shown in Figure 5.3.4. Similarly, in
the Q region, the 556 nm band of 1 decreases in intensity while a new band at 543 nm grows
in. The new complex formed exhibiting a Soret band at 431 nm (2) is also not very stable and
decomposes after several minutes to give a new species 4, characterized by a Soret
absorption maximum at 415 nm as shown in Figure 5.3.5 There are no other spectral changes
observed even after exposing this reaction mixture to air at room temperature. The electronic
absorption data of complex 2 are identical with that of [Fe"(TPP)(NO,)(NO)], which has
been structurally and spectroscopically characterized in the literature.” In addition, an
independently prepared sample of [Fe"(TPP)(NO,)(NO)] shows an identical Soret position
at 431 nm as presented in the insert of Figure 5.3.4. This is further confirmed by the
observation of the v(N-O) vibration at 1872 cm™ in the IR spectrum of 2, which is
characteristic for the nitro-nitrosyl complex. An identical IR band is found for the
independently prepared [Fe"™(TPP)(NO,)(NO)] complex confirming that 2 corresponds to
this species. From the literature, it is know that [Fe"(TPP)(NO,)(NO)] can decompose to
form [Fe"(TPP)(NOs)]. Thus, the identity of 4 is presumably the five-coordinate
[Fe"'(TPP)(NO;)] complex. Importantly, the formation of complex 2 by decomposition of 1
is only possible if higher nitrogen oxides are present in the reaction mixture. Recent work of
the van Eldik group and others has shown that it is practically impossible to completely
remove higher NOy impurities from NO, even after adopting rigorous purification
procedures.® This would explain the observed formation of [Fe(TPP)(NO,)(NO)]. This is
also in agreement with the observation that the reaction of [Fe'(TPP)(SPhF,)] with
unpurified NO directly yields the nitro-nitrosyl compound. Under these conditions, it is
assumed that the formation and successive decomposition of 1 are too fast to be
spectroscopically monitored. Similarly, the reaction of [Fe"(TPP)(SPhF4)] with purified NO
in the presence of small quantities of deliberately added air also accelerates the formation of

2. This can be explained based on the formation of NOy according to equations 1 and 2:

2NO+0, —> 2NO, (1)

NO,+NO —— N,O; )
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Interestingly, the decomposition pathway of 1 identified this way is identical with the results

by Franke et al.” on the ferric NO adduct of the Suzuki complex using stopped-flow kinetics.

The formation of [Fe"(TPP)(NO)] (3) in the reaction mixtures could be due to the presence
of NO, , which catalyzes the autoreduction of ferric porphyrin NO adducts as has been
shown by Ford and coworkers.® [Fe'(TPP)(NO)] has a characteristic absorption band at 408
nm (Soret) and v(N-O) at 1698 cm™ in the IR spectrum.’ In this study, five-coordinate
[Fe"(TPP)(NO)] was isolated in all reactions of [Fe(TPP)(SPhF,)] with both unpurified and
purified NO gas in varying quantities as described in Section 5.3.1. On the other hand, in all
reactions monitored in-situ by UV-Vis spectroscopy, this species could not have been
identified. However, the complex spectral changes observed after the decomposition of 1 led
to poorly resolved broad bands and it is therefore likely that the band at 408 nm of 3 is
masked by other absorptions.

5.3.3 Mechanism of the Formation and Decomposition of [Fe(TPP)(SPhF)(NO)]

The reaction of [Fe"(TPP)(SPhF,)] with purified NO directly leads to the formation of the
six-coordinate complex [Fe'"(TPP)(SPhF,)(NO)], which is characterized by a red shift of the
Soret band from 414 nm to 439 nm and the appearance of v(N-O) at 1823 cm™. This suggests
a simple binding of NO to the Fe(Ill) center as the first step:

NO
o R D
SR sk !

R = tetrafluorophenyl

In the presence of excess NO, 1 decomposes rapidly yielding [Fe"(TPP)(NO,)(NO)] (2) in
the in-situ experiments. There are two possible mechanistic scenarios for the decomposition

of 1.
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Mechanism A. The most likely explanation for the formation of 2 is a direct attack of a
second NO molecule on the sulfur atom of the tetrafluorothiophenolate in 1. This leads to
homolytic cleavage of the Fe-S bond yielding [Fe'(TPP)(NO)] (3) and F4PhS-NO (S-
nitrosothiol). Subsequently, the nitro-nitrosyl compound is formed by reaction of 3 with NO,
or N,Oj; present as an impurity in NO gas. This reaction sequence shown in equation 4 is in

agreement with recent results of van Eldik and coworkers’:

NO NO NO

N>O;

‘NO

1 RS\ / 3 s NO, + NO

l (4)

NO;
:

A recent crystal structure of the NO adduct of Cimex nitrophorin has revealed an S-

nitrosocysteine bound to a ferrous heme-NO complex (as confirmed by EPR), which
indicates that the direct attack of NO on a bound thiolate as shown in eqn. 4 is a likely
reaction sequence.'’ Note that the formation of NO,™ in the solution would further facilitate

autoreduction of ferric NO adducts leading to the formation of 3 as discussed above.

Mechanism B. An alternative reaction mechanism involves the formation of a thiyl radical
after the homolytic cleavage of the Fe-S bond in 1 independent of NO. Subsequent radical
coupling of the thiyl with excess NO then also leads to the formation of 3 and the S-
nitrosothiol (from RS- and NO):

NO NO
Fe" > + RS- (5)
3
1«
RS
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Evidence that this mechanism could be wvalid is obtained from the reaction of
[Fe"'(TPP)(SPhF,)] with exactly 1 equivalent of purified NO as described here in method B
(5.3.1). This led to the isolation of a mixture of five-coordinate [Fe"(TPP)(NO)] as the major
product and six-coordinate [Fe'"(TPP)(SPhF,)(NO)] as the minor product. Importantly, the
nitro-nitrosyl complex was not obtained. There are several possible explanations for this
finding. Firstly, it is of course possible that the solubility of 2 is much larger and hence, this
complex does not precipitate from the solution. On the other hand, it is also possible that the
amount of NOy impurities in the carefully purified NO gas is small enough such that 2 is not
formed as shown in eqn. 4. If this is the case, then it is noteworthy that the main product
from the reaction was actually 3 and not 1. This would indicate an inherent instability of the
Fe-S bond in ferric NO adducts that leads to homolytic cleavage of the Fe-S bond even in the
absence of excess NO (as has been the case in this experiment) and NOy. This would be a
very important finding. If mechanism A is valid, then the synthesis of 1 should be possible by
optimizing the reaction conditions and precursors. However, if mechanism B is valid, then

this is not the case and 1 cannot be isolated as a pure compound.

The reactions performed with excess unpurified NO shed further light on these findings. In
this case, the precursor is directly transformed into the nitro-nitrosyl complex and no ferric
heme NO adduct is detected as intermediate. Considering all the experimental evidence, the
most likely picture is therefore that both mechanisms A and B actually occur: A is a fast
process when excess NO is present, such that 1 cannot be obtained. Complex 3 is formed
initially, but quickly trapped by NOy impurities if unpurified NO is used. If only one
equivalent of carefully purified NO is added, then 1 is formed and decomposes on a much

slower time scale following B. Further experiments are necessary to investigate this point.

The S-nitrosothiols formed as intermediates in mechanism A (and B in the presence of excess
NO) are not easy to identify in the reaction mixtures. This is due to the inherent instability of
S-nitrosoarylthiols. Kei et al'' employed an aromatic dendrimer-type framework at the ortho
positions of the phenyl rings to synthesize and isolate a stable S-nitrosoarylthiol. In this case,
the NO stretching frequency is observed at 1548 cm™. Simple aromatic S-nitrosothiols as

obtained from the reactions performed here only exist transiently and rapidly decompose to
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the corresponding disulfides and NO'. Thus, it is assumed that the formed F4PhS-NO
similarly yields F4PhS-SPhF, and NO.

5.3.4 Summary

The formation of six coordinate [Fe"(TPP)(SPhF4)(NO)] (1) has been investigated in
solution using UV-Vis absorption spectroscopy. The initially formed complex 1 undergoes
either spontaneous or NO-assisted decomposition to 3. Our experiments indicate that the
former process is slow, while the latter occurs much faster. In the further course of the
reaction, the nitro-nitrosyl complex 2 is formed by reaction with higher NOy species either
present as impurities in the NO gas or created by addition of small quantities of air.
Subsequent decomposition of 2 (also a reactive species) ultimately leads to the nitrate
complex 4. Thus, the isolation of 1 as a pure solid is extremely challenging and could not

have been achieved so far.
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Chapter 6

Sophisticated Models for Bacterial Nitric Oxide Reductase
(NorBC)

6.1. Scope of this Project

As mentioned previously, NO reduction by NorBC is an important step in the dissimilatory
denitrification process. The active site of NorBC consisits of a heme with an axially bound,
histidine ligand, and a non-heme iron center in close proximity. This active site model is
based on several spectroscopic investigations for NorBC, since there is no crystal structure
available to this date for this enzyme. Spectroscopic evidence shows that the active site of
bacterial NOR is structurally closely related to that of cyctochrome ¢ oxidase (CcO). Thus,
the iron center in the non-heme iron site is coordinated by three histidine ligands in NorBC,
similar to copper binding in CcO. In addition, it has been suggested that a glutamic acid
residue binds the non-heme iron of NorBC through its carboxylate group (cf. Chapter 1).
Importantly, the exact mechanism by which the enzyme works to reduce two molecules of
NO to N,O and water has not been clarified yet. Many five- (5C) and six-coordinate (6C)
iron-porphyrin NO compounds of type [Fe'(TPP*)(NO)(L)] (L = N-donor or missing) have
been extensively investigated as model systems for the heme portion of NorBC active site
(cf. Chapter 4). Nevertheless, a complete functional modeling of the NorBC’s active site is
cumbersome due to the following reasons:

1. The axial N-donor ligand is weakly bound to the Fe(II)-NO center. Hence, a large
amount of N-donor ligand is necessary to drive the reaction to form a six-coordinate
complex in solution. This fact has been investigated in detail (cf. Section 4.2) using
UV-vis binding experiments on substituted iron porphyrin NO complexes with
pyridine and 1-methylimidazole.

2. Addition of excess base causes denitrosylation. This base promoted loss of NO from
the complex leads to the formation of [Fe"(TPP*)(L),]. This process has been
demonstrated using NMR titrations in Section 4.3.

Therefore, a complete NorBC model first requires optimization of the heme portion. In order
to obtain a stable 6C complex in solution without excess base present, we have synthesized a

series of iron-porphyrin NO compounds with covalently attached axial N-donor ligands
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[Fe"(TPP*)(NO)(L)] (L = pyridine or imidazole linker), and investigated their properties
using several spectroscopic methods. These covalently attached N-donor linkers are
supposed to increase the “local concentration" of base and this way, facilitate binding to the
Fe(IT)-NO center. Pyridine and imidazole tailed linkers with varying chain lengths and design
have been synthesized to delineate the effect of chain length and rigidity on the base binding
properties to the Fe(II)-NO center. This allows to a direct comparison to the binding affinities
of different linkers with different carbon chains (number or design), and to obtain a better
model for the six-coordinate species in solution. The binding affinity of these attached N-
donor ligands to the iron(I)-NO center in these model complexes has been investigated using
UV-vis, FT-IR, and EPR spectroscopy. These results are presented in Section 6.2.
Furthermore, the obtained results shown in this section have been used to design a

sophisticated model for the NorBC active site.

The synthesis and characterization of a complete model system for the NorBC active site is
described in Section 6.3. This requires a sophisticated heme and a non-heme ligand
assembly. Many synthetic models based on such an assembly have been used to explore the
chemistry of CcO. (Figure 6.1.1)." However, not much insight into the fundamental
chemistry of NorBC has been obtained. Recently, the Karlin group has shown that the ferrous
heme/non-heme model system (using a tetradendate TPA linked porphyrin) shown in Figure
6.1.2 binds two molecules of NO, one at each metal center.” This is in agreement with the
proposed mechanism for NorBC shown in Figure 1.4 (Chapter 1). Nevertheless, this complex
is only considered as a structural model since it does not show any NorBC activity (NO

reduction).

e

N—

Figure 6.1.1. Model systems for cytochrome ¢ oxidase (CcO) from the groups of
Collman (left), Karlin (middle, left), Naruta (middle, right), and Casella (right).1
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In order to obtain a functional model system for NorBC, we have synthesized a new
heme/non-heme ligand design that consists of a tridentate dipyridylamine ligand (MPBMPA)
covalently attached to a fluoro-substituted porphyrin. The corresponding diiron-dinitrosyl
complex has been investigated using UV-vis and FT-IR spectroscopy. To investigate the
properties of the non-heme iron in NorBC, a non-heme iron(II)-NO complex using the TPA
ligand has been synthesized. These studies are detailed in Section 6.3. Finally, a precursor
compound of a six-coordinate iron-porphyrin NO complex with a linked non-heme iron
ligand has also been synthesized.

This study is particularly useful for the comparison of the difference in reactivity between the
five- and six-coordinate iron(Il)-porphyrin NO complexes in solution, and how this relates to

the NO reduction mechanism of NorBC.

[(SL)Fe"...Fe(CH]*

Figure 6.1.2. Model system used by Karlin and coworkers to prepare a dinitrosyl complex as
a model for NorBC.?
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6.2. Synthesis, Electronic and Vibrational Properties of Iron-
Porphyrin NO Complexes with Covalently Attached Axial N-

Donor Ligands

6.2.1. Introduction

The interaction of Nitric oxide (NO) with ferrous heme centers in proteins results in several
important biological functions such as denitrification,' neurotransmission, and vascular
regulation.” In the bacterical denitrification process, NO is of major importance since it
occurs as an intermediate in the reduction of nitrate to N,. In this pathway, the N-N bond
formation is facilitated by the reduction of NO to nitrous oxide (N,O) at the heme/non-heme
active site of the enzyme bacterial nitric oxide reductase (NorBC). In general, ferrous heme
nitrosyls in biology could be either six—coordinate (6C) with NO bound frans to an amino
acid residue such as histidine, or five-coordinate (5C) with no axial ligand. The presence or
absence of the proximal ligand is vital in controlling the reactivity of the heme NO. For
example, binding of NO to soluble guanylate cyclase (sGC) results in the formation of 5C
ferrous heme NO due to breakage of the Fe-His bond.® This process is associated with a
major conformational change within the enzyme, and thus activates the enzyme to catalyzes
the cyclization of guanosine triphosphate (GTP) to cyclic guanosine monophosphtae
(cGMP); the latter is involved in the relaxation of vascular smooth muscle.” The 6C heme
NO with axially bound histidine is also present in the active site of NorBC. It has been
suggested that histidine plays a critical role in the formation of the N-N bond in the reduction
of two molecules of NO.* Owing to the importance of heme NO biochemistry in living
organisms, many five- and six-coordinate iron-porphyrin NO model compounds of type
[Fe"(TPP*)(NO)(L)] (L= N-donor or missing) have extensively been investigated as model
systems for the corresponding proteins.” In the 6C models, it has been shown that the
proximal N-donor ligands are weakly bound to the Fe-NO center (free binding energy: -2 to
-5 kcal/mole; cf. Section 4.2) . Thus, a large excess of N-donor ligand has to be employed to
form the 6C species in solution. However, excess base leads to facile denitrosylation to form
[Fe"(TPP*)(L),], a competitive side reaction. In order to investigate the reactivity and
spectroscopic properties of the 6C complex in solution, a stable 6C species without the

presence of excess base is necessary. Komatsku et al. synthesized the first stable 6C complex
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in solution employing a picket fence porphyrin with a long chain alkyl imidazole linker
covalently attached at the S-pyrrole position.” This covalent attachment of the axial
imidazole directly to the porphyin periphery is suppose to increase the local base
concentration by providing a large equlibrium constant for imidazole binding and supposedly
prevents rupture of the Fe-Im bond. In order to test this strategy, we investigated the
synthesis, electronic, and vibrational properties of a series of iron-porphyrin NO compounds
with covalently attached proximal N-donor ligands [Fe'(P)(NO)(L)] (L = pyridine or
imidazole linker). Linkers with varying chain lengths and designs have been synthesized to
delineate the effect of chain length and rigidity on the base binding affinity to the Fe(II)-NO
center. The molecular structures of the four different porphyrin ligands with covalently

attached axial pyridine or imidazole linkers employed in this study are shown in Fig 6.2.1.
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Figure 6.2.1. Molecular structures of free base porphyrins with appended linkers employed
in this study.
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6.2.2. Experimental Procedures

6.2.2.1 General

In general, reactions were performed applying inert Schlenk techniques. Infra red spectra
were obtained on KBr disk or in chloroform solution on a Perkin-Elmer BX spectrometer .
Proton magnetic resonance spectra were recorded on a Varian Inova 400 MHz and a Varian
Mercury 300 MHz instrument. Electronic absorption spectra were obtained on a Analytical
Jena Specord 600 instrument. Electron paramagnetic resonance spectra were recorded on a

Bruker X-band EMX spectrometer.

6.2.2.2 Materials

All solvents and reagents were purchased and used as supplied except as follows. Toluene
was distilled from sodium under argon. Dried and air free THF and n-hexane were obtained
after passing through an MBraun solvent purification system. 1-Methylimidazole was
vacuum distilled from KOH and degassed via five freeze-pump-thaw cycles. Nitric oxide
(Air gas, USA) was purified by first passing through an ascarite II column (NaOH on silica
gel) and then through a cold trap at —80°C to exclude higher nitrogen oxide impurities.

6.2.2.3 Syntheses

H>(NO;)TMPP, 5,10,15-Tris-(2,3,5-trimethyl-phenyl)-20-(2-nitro-phenyl)-porphyrin.

CHCI; (3.5 L) was added to a 4L three-necked round bottom flask, equipped with a
condenser and an argon inlet port. To this, mesitaldehyde (4.8 mL, 0.04 mol), 2-
nitrobenzaldehyde (4.083 g, 0.027 mol), and freshly distilled pyrrole (2.76 mL, 0,39 mol)
were added. The solution was purged with argon for about 30 min and then 5 mL of BFs-
etherate were added via a syringe. After one hour, para-chloranil (7.36 g) was added and the
reaction mixture was gently refluxed for 90 min. The reaction was then stopped and allowed
to cool to room temperature. Triethylamine (2 mL) was then added. After the reaction
mixture was then cooled to room temperature, the solvent was removed using on a rotary
evaporator. To this crude product, methanol (300 mL) was added to remove the impurities. A
purple solid was collected via filtration. The obtained solid product was purified by column
chromatography on silica using a CH,Cl,/n-hexane solvent mixture (1:1 ratio). The second

fraction was collected, yielding 1.5 g (22 %) of H,(NO,)TMPP.
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'H NMR (CD,Cl,, 400 MHz): 8.78-8.58 (m, 8H, S-pyrrole), 8.50-8.45 (dd, 1H, nitrophenyl),
8.21-8.18 (dd, 1H, nitrophenyl); 7.89-7.98 (m, 2H, nitrophenyl): 7.3-7.26 (m, 6H,
mesitylphenyl); 2.64 (s, 18H, ortho-CHs); 1.88 (m, 9H, para-CHj); -2.47 (s, 2H, NH
pyrrole).

H,>(NH;)TMPP, 5,10,15-Tris-(2,3,5-trimethyl-phenyl)-20-(2-amino-phenyl)-porphyrin.
H>(NO;,)TPPH,; (0.53 g, 0.67 mmol) was suspended in 30 mL of concentrated hydrochloric
acid (36-38%). To this, SnCl, (1.278 g, 10 equivalent) was added and the resulting green
colored heterogeneous reaction mixture was stirred overnight for about 14 hours. Then, the
reaction mixture was poured into a 1 L beaker and cooled to 0° C using an ice bath, and then
neutralized with NHs;. The color of the suspension changed from green to brown upon
neutralization. CH,Cl, (170 mL) and water were added and the insoluble material was
removed using filtration. The filtrate was collected and the organic layer containing the
aminoporphyrin was separated and extracted several times with CH,Cl,. The combined
dichloromethane fractions were dried over anhydrous Na,SOy, and the solvent was removed
to yield the crude product. The desired product was then purified using column
chromatography (silica, CH,Cl,/n-hexane = 3:2). The obtained yield was 0.4 g (78 %). 'H
NMR (400MHz, CD,Cl): 8.9-8.61 (m, 8H, S-pyrrole), 7.9-7.85 (dd, 1H, aminophenyl),
7.62-7.56 (m, 1H, aminophenyl); 7.29-7.25 (m, 6H, mesitylphenyl); 7.2-7.1 (m, 2H,
aminophenyl); 3.58 (s, 2H, -NH;); 2.63 (m, 18H, ortho—CHj3); 1.90 (m, 9H, para —CH,);
-2.53 (s, 2H, NH pyrrole).

H, TMPm-Py (1).

The aminoporphyrin Ho(NH,)TMPP (0.25 g, 0.33 mmol) was dissolved in 6 mL of DMF. To
this, 1 mL of N,N-diethylaniline was added, followed by the addition of a solution of 3-(3’-
pyridyl)propionic acid chloride in 3mL of DMF [prepared in situ by reacting 0.2 g of 3-(3’-
pyridyl)propionic acid with 3 mL of SOCl,), and then stirred for 4 hours at room
temperature. The excess SOCI, and the solvent were removed under vacuum. The residue
obtained was dissolved in CH,Cl, and washed several times with distilled water. The solution
was then dried with Na,SO4 and the solvent was removed using a rotary evaporator. The
desired product was purified using column chromatography (silica, CH,Cl,/CH3;OH = 99:1).
Yield (0.20 g, 68 %)
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'H NMR (400MHz, CD,Cly): 9.32 (s, 1H, NH-CO); 8.68 (m, 8H, f-pyrrole), 8,20 (d, 1H,
pyridyl); 7.92 (m, 2H, aminophenyl); 7.8-7.4 (m, 2H, pyridylphenyl); 7.8-7.74 (m, 1H,
aminophenyl); 7.5 (m, 1H, pyridyl); 7.25 (s, 6H, mesitylphenyl); 2.50 (m, 18H, ortho —CH3);
2.4 (t, 2H, -CH,-Py); 1.90 (m, 9H, para —CHj3); 1.6 (t, 2H, -CHy), 0.9 (t, 2H, -CH,), -2.3 (s,
2H, NH pyrrole).

MS (MALDI) for C4;Hs7N¢O: Cald: 889, found: 889.

[Fe(TMP-mPy)(Cl)]

0.15 g (0.17 mmol) of H,TMP-mPy (1) were stirred in 10 mL of dry and air free THF.
Anhydrous FeCl, (0.21 g, 1.7 mmol) was then added and the resulting reaction mixture was
refluxed at 60 °C under an argon atmosphere for 1 hour. The reaction was then stopped and
the solvent was removed under reduced pressure. The obtained residue was chromatographed
on silica gel using 0.5% methanol in CH,Cl,. The metallated porphyrin fraction was
collected and the solvent was then removed using a rotary evaporator. The obtained product

was dried; yield 0.11 g, 66 %. 'H NMR (CDCl3, 400 MHz): 80 (m, 8H, S-pyrrole).

[Fe(TMP-mPy)(NO)]

0.05 g (0.05 mmol) of [Fe(TMP-mPy)(Cl)] were placed in a 100 mL Schlenk flask and
freshly distilled CHCl; (8 mL) and CH30H (0.5 mL) were added. NO gas was then passed
through this solution, and the resulting solution was stirred for one hour. n- hexane (10 ml)
was slowly added to the reaction mixture, which was then stored in a freezer (-22°C) for 3
days. The resulting precipitate was filtered off using a fine pore size Schlenk filter funnel.
The yield of the product obtain was very low 11 mg (22 %), and contained some impurities.

FT-IR (cm™): v(NO) = 1694 cm™.

H,F¢(NO)TPP, 5,10,15-Tris-(2,6-difluoro-phenyl)-20-(2-nitro-phenyl)-porphyrin (5).F

To a 2 L Schlenk flask equipped with a magnetic stir bar, 2,6-difluorobenzaldehyde (11.52 g,
0.08 moles) and 2-nitrobenzaldehyde (4.083 g, 0.27 moles), 4 mL of ethanol, and 900 mL of
dry CH,Cl, were added. The solution was stirred and degassed with argon for several
minutes, and then pyrrole (7.25 g, 0.108 moles) was added. The light yellow solution was
stirred for 15 minutes under an argon atmosphere, followed by the addition of BF3;-OEt, (4

mL), which lead to a change of the solution color to red. The solution was then stirred for an
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additional 4 hours. Then, 8 mL of triethylamine were added, followed by 12 g of 2,5-
dichloro-3,5-dicyanobenzoquinone (DDQ). The resulting reaction mixture was stirred
overnight and the obtained insoluble material was filtered off using a medium porosity filter.
The filtrate was collected and the solvent was removed in vacuum. The crude solid product
obtained this way was washed with n-hexane for several times and purified by column
chromatography on silica using a CH,Cl,/n-hexane solvent mixture (1:1 ratio). The second
fraction (R¢ = 0.3) was collected, yielding 1.52 g (5%) of HoF¢(NO,)TPP as purple solid. 'H
NMR (CDCl;, 400 MHz): 8.9-8.71 (m, 8H, S-pyrrole), 8.50-8.45 (d, 1H, nitrophenyl), 8.29-
8.25 (m, 1H, nitrophenyl); 8.03-7.95 (m, 2H, nitrophenyl); 7.90-7.79 (m, 3H, para
fluorophenyl); 7.45-7.37 (m, 6H, meta fluorophenyl); -2.80 (s, 2H, NH pyrrole).

H,F¢(NH,)TPP, 5,10,15-Tris-(2,6-difluoro-phenyl)-20-(2-amino-phenyl)-porphyrin (6).”
H,F6(NO,)TPP (0.5 g, 0.65 mmol) was suspended in 30 mL of concentrated hydrochloric
acid (36-38 %). To this, SnCl, (0.62 g, 3.25 mmol) was added and the resulting green colored
heterogeneous reaction mixture was stirred overnight for about 14 hours. Then, the reaction
mixture was poured into a 1 L beaker and cooled to 0 °C using an ice bath, and then
neutralized with Na,CO;. The color changed from green to brown upon neutralization.
CH,Cl, (200 mL) and water were added, and the insoluble material was removed using
filtration. The filtrate was collected, and the organic layer containing the aminoporphyrin was
separated and extracted several times with CH,Cl,. The combined dichloromethane fractions
were dried over anhydrous Na,SO,4. The desired product was then purified using column
chromatography (silica, CH,Cly/n-hexane = 4:1, Ry = 0.6). The obtained yield was 0.38 g
(79 %). '"H NMR (400MHz, CD,Cl,): 8.89-8.83 (m, 8H, fS-pyrrole), 7.90-7.83 (m, 4H,
aminophenyl and para fluorophenyl), 7.63-7.57 (m, 1H, aminophenyl); 7.39-7.44 (m, 6H,
meta fluorophenyl); 7.18-7.15 (m, 2H, aminophenyl); -2.80 (s, 2H, NH pyrrole).

Sodium imidazolate.’

To a 100 mL Schlenk flask, 10.8 g (0.16 moles) of imidazole and THF (40 mL) were added
under an argon atmosphere. Then, 6.33 g (0.16 mol) of sodium hydride (60% suspension in
mineral oil) was added slowly. The solution was allowed to stir until the evolution of the H,

gas had ceased (4-5 hours). The reaction was then stopped and the solid was collected by
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filtration, washed with THF, and dried in a vacuum desiccator for 3 days. Yield (11.4 g,
80%). '"H NMR (400 MHz, D,0): 7.8 (s, 2H); 7.13 (s, 1H).

4-(N-imidazolyl)butyronitrile.9

4-bromobutyronitrile (5 g, 0.03 mol) was dissolved in 30 mL of THF (dry and air free) and
kept under an argon atmosphere. Sodium imidazolate (3.1 g, 0.03 mol) was added and the
resulting solution was stirred for 1 day. The solution was then exposed to air and filtered. The
solid obtained this way was washed with 10 mL of ACS grade CHCI;. All solutions were
then combined, and the solvent was removed using a rotary evaporator. The crude product (a
thick viscous liquid) was purified by vacuum distillation. The fraction collected at 160° C
under 1 mbar atmosphere was the desired product. Yield (3.3 g, 73%). '"H NMR (400 MHz,
CD,Cl,): 7.52 (s, IH-CHzIm); 7.12 (t, 1H, Im); 7.08 (t, 1H, Im); 4.18 (t, 2H, CH,Im ); 2.4 (t,
2H, CH,CN); 2.1 (quintet, 2H, CH,.CH,CN).

4-(N-imidazolyl)butyric acid hydrobromide (7).’

4-(N-imidazolyl)butyronitrile (3 g, 0.02 mol) was dissolved in 10 mL of ethanol. To this
solution, 5.5 g of KOH in 5 mL of distilled water were added. The solution was homogenized
by adding more ethanol (5 mL) to the reaction mixture, and then refluxed for 5 hours.
Hydrobromic acid (48%) was then added until the pH reached ~ 4, causing KBr to
precipitate. The KBr was filtered off using a medium pore size filter funnel, and the obtained
solution was evaporated to dryness. The solid was dried at 100° C using a P,Os chamber,
affording 3.8 g (76%) of the desired product. 'H NMR (400 MHz, D,0): 8.77 (s, 1H, Im);
7.54 (t, 1H, Im); 7.48 (t, 1H, Im); 4.31 (t, 2H, -CH,Im); 2.46 (t, 2H, -CH,COOH), 2.21
(quintet, 2H, -CH,-CH,COOH).

H,To-F,PP-C3;IM (2).

4-(N-imidazolyl)butyric acid hydrobromide (0.18 g, 0.4 mmol) was stirred in 5 mL of dry
and air free dimethylformamide (DMF). The solution was cooled to 0° C using an ice bath. A
solution of 35 mg (0.3 mmol) SOCI,; in 2 mL of DMF was then added. The solution was
stirred and allowed to warm up to room temperature under an argon atmosphere. After 30
minutes, a solution of F¢(NH,)TPPH, (0.1 g, 0.135 mmol) in 5 mL of DMF was added and

the resulting green solution was stirred overnight in the dark under argon. The reaction was
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then stopped by pouring the solution into 20 mL of benzene in the dark. The resulting
solution was washed with 2 X 20 mL of Na,COs, and 20 mL of water, and then dried over
Na;SO4. The solvent was removed under reduced pressure and the residue obtained was
column purified on silica gel (CH,Cl,/CH;0OH= 95:5) to give the desired C; imidazole linked
porphyrin ligand 2 (0.045 g, 38 %).

[Fe(To-F,PP-C3IM)(CD)] (8).

0.03 g (0.034 mmol) of H,To-F,PP-C;Im (2) was stirred in 8 mL of dry and air free THF.
Anhydrous FeCl, (0.043g, 0.34 mmol) was then added and the resulting reaction mixture was
refluxed under an argon atmosphere for 1 hour. The reaction was then stopped and the
solvent was removed under reduced pressure. The obtained residue was chromatographed on
silica gel using 3% methanol in CH,Cl,. The metallated porphyrin fraction was collected, and
the solvent was then removed using a rotary evaporator. The product obtained was finally
dried; yield 0.023 g (70 %). FT-IR in KBr (cm™): v(CO) = 1700.

UV-vis (nm) in CH,Cl,: 349, 415, 504, 572, and 649.

[Fe(To-F,PP-C3IM)(NO)] (9).

To a solution of the iron(IlI)-porphyrin 8 (0.02 g, 0.02 mmol) in 10 mL of freshly distilled
CHCI; and 0.5 mL of CH30H, excess nitric oxide was added and the resulting solution was
stirred for one hour. n- hexane (15ml) was slowly added to the reaction mixture, which was
then stored in a freezer (-20°C) for 1 day. The resulting precipitate was filtered off and
obtained compound was stored inside a glove box. The IR spectrum shows the NO stretching
band at 1686 cm™, indicative of the formation of 9. Yield: 0.010 g (52 %): FT-IR in KBr
(cm™): v(NO) = 1686.

H,To-F,PP-BzIM (3)."

a-bromotoluic acid (0.1 g, 4.64 mmol) and an excess thionyl chloride (1 mL) in methylene
chloride (3 mL) were refluxed under an argon atmosphere. After 40 minutes, the evolution of
gas ceased. The excess SOCI, and CH,Cl, were removed in vacuo to yield the crude acid
chloride as a yellow solid. A mixture of the porphyrin H,F¢s(NH,)TPP (0.04 g, 0.054 mmol)
and a-bromotoluic acid chloride in CH,Cl, (10 mL) was then refluxed for 2 hours under an

argon atmosphere. Subsequently, sodium imidazolate (50 mg, 1 equivalent) in CH3CN (13
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mL) was added to the reaction mixture at once. The mixture was heated to reflux for an
additional 1.30 hours. After the reaction was complete, the solution was diluted with water (8
mL). The organic layer was separated and successively extracted with 5% HCI (40 mL),
saturated NaHCOs; (40 mL), and water (30 mL). Finally, the organic layer was dried over
NaSO,4, and evaporated to dryness. The product was purified on silica gel using column
chromatography with 5% MeOH in CH,Cl, as eluent. Yield: 30 mg (60 %). MS (MALDI)
for Cs4H34N-F¢O; Cald: 922, found: 922.

[Fe(To-F,PP-BzIM)(CI)] (10)

0.03 g of H,To-F,PP-BzIM (2) were stirred in 10 mL of dry and air free THF. Anhydrous
FeCl, (0.39¢g) was then added, and the resulting reaction mixture was refluxed under an argon
atmosphere for 1 hour. The reaction was then stopped and the solvent was removed under
reduced pressure. The obtained residue was chromatographed on silica gel using 5%
methanol in CH,Cl,. The metallated porphyrin fraction was collected, and the solvent was
removed using a rotary evaporator. The product obtained was finally dried. Yield: 27 mg

(82%). FT-IR in KBr (cm™): 1684 (vco).

[Fe(To-F,PP-BzIM)(NO)] (11)

To a solution of the iron(Ill)-porphyrin 10 (0.02 g, 0.02 mmol) in 10 mL of freshly distilled
CHCIl;5 and CH30H (0.5 mL), excess nitric oxide was added, and the resulting solution was
stirred for one hour. n- hexane (15ml) was slowly added to the reaction mixture, which was
then stored in a freezer (-20 °C) for 1 day. The resulting precipitate was filtered off using a
fine pore size schlenk filter funnel, and the obtained compound was stored inside a glove
box. The IR spectrum shows the NO stretching band at 1644 cm™, indicative of the formation
of 11. Yield: 14 mg (70 %).

H,To-F,PP-C4IM (4), [Fe(To-F,PP-C4IM)(C1)], and [Fe(To-F,PP-C,IM)(NO)]

Preparation of H,To-F,PP-C4IM was performed by the same method as described for 3, but
using 5-bromopentanoic acid in place of a-bromotoluic acid to build the alkyl chain. Iron
insertion into HyTo-F,PP-C4IM and the synthesis of [Fe(To-F,PP-C4IM)(NO)] also follows

the same procedures as described for 10 and 11, respectively.
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6.2.3. Results and Discussion

6.2.3.1. Porphyrin ligands with the meta-pyridyl linker and the Cs-alkyl imidazole

linker: synthesis, characterization and base binding properties.

Mes

CHO CHO
/ \ NO, 1.CHCly; BF4-OEt, m Mes
+ + >
N 2. SH/HCI

NH; Mes
H,(NH,)TMPP

COOH

SOCl,
‘TN

1.FeC|2
R ==
-

[Fe(TMP-mPy)(NO)] H,TMP-mPy (1)

Scheme 6.2.1. Synthesis of the [Fe(TMP-mPy)(NO)] complex.

The covalent attachment of the pyridyl group to the porphyrin periphery was achieved by a
simple coupling reaction of the pyridyl arm, 3-(3’-pyridyl)propionyl chloride, with
tri(mesitylphenyl)mono(aminophenyl)porphyrin in the presence of SOCI, (Scheme 6.2.1).
Iron metallation was then carried out using FeCl,. The interaction of the resulting compound,
[Fe(TMP-mPy)(Cl)], with NO in solution was investigated using EPR spectroscopy. EPR
spectroscopy is a very powerful technique to determine the electronic structures of ferrous
heme NO compounds. Five-coordinate and six-coordinate Fe-NO complexes exhibit three g
values, g(min), g(mid) and g(max). The obtained g values and hyperfine splittings are very
different for the five- and six-coordinate species (cf. Chapter 4, Section 4.2)"! For example,
the five-coordinate iron(II)-porphyrin NO complex [FeTPP(NO)] shows g values of 2.013,
2.066 and 2.106 with a well-resolved three line '*N hyperfine splitting on the smallest g
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value g(min). On the contrary, a nine line hyperfine splitting (triplet of triplets) is observed
on g(mid) for the corresponding six-coordinate complex [Fe(TPP)(NO)(MI)] (for details see
Chapter 4, Section 4.2)."> The EPR spectrum of the m-pyridyl linker NO complex [Fe(TMP-
mPy)(NO)] in glassy toluene at 77 K shows the characteristic 5C iron-porphyrin NO
spectrum with three line '*N hyperfine on g(min). In addition, the FT-IR spectrum of
[Fe(TMP-mPy)(NO)] presented in Figure 6.2.2 shows v(NO) at 1694 cm™ which is virtually
identical to the values observed for 5C species. These observations indicate that the pyridyl
arm is in fact not coordinated to the Fe-NO unit. These results are also in agreement with the
very weak binding affinity of pyridine to Fe-NO observed in the axial ligation titration
experiments, monitored by UV-vis spectroscopy (see Chapter 4, Section 4.3).® We concluded
that the covalently attached pyridine linker leads to the formation of only 5C species in
solution, which suggests a dominant base-off reaction upon NO binding. Hence, the concept
of “increased local concentration” of base discussed in the literature is not valid in this case.
Even though the pyridine linker is covalently attached to the porphyrin, it fails to bind to the
Fe(II)-NO center.

In an effort to synthesis a stable 6C species in solution, a strategy involving the attachment of
alkyl chained imidazole to a fluoro-substituted phenylporphyrin was developed. This strategy
is based on the findings from our binding studies of different N-donors to [Fe(TPP*)(NO)]
type complexes as described in Section 4.3, which indicate that only the combination of the
weakly electron withdrawing tetra(ortho-difluorophenyl)porphyrin (To-F,PP) ligand and 1-
methylimidazole (MI) leads to a sufficient binding constant that ensures coordination of the
axial ligand in solution. As shown in Figure 6.2.3, pure [Fe(To-F,PP)(MI)(NO)] shows in
fact binding of MI in benzene solution, which is very unusual. Therefore, the ligand H,To-
F,PP-C3;Im was synthesized by condensing 4-N-imidazolylbutyric acid hydrobromide
(imidazole arm) with HyF¢(NH,)TPP. Iron insertion and nitric oxide reaction were then

carried out to afford complex 9 as shown in Scheme 6.2.2.
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Figure 6.2.2. FT-IR spectrum of [Fe(TMP-mPy)(NO)].
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Figure 6.2.3. UV-vis spectrum of pure [Fe(To-F,PP)(MI)(NO)] in benzene showing the

characteristic 6C spectrum.
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Scheme 6.2.2. Synthesis of the [Fe(To-F,PP-C3IM)(NO)] complex (9)
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Figure 6.2.4. FT-IR spectrum of [Fe(To-F,PP-C;Im)(Cl)] and the corresponding NO
complex [Fe(To-F,PP-C;Im)(NO)]

Figure 6.2.4 shows the FT-IR spectrum of [Fe(To-F,PP-CsMI)(Cl)] and [Fe(To-F,PP-
CsMI)(NO)] in comparison. Bands at 1624 cm™ and 1584 cm™ are assigned as v(C-C)
stretching modes of the aminophenyl and fluorophenyl rings."”> This is obvious by
comparison with the IR spectrum of H,Fs(NH,)TPP (see Figure 6.2.5) . A band is observed in
[Fe(To-F,PP-C35IM)(C1)] at 1700 cm™ which is assigned as v(C=0) of the amide group. The
NO complex, [Fe(To-F,PP-C;IM)(NO)] (9), shows a broad intense band at 1686 cm™. This
mode is assigned to a superposition of v(C=0) and v(N-O). Therefore, v(N-O) is very similar
in energy compared to the 5C iron-porphyrin NO complexes. This seems to indicate that this
complex is also five-coordinate. More insight is available from UV-vis absorption
spectroscopy. As indicated in Chapter 4, UV-vis spectroscopy is a useful technique to
distinguish between 5C and 6C ferrous heme NO complexes. The absorption spectra of the
five-coordinate iron porphyrin NO complexes exhibit Soret absorption maxima at 400-407

nm with a shoulder around 470 nm.
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Figure 6.2.6. Electronic absorption spectra of iron(II)-porphyrin NO complexes.

On the other hand, the corresponding six-coordinate complexes with relative strongly binding
axial ligand 1-methylimidazole show the Soret maximum red shifted to 425 nm. The weaker
binding pyridine ligand, on the other hand, shows a smaller shift of the Soret band to about
417 nm.® UV-vis absorption spectra of iron(I)-porphyrin NO complexes are shown below in
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Figure 6.2.6. In comparison, the electronic absorption spectrum of [Fe(To-F,PP-C;Im)(NO)]
(9) measured in toluene at room temperature shows the Soret band maximum at 417 nm,
which is similar to free pyridine coordination to [Fe(TPP)(NO)] and [Fe(To-F,PP)(NO)]
determined from the axial ligation studies presented in Chapter 4. The lack of a broad
absorption band between 400 - 407 nm and shoulder around 470 nm confirms that there is no
5C species present in the solution. In summary, these observations (IR and UV-vis) indicate a

weak binding of the C; imidazole linker to the Fe-NO center.
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Figure 6.2.7. EPR spectra of [Fe(To-F,PP)(NO)(MI)] (9) in frozen DMSO at 77 K (left) and
at 5 K (right).

This result is further confirmed by EPR spectroscopy. Figure 6.2.7 depicts the EPR spectrum
of 9 in glassy DMSO at 77 K (left) and at liquid helium temperature (right). The spectrum at
77 K, exhibits strong '“N hyperfine lines of NO, plus unresolved hyperfine couplings of the
axial IM ligand on g(mid). The g values are obtained at 1.977, 2.00 and 2.088. More insight
is available from the low temperature (liquid helium) spectra shown in Figure 6.2.6, right.
Very small hyperfine splittings of the IM ligand are detectable, indicative of a very weak
binding of IM to Fe(Il). Based on the FT-IR, UV-vis and EPR data obtained on complex 9, it
1s concluded that the interaction of the C; imidazole arm with the Fe-NO center is weak. This
is somewhat surprising, since compound [Fe(To-F,PP)(NO)(MI)] shows strong binding of
MI to Fe(Il). There are two possible reasons for this apparent difference: (a) the alkyl chain is
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too short to allow for a good interaction of IM with the iron(Il) or (b) the dynamic motion of
the phenyl rings (Ph-C) rotations leads to a constant alkyl chain motion in solution, which
prevents effective binding of the imidazole ligand to Fe-NO. Thus, a good model for a six-
coordinate heme nitrosyl has not been obtained using either the pyridyl or the C; imidazole
linker. To rule out the effect of coordinating solvent DMSO, we have recorded EPR of the
five-coordinate [Fe(TPP)(NO)] in DMSO and toluene mixture (1:1), to check whether
DMSO binds to the Fe(I[)-NO. The corresponding EPR spectrum is shown in Figure 6.2.8.
The spectrum is identical to the five-coordinate spectrum obtained in pure toluene, which is a
non-coordinating solvent. In addition, UV-vis spectrum of [Fe(TPP)(NO)] measured in
DMSO shows the characteristic 5C spectrum with Soret maximum at 409 nm. Therefore, it is
confirmed that the obtained EPR and UV-vis spectra of [Fe(To-F,PP-C;IM)(NO)] actually
show IM binding to the Fe(II)-NO center.

20000 [ [Fe(TPP)(NOY)] at 77 K in DMSO+Toluene |

2.09 l

10000 +

-10000

-20000

Derivative EPR Intensity

-30000 ~

-40000 - 1.99

3100 3200 3300 3400
B[G]

Figure 6.2.8. EPR spectrum of [Fe(TPP)(NO)] in frozen Toluene and DMSO (1:1 sovent
mixture) at 77 K.

6.1.3.2. Porphyrin ligands with the C4 chain imidazole linker and the benzyl imidazole
linker: synthesis, characterization, and base binding properties.

In order to determine the influence of the carbon chain length on the base binding properties
of the imidazole linked porphyrin NO complexes, we synthesized H,To-F,PP-C4IM (4). This
ligand contains one CH,- group more in the alkyl chain compared to 2. This allows to

directly compare the binding affinity of different linkers varying only in carbon chain
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lengths, and eventually to obtain a better model for the six-coordinate species in solution.
The synthesis of HyTo-F,PP-C4IM (4) was carried out by treatment of bromopentanoic acid
chloride with H,F¢(NH,)TPP, and subsequent addition of sodium imidazolate. Column
separation and purification using silica gel then yields pure 4. Further reaction with FeCl,
and NO gives the corresponding NO complex [Fe(To-F,PP-C3;Im)(NO)]. The synthetic route

1s illustrated in Scheme 6.2.3.
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Scheme 6.2.3. Synthesis of [Fe(To-F,PP-C4IM)(NO)] complex.
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Figure 6.2.9. EPR spectrum of [Fe(To-F,PP-C4IM)(NO)] in frozen DMSO at 77K.
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The base binding affinity of the linked imidazole to Fe(Il) in [Fe(To-F,PP-C4IM)(NO)] was
investigated using UV-vis and EPR spectroscopy. The obtained electronic and EPR spectra
again show weak binding of the C,4 alkyl chained imidazole linker in [Fe(To-F,PP-
C4IM)(NO)]. In fact, the spectra are virtually identical to those of the C; linker compound 9.
The EPR spectrum of [Fe(To-F,PP-C4Im)(NO)] in DMSO is shown in Figure 6.2.9. Hence,
this demonstrates that the length of the alkyl chain in Cs linker 9 is not the reason for the
weak binding of the linked IM ligand to Fe(Il). In the next step, it is therefore probed
whether a less floppy linker would improve the binding.

In an effort to construct a more rigidly linked porphyrin system to finally obtain a
stable six-coordinate compound in solution, porphyrin ligand H,To-F,PP-BzIM (3) was
designed. This ligand is based on a fluoro-substituted porphyrin periphery with an attached
benzyl imidazolyl arm. The benzyl group constitutes to a rigid spacer for the attached

imidazole to bind to the Fe(II)-NO unit, and is less floppy compared to the alkyl imidazole

linker applied before.
PhF,
Br2 CHzBr
S PhF,
NH
cocl ( ) szh
cocl N

H,To-F,PP-BzIM (3)

1. FEC|2
2.NO

[Fe(To-F,PP-BzIM)(NO)] (11)

Scheme 6.2.4. Synthesis of the iron(II)-NO complex of the benzylimidazole linked porphyrin
(11).
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Moreover, the benzyl linker has one carbon atom more connecting the amide group to the
imidazole donor compared to the C; chain alkyl linker in 2 (cf. Figure 6.2.1), and hence,
corresponds directly to the C4 linker discussed above. Reaction of H,F¢(NH,)TPP with o-
bromotoluic acid chloride, followed by nucleophilic substitution with sodium imidazolate in
acetonitrile, and subsequent column separation and purification affords ligand 3 in good
yield, as shown in Scheme 6.2.4. Metallation with FeCl, in refluxing THF yields the
corresponding iron comlex, [Fe(To-F,PP-BzIM)(Cl)]. The FT-IR spectrum of [Fe(ToF,PP-
BzIM)(C1)] is shown in Figure 6.2.12. The spectrum shows a band at 1684 cm™, which
corresponds to the stretching vibration v(C=0) of the amide group. This band is observed at
1700 cm™ in [Fe(To-F,PP-C5IM)(CD)]. This difference may be due to the electron
withdrawing nature of the benzyl group, which might somewhat weaken the C=0 bond of the
amide group. Bands at 1624 cm’ and 1582 cm™ are again present as in Fe(To-F,PP-

BzIM)(CI)] and are assigned to C-C phenyl ring vibrations as discussed above.

The NO complex 11 was synthesized (see Scheme 6.2.4) by the reductive nitrosylation
reaction of [Fe(To-F,PP-BzIM)(CI)] with NO in CHCI; and CH30H as solvent system. The

complex was isolated as a solid by precipitation induced by the addition of n-hexane.
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Figure 6.2.10. The UV-vis spectrum of [Fe(To-F,PP-BzIM)(NO)] shows formation of a 6C

complex in solution (cf. Figure 6.2.6)
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We investigated the base binding properties of the benzyl imidazolyl linker to the Fe(II)-NO
center using UV-vis, FT-IR and EPR spectroscopy. The UV-vis spectrum of the NO complex
11 exhibits the Soret band at 427 nm in DMSO (cf. Figure 6.2.10). This red shift of the Soret
band is indicative for the formation of a stable six-coordinate adduct in solution. The spectral
features compares well with the spectrum obtained by the addition of excess
I-methylimidazole to [Fe(TPP*)(NO)], as shown in Figure 6.2.6. From the obtained UV-vis
absorption data of 11, it was concluded that the appended benzyl imidazolyl linker is in fact
bound to the Fe(II)-NO unit in solution.

ty
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Figure 6.2.11. The EPR spectrum of [Fe(To-F,PP-BzIM)(NO)] in frozen DMSO at 77 K.

To further investigate this, the EPR spectrum of 11 was taken in DMSO at 77 K (Figure
6.2.11). Interestingly, the observed spectral pattern characterized by a nine line hyperfine
structure on g(mid), which originates from the interaction of the unpaired electron with both
the '*N of NO and of the axial benzyl imidazolyl ligand, resembles that of the well-know 6C
ferrous heme nitrosyls described in Chapter 4. The obtained g values are also in agreement
with the literature values obtained for the 6C species.'® This confirms that 11 forms a stable
6C complex in solution. Notably, complex 11 also shows the g absorption observed between

g(min) and g(mid). This unidentified g, feature has been found in the in the EPR spectra of
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6C complexes at low temperatures and probably arises from another conformation of the
complexes in solution."” These findings based on spectroscopic evidence (UV-vis and EPR)
clearly show that the benzyl imidazolyl linker binds to the Fe-NO unit in 11 and forms a

stable 6C complex in solution without the need of excess base.

To further evaluate the Fe-Im bond strength in 11, vibrational spectroscopy (IR) was
employed. The results on the simple 5C and 6C complexes [Fe(TPP*)(NO)] and
[Fe(TPP*)(L)(NO)] described in Chapter 4 have shown that the N-O stretch is a sensitive
probe for the strength of the Fe-Im interaction, and that v(NO) appears in the 1620 cm™ to
1700 cm™ range. Figure 6.2.12, right depicts the FT-IR spectrum of 11 in CHCl;. The
spectrum of 11 shows bands at 1680 cm’! and 1624 cm'l, which, however, are also present in
[Fe(To-F,PP-BzIm)(Cl)] and have been assigned to v(C-O)and v(C-C) modes. In
comparison with the precursor, a new band at 1644 cm™ is observed for the NO complex 11
as shown in Figure 6.2.12. This band is therefore assigned to v(NO). Interestingly, the
obtained value of v(NO) in 11 of 1644 cm™ is higher in energy compared to six-coordinate
compounds formed with free 1-methylimidazole, where v(NO) appears at 1625 cm™. This
indirectly reflects the strength of the Fe-L bond (L= axial ligand). Therefore, IR studies show
that the covalently attached benzyl imidazolyl linker still cannot bind as strongly to the
Fe(I)-NO unit as free imidazole. This observation has an important consequence: the
concept of increased local concentration of the attached axial ligand discussed above is not

valid at all. In fact, the binding of the linked imidazole is always weaker compared to free

IM.
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6.3 A Complete Structural Model for Bacterial Nitric Oxide
Reductase (NorBC): Synthesis,  Characterization and

Spectroscopic Properties

6.3.1. Introduction

Denitrification is an important reduction pathway in the inorganic nitrogen cycle which
releases a large amount of fixed nitrogen to the biosphere. Denitrification is carried out by a
variety of bacteria for energy generation by the stepwise reduction of nitrate to N, under
anaerobic conditions.! A key enzyme in the dissimilatory denitrification is the bacterial nitric
oxide reductase (NorBC), which is responsible for the two electron reduction of NO to N,O.
NorBCs active site consists of a high spin ferric heme and a non-heme (Feg) in close
proximity. The proposed catalytic mechanism involves binding of two molecules of NO,
each at one of the two metal centers, followed by N-N coupling to form N,O.? Nevertheless,
there is no concrete evidence to back up this mechanism. Other mechanistic possibilities have
been suggested as well for the generation of N,O at the bacterial NOR active site.” NorBCs
belong to the super family of heme-copper oxidases and are structurally closely related to the
cytochrome ¢ oxidases (CcOs). CcOs are believed to have evolved from the NorBCs under
aerobic conditions. Owing to their biological implications, several active site model
complexes have been synthesized for CcOs by various research groups, and their properties
have been explored spectroscopically.’” However, only a very few reports have been
published so far for a complete structural model system of NorBC. Karlin and coworkers
synthesized a ferrous heme with a covalently attached ferrous tris(pyridylmethyl)amine
(TPA) complex (Figure 6.3.1). This model system binds two molecules of NO as evidenced
by IR spectroscopy. Nevertheless, this complex does not show any NorBC activity to form
N;O. Karlin and coworkers concluded that the sixth ligand for heme may be necessary for the
NO coupling mechanism to yield N,O.® In contrast, model complex studies described in the
preceding sections (cf. Chapter 4) have shown that six-coordinate ferrous heme-nitrosyls of
type [Fe(TPP*)(MI)(NO)] have a large amount of radical character on the NO ligand;’ d3e
however, these compounds are stable in solution and do not show any N,O formation. This

seems to indicate that the simple N-N coupling mechanism is incomplete. Therefore, a
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sophisticated model complex with covalently attached sixth ligand for the heme center and a
non-heme ligand has to be synthesized to study the electronic structure and reactivity of the
diiron (NO), center. Recently, it has been indicated that the non-heme site is coordinated by
three histidyl nitrogen atoms and a glutamic acid residue.* The glutamic acid is considered
important for the normal activity of NorBC. This carboxylic acid possibly stabilizes the Fep
site and thus may induce the N-N coupling reaction in the enzyme.” Based on this
speculation, corresponding model compounds (ligands) have been prepared by the Collman
group by attaching a carboxylic acid to a trisimidazole picket porphyrin porphyrins.®
However, metal complexation and reactivity studies on these models have not been

performed so far.

In this chapter, we describe the new synthetic NorBC active site model compound [H;To-
F,PP-PBMPA] (9) (Figure 6.3.2), which consists of a fluorosubstituted porphyrin covalently
attached to the tridentate chelate dipyridylmethylamine (PBMPA, N-(propionic acid)-N,N-
bis-(dipyridylmethyl)amine). We have investigated the reactivity of the diiron complex 10
with excess NO using UV-vis and IR spectroscopies. In addition, to explore the significance
of the sixth ligand coordination to the ferrous heme, we are currently synthesizing a six-
coordinate heme model complex with a linked non-heme ferrous site. In this section, we also
discuss the synthesis and characterization of the corresponding precursor compound,
dinitroporphyrin 12. The heme portions of these model complexes (five- and six coordinate
iron(I1)-NO adducts) have been extensively investigated using various spectroscopic methods
and DFT calculations, as previously described (see Chapter 4). However, the spectroscopic
properties of the non-heme iron nitrosyl have not been explored by our group to date. In this
regard, the mononuclear non-heme iron complex with the tris(2-pyridylmethyl)amine ligand
(TPA) and PBPMPA have been synthesized and characterized using UV-vis, IR, and EPR
spectroscopic techniques. In this study, the spectroscopic properties of the non-heme iron

complex have been used to characterize the non-heme part of complex 10.

137



40
N\ / N\/

F,Ph
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Figure 6.3.2. Heme/non-heme ligand systems: five-coordinate 9 employed in this study, and

six-coordinate 13 which is currently being synthesized.
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6.3.2 Experimental Procedures

6.3.2.1 General.

Most of the reactions were performed applying inert Schlenk techniques. Infrared spectra
were obtained on KBr disks or chloroform solutions on a Perkin-Elmer BX spectrometer.
Proton magnetic resonance spectra were obtained on a Varian Inova 400 MHz and a Varian
Mercury 300 MHz instrument. Electronic absorption spectra were recorded on an Analytic

Jena Specord 600 instrument.

6.3.2.2 Materials.

All solvents and reagents were purchased and used as supplied except as follows. Toluene
was distilled from sodium under argon. Dried and air free THF and n-hexane were obtained
after passing through MBraun solvent purification system. 1-Methylimidazole was vacuum
distilled from KOH and degassed for five times via a freeze-pump-thraw cycle. Nitric oxide
(Air gas, USA) was purified by first passing through an ascarite II column (NaOH on silica

gel) and then through a cold trap at —80°C to exclude higher nitrogen oxide impurities.

6.3.2.3 Syntheses

The syntheses of  5,10,15-Tris-(2,6-difluoro-phenyl)-20-(2-nitro-phenyl)-porphyrine,
H,F¢(NO,)TPP (1), and 5,10,15-Tris-(2,6-difluoro-phenyl)-20-(2-amino-phenyl)-porphyrine,
H,F¢(NH,)TPP (2), are discussed in chapter 6. Tris(2-pyridylmethyl)amine tri-perchlorate,
TPA-3HCIOs,”  N-(methylpropionate)-N,N-bis-(dipyridylmethyl)amine, =~ MPMPBA;'"’
5,10,15-Tris-(2,6-difluoro-phenyl)-20-(2,6-dinitro-phenyl)-porphyrine, HoFo(N 02)2TPP;1 :
10,15-Tris-(2,6-difluoro-phenyl)-20-(2,6-diamino-phenyl)-porphyrine, H,F6(NH,),TPP"!

were synthesized according to published procedures as described in the following.

6.3.2.3.1 Synthesis of a Mononuclear Non-Heme Iron NO compound
TPA-3HCIOy, Tris(2-pyridylmethyl)amine tri-perchlorate, (3).

2 mL of 2-(aminomethyl)pyridine (0.02 mol) were added to a solution of 2-
(chloromethyl)pyridine hydrochloride (6.37 g, 0.04 mol) in water (10 mL). NaOH (7.75 mL,
0.08 mol, 10 M) was added during the following 30 minutes to obtain a dark red solution.

The solution was subsequently stirred and heated to 70° C for another 30 minutes. The
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mixture was then cooled to a room temperature, and perchloric acid (5 mL, 6M) was added to
precipitate the tan perchlorate salt. The solid was filtered off, and washed with ethanol and
diethylether to obtain a white product. Yield 1.25 g (85%). '"H NMR (200 MHz, CDCI3) 3.8
(s, 6H); 7.1 (m, 3H); 7.5-7.7 (m, 6H); 8.5 (m, 3H).

[Fe(TPA)(CH3CN)2](Cl10y4);,  [Tris(2-pyridylmethyl)amine-di(actetonitrile)]iron(Il)  di-
perchlorate (4)

TPA-3HCIO4 (1.0 g, 1.6 mol) and 0.61 g (1.6 mol) of Fe(ClO4),"6H,O were dissolved in
acetonitrile (30 mL) under an argon atmosphere. The resulting solution was stirred for 3
hours. Then, 10 mL of diethyl ether were added and the resulting precipitate was filtered off
under argon. The obtained compound was further purified by recrystallization using
acetonitrile and slowly adding diethyl ether. The precipitate obtained by this way was filtered
off. Yield: 1.3 g (85%)

[Fe(TPA)(NO)(CH3CN)](ClO4)2 (5)

[Fe(TPA)(CH;3CN),](ClO4), (0.25 g, 0.5 mmol) was placed in a 250 mL Schlenk flask under
an argon atmosphere. Then, dichloromethane (20 mL) was added to the flask to dissolve the
complex to give a light orange solution. Excess nitric oxide was then added to the flask while
stirring. The solution turned dark brown and a precipitate formed. The solution was stirred
for another one and a half hours and cooled in a freezer at -27° C. The formed precipitate was
filtrered, under argon, yielding a dark brown precipitate. Yield: 0.225 g (86%). FT-IR (cm™):
1810 cm™ (vno).

6.3.2.3.2 Synthesis of the Five-Coordinate Heme/Non-heme NorBC Model.
MPBMPA, N-(methylpropionate)-N,N-bis-(dipyridylmethyl)amine (6).
A 30 mL of a methanolic solution containing bis-(2-dipyridylmethyl)amine and methyl
acrylate (5.7 mL, 0.063 mol) was stirred for one week. After this period, the solvent and the
residual methylacrylate were removed under vacuum. The oily mixture obtained this way
was purified using silica gel column chromatography employing methanol as eluent. The
purified product was obtained as viscous brown oil (yield 5 g, 90%). '"H NMR (CD;OD): 2.6
(t, 2H, -CH,CO,CHj3); 2.9 (s, 4H, -CH,-NCH,Py); 3.8 (s, 3H, -COOCH3); 7.3 (td, 2H, Hs.py);
7.6(dd, 2H, Hs.py); 7.3 (td, 2H, Ha.py); 8.4 (dd, 2H, He.py).
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[Fe(MPBMPA)CIl;], Trichloro[N-methylpropionate-N,N-bis(2pyridylmethyl)amine]iron(III)
).

MPBMPA (0.3g, 1.05 mmol) was dissolved in methanol and the resulting mixture was added
to a solution of FeCl, (0.13 g, 1.05 mmol) in 20 mL of methanol. The obtained reaction
mixture was stirred at room temperature for 2 hrs. Upon allowing the solution stand
overnight, single crystals suitable for X-ray analysis of the ferric form of the complex were

obtained.

PBMPA, N-(propionic acid)-N,N-bis-(dipyridylmethyl)amine (8).

MPBMPA (0.525 g, 1.84 mmol) was dissolved in 5 mL of THF and an aqueous solution of
0.1M NaOH (0.21 g in 2 mL of H,O) was added. The reaction was refluxed for 5 hrs at 70°
C. During this period, the aqueous phase turned brown in color. The aqueous layer was
separated and neutralized with 1 mL of 2.5 M HCI. The solvent was removed under vacuum
and the product was obtained as yellow solid (yield: 0.4 g, 80%). 'H NMR (CD;OD): 2.43 (t,
2H, -CH,CO,H); 2.861(t, 2H, CH,-CH,-COOH); 3.8 (s, 4H, NCH,Py); 7.244 (m, 2H, Hs.py);
7.6(dd, 2H, Hs.py); 7.7 (m, 2H, Ha.py); 8.4 (t, 2H, He.py).

[H,To-F,PP-PBMPA|], SC Heme/non-heme ligand (9).

H,Fo(NH2)TPP (2, 20 mg, 0.027 mmol) was stirred in 15 mL CH,Cl,. To this solution, 5 mL
dry methanolic solution of PBMPA 8 (0.7 g, 0.26 mmol) followed by 0.1 g of
dicyclohexylcarbodiimide (DCC) were added. The resulting solution was stirred at room
temperature for 2 hrs. The solution was concentrated and washed with aqueous NaHCOs.
The solution was then dried with Na,SO4 and concentrated. The compound was purified
using column chromatography on silica gel with the eluent CH,Cl,/CH30H = 4:1 to give
compound 9 (yield: 18 mg, 67 %). MS (MALDI) for CsoH4NsFsO [M+H]": Cald. 991,
found 991.

[Fex(To-F,PP-PBMPA)(NO);|, 5C Heme/non-heme diiron(NO); (10).

15 mg of [H,To-F,PP-PBMPA] (9) were stirred in 10 mL of dry and air free THF.
Anhydrous FeCl, (27 mg, 20 equivalents) was then added and the resulting reaction mixture
was refluxed under an argon atmosphere for 2 hours. After that, the reaction was stopped and

the solvent was removed under vacuum. The complex was redissolved in 10 mL dry and air
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free CHCls, followed by the addition of 1 mL of CH3;0H. NO gas was then added to the
stirred solution for 1 hour. n-hexane (10 mL) was used to precipitate the obtained the
dinitrosyl diiron complex 10. FT-IR (cm™): 1816 (vno), 1683 (vno). The yield of the product
is 10 mg (52 %). The quality of the IR spectrum quality is poor due to the presence of

impurities.

6.3.2.3.3 Synthesis of the Precursor for a Six-Coordinate Heme/Non-Heme

NorBC Model compound (13):

F,DP, 2,6-(Difluorophenyl)dipyrromethane (11).

5 g (35.2 mmol) of 2,6-difluorobenzaldehyde were placed in a 250 mL Schlenk flask, and
100 mL of freshly distilled pyrrole were added. The resulting solution was stirred and
degassed with argon for 15 minutes. Then, 0.5 mL of trifluoroacetic acid were added under
an argon atmosphere, and the resulting red solution was stirred for an additional hour. The
reaction was then stopped, and 100 mL of ACS grade dichloromethane were added. The
organic layer was washed three times with 100 mL of 0.1 M NaOH and dried over anhydrous
Na,SO4. The dichloromethane was then removed and excess pyrrole was subsequently
distilled off in vacuum. The obtained residue (green paste) was column chromatographed
using 4:1 n-hexane/diethylether containing 1% triethylamine. The first fraction from the
column was collected and purified two times by recrystallization employing n-hexane and
diethyl ether mixtures (ratio of 10:1) to yield white needles (4.1g, 45%). 'H NMR (400 MHz,
CD,Cl,) 8.17 (s, br, 2H, N-H pyrrole); 7.16-7.26 (m, 1H, para phenyl ); 6.87-6.93 (t, 2H,
meta phenyl); 6.68-6.70 (m, 2H, y~pyrrole); 6.13-6.15 (q, 2H, a—pyrrole); 6.01 (s, 2H, f-
pyrrole); 5.91 (s, 1H, CH).

H,F¢(NO,),TPP, 5,10,15-Tris-(2,6-difluoro-phenyl)-20-(2,6-dinitro-phenyl)-porphyrin (12).

2,6-(difluorophenyl)dipyrromethane (11) (7.25 g, 28 mmol), 2,6-difluorobenzaldehyde (2 g,
14 mmol), and 2,6-dinitrobenzaldehyde (3.15 g, 16 mmol) were added to 1.75 L of ACS
grade deaerated dichloromethane. To this, 2.0 mL of BF;-OEt, were added, and the resulting
orange solution was stirred for 30 minutes. During this time, the color changed from initially

orange to red then to purple. Then, 13.6 g (60 mmol) of 2,3-dichloro5,6-
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dicyanaobenzoquinone (DDQ) were added and the resulting reaction mixture was stirred at
room temperature for 8 hours. Then, the reaction was stopped and the solution was
evaporated to reduce the volume to around 100 mL. This solution was pre-purified by
passing through an alumina column (neutral) employing CH,Cl, as eluent and then further
purified with silica gel column chromatography using CH,Cl,/n-Hexane (4:1). The second
fraction was collected and dried under vacuum to afford 1.14 g (8.8 %) of H,F¢(NO,),TPP,
"H NMR (400 MHz, CD,Cl,) 8.86-8.84 (m, 6H, B-pyrrole ); 8.64 (d, 2H, B-pyrrole); 8.46 (d,
2H, meta nitrophenyl H); 8.103 (t, 1H, para nitrophenyl); 7.18 (m, 3H, para fluorophenyl);
7.37 (m, 6H, meta fluorophenyl); -2.72 (s, 2H, NH pyrrole).

6.3.2.3.4 Crystal structure determination of [Fe(MPBMPA)Cl;] (7)

Yellow polyhedron-shaped crystals of [Fe(MPBMPA)CIl;] were grown from a methanol
solution at 22° C. A crystal of dimensions 0.24 x 0.23 x 0.15 mm was mounted on a Bruker
SMART APEX CCD-based X-ray diffractometer equipped with a low temperature device
and a fine focus Mo-target X-ray tube (A = 0.71073 A) operated at 1500 W power (50 kV, 30
mA). The X-ray intensities were measured at 85(1) K; the detector was placed at a distance
5.055 cm from the crystal. A total of 3730 frames were collected with a scan width of 0.5° in
o and phi with an exposure time of 10 s/frame. The integration of the data yielded a total of
58849 reflections to a maximum 26 value of 56.80° of which 4672 were independent and
4502 were greater than 20(I). The final cell constants were based on the xyz centroids of
9959 reflections above 10c(I). Analysis of the data showed negligible decay during data
collection; the data were processed with SADABS and corrected for absorption. The
structure was solved and refined with the Bruker SHELXTL (version 6.12) software package,
using the space group C2/c with Z = 8 for the formula C1gH19N302Fe. All non-hydrogen

atoms were refined anisotropically with the hydrogen atoms placed in idealized positions.

Full matrix least-squares refinement based on F2 converged at R1 = 0.0257 and wR2 =

0.0665 [based on I > 20(I)], R1 =0.0267 and wR2 = 0.0675 for all data.
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6.3.3. Results and Discussion
6.3.3.1 Synthesis, characterization and spectroscopic properties of the

mononuclear non-heme iron NO complex

The non-heme ligand Tris(2-pyridylmethyl)amine triperchlorate, (TPA-3HCIO4, (3) was
synthesized from 2-(aminomethyl)pyridine and 2-(chloromethyl)pyridine hydrochloride. The
ligand was obtained as a triperchlorate salt. The iron complex [Fe(TPA)(CH3;CN),](ClO4),
(4) was prepared by mixing iron perchlorate hexahydrate and ligand 3 in acetonitrile. Then,
the NO complex was synthesized by adding NO to an acetonitrile solution of 4 at room
temperature in the absence of O,. Immediate formation of a brown precipitate was observed.
Allowing the reaction mixture to stand overnight at -27° C under a nitric oxide atmosphere
produced 86% yield (Scheme 6.3.1). It is assumed that the sixth coordination site of iron in
this complex is occupied by one acetonitrile molecule. The UV-vis absorption spectra of the

NO complex were measured in methanol, acetone, and DMSO are shown in Figure 6.3.3.

7
Z 7 1. NaOH [::rﬂz/\\N Z
< ol N N N
N N 2. HCIO, X
HoN ‘HCL / N

) o o TPA-3HCI1O, (3)
2-(aminomethyl)pyridine  2-(chloromethyl)pyridine

hydrochloride
1.Fe(ll) insertion
2.NO
- 7 | _
N N\<:N 7
L~ | cion,
*\N//l
- NCMe
NO -

[Fe(TPA)(CH3CN)(NO)](CIOy); (5)

Scheme 6.3.1. Synthesis of [Fe(TPA)(CH;CN)(NO)](CIO4); (5).
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Figure 6.3.3. UV-vis spectra of [Fe(TPA)(NO)(CH3CN)](ClOy), featuring 359, 437, 520 and
654 nm bands in methanol, acetone (top), and DMSO (bottom).

145



5000
4.05

2000 —— [Fe(TPA)Y(NO)(CH CN)](CIO,)

3000
2000

1000

EPR derv. Intensity
o
1 "

-1000

-2000

-3000

15IOO I 20IOO I 25IOO I 3OIOO I 35IOO I 40IOO
B[G]
Figure 6.3.4. EPR spectrum of a frozen solution of [Fe(TPA)(CH3CN),](ClO4), (5) in

DMSO at 4.0 K.

60 -
50
40 4

30

% Transmisson

1810

20

10
] \ — [Fe(TPA)(NO)(CH3CN)](CIO4)2I

e B L I D N

T T T T M T
2400 2200 2000 1800 1600 1400 1200 1000 800 600

Wavenumbers (cm™)

Figure 6.3.5. FT-IR spectrum of [Fe(TPA)(NO)(CH3CN)](ClO4),

The UV-vis spectrum of 5 in methanol shows a weak broad band at 359 nm. In
acetone, the compound shows characteristic absorption features at 437, 510 and 667 nm. The

compound 5 was also recorded in DMSO. The obtained spectral features are in good
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agreement with the reported absorption data for [Fe(TPA)(NO)(BF)](CIO4), where BF =
benzoyl formate.

NO coordination to [Fe(TPA)(CH3CN),](ClO4), was also investigated characterized using
FT-IR spectroscopy. The spectrum of 5 in a KBr pellet exhibits a strong band at 1810 cm.
This band is assigned to the stretching frequency of the coordinated NO. The obtained
spectrum is shown Figure 6.3.5. Again, this result is in very good agreement with similar
types of ferrous non-heme iron NO complexes prepared by Chiou and Que'? (see Table 1).
The EPR spectrum of § was measured in DMSO at liquid helium temperature. The obtained
spectrum is shown in Figure 6.3.4. The spectrum is characterized by intense resonances at g
=4.05, 3.93, 1.93. This spectrum is characteristic of an axial S = 3/2 spin state. The obtained

g values are comparable with literature values obtained for similar model systems. 2

6.3.3.2 Synthesis and characterization of the five-coordinate heme/non-heme

NorBC model:

The non-heme ligand, MPBMPA (6) was synthesized by the Micheal reaction of BMPA with
methylacrylate according to a reported procedure.'” MPBMPA has two pyridine nitrogen
donors plus one aliphatic nitrogen donor for coordination to the iron center. The ester group
present is unlikely to coordinate due to its weak binding capacity. Iron insertion was carried
out by mixing a methanolic solution of FeCl, with a solution of MPBMPA in methanol.
Single crystals suitable for X-ray diffraction studies were obtained for 7 after letting the
solution stand overnight. The complex crystallizes in the space group C2/c. An ORTEP plot
of the molecule is shown in Fig. 6.3.6. The central iron(IIl) in the complex is coordinated by
three N donors from MPBMPA, and three chloride ions. The structure is best described as a
distorted octahedron.

Hydrolysis of 6 in refluxing sodium hydroxide followed by acidification with
hydrochloric acid gives the corresponding acid, PBMPA 8 in 90% yield. The identity of the
compound was confirmed by 'H NMR. The synthetic scheme for the non-heme ligand and its

iron(III) complex are depicted in Scheme 6.3.2.
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Scheme 6.3.2. Synthesis of the non-heme ligand MPBMPA (6) and its ferric complex
[Fe(MPBMPA)Cl3] (7).

Figure 6.3.6. ORTEP diagram of [Fe(MPBMPA)(CI3)] (7). Hydrogen atoms are omitted for

clarity.
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Treatment of PBMPA (8) with monoamino porphyrin, HyF¢(NH;,)TPP (2) in the presence of
DCC at room temperature, followed by purification using column chromatography on silica
gel yields the 5C heme/non-heme ligand 9. The identity of the compound was confirmed by
MALDI mass spectrometry. The mass spectrum of 9 in methanol is dominated by the parent
ion peak at m/z = 990 amu. Iron insertion into 9 was carried out using two equivalents of
FeCl, as metal ion carrier in dry THF solvent mixture under very strict inert conditions. The
formation of the 5C heme/non-heme diiron complex was monitored using UV-vis
spectroscopy. Subsequent addition of excess nitric oxide to the reaction medium gives the
dinitrosyl product 10 (Scheme 6.3.3). The UV-vis spectrum of 10 monitored during the
course of the reaction exhibits the Soret band maximum (Am.) at 407 nm. This is in
accordance with similar Soret band positions obtained for the five-coordinate ferrous nitrosyl

adducts [Fe(TPP)(NO)] and [Fe(To-F,PP)(NO)]. (cf. Chapter 4). These supporting data

N
F /Nb
2

reveal that the heme part of 10 is five-coordinate.

NH; Ph

F,Ph

F,Ph

1. FeCI2
2. Excess NO

9

Cl
_ \“//53
NN
1

Scheme 6.3.3. Synthesis of the 5C heme/non-heme diiron NO complex (10)
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The absorption bands pertaining to the NO adduct of the non-heme part of 10 are not
identified in the spectrum. This is due to the fact that the porphyrin signals have large
extinction coefficients, and correspondingly, mask the weak signals of the non-heme iron NO
adduct in the complex. In general, the non-heme iron NO complexes exhibit bands in the
region around 350 nm (An.x) with small extinction coefficients'?, as described above for
compound 5. For example, the non-heme complex [Fe(TPA)(NO)(CH3CN)](CIOy4) (5) shows

weak absorption bands, as previously described here.

FT-IR spectrum of 10 shows characteristic bands at 1682 cm™ and 1816 cm™. These bands
are assigned to vno of the ferrous heme NO and ferrous non-heme NO component,
respectively. These assignments are based on our data, and are also in agreement with
Wasser et al.® Table 6.3.3 presents some Vo frequencies observed for iron-NO complexes in
comparison to the values observed for 10. Other possible structures such as coordination of

two molecules of NO to the heme or to the non-heme center are highly unlikely due to the

following reasons.
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Figure 6.3.7 FT-IR spectrum of the isolated [Fe,(To-F,PP-PBMPA)(NO);] (10).
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First, compounds of type [Fe(Porphyrin)(NO),] do not exist at room temperature and can
only be formed at very low temperature as unstable species.”” In addition, complexes of the
type [Fe(TPA)(X)(NO);] (non-heme ligand) have no vacant site for the second NO to
coordinate.'* Based on these evidences it is concluded that the heme and the non-heme
centers bind one molecule of NO each. The compound is stable under an inert atmosphere at
room temperature. However, importantly, the N-N bond forming reaction (NorBC activity)
was not observed with complex 10. This result is similar to what has been observed by
Wasser et al in their investigation of the reaction of NO with a heme/non-heme diiron
complex. Apparently, the glutamic acid at the non-heme iron center is not present in our
model and Wasser et al. The glutamic acid residue present in close proximity to the non-
heme iron center could potentially drive the N-N bond formation. To investigate this point,
further research is being carried out in our laboratory by analyzing the product formation

from the reaction of externally supplied carboxylic acids like acetic acid and benzoic acid

with 10.

Table 6.3.1. v(NO) of heme and non-heme iron-NO complexes

v(NO) cm™!
Complex reference

[Fex(To-FoPP-PBMPA)(NO),] (10)  1683°

1816" this work
[(6L)Fe(NO),Fe(Cl)] 1689* ‘

1789
[Fe(TPA)(NO)(CH3CN)](CIOy4), (5) 1810 this work
[Fe(TPA)(NO)(BF)](CIO) 1794 12
[Fe(To-F,PP)(NO)] 1687 Se
[Fe(TPP)(NO)] 1697 Se
Fe(TMP)(NO) 1676 5e

"assigned as vno (heme part); bassigned as vno (non-heme part)
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6.3.3.2 Six-coordinate heme/non-heme NorBC model: Synthesis of the

precursor.

To investigate the importance of the sixth ligand to heme for the NorBC activity, we are
currently synthesizing a six-coordinate heme with attached non-heme iron ligand. The
precursor ligand for this complex has been synthesized according to the literature methods.
First, 2,6-(difluorophenyl)dipyrromethane 11 was synthesized by the condensation of pyrrole
with  2,6-difluorobenzaldehyde.  Further  condensation of the isolated 2,6-
(difluorophenyl)dipyrromethane with difluorobenzaldehyde and dinitrobenzaldehyde results
in the formation of 12 in pure form after several column chromatography steps (Scheme
6.3.4). Reduction of the dinitroporphyrin to yield the corresponding diaminoporhyrin is

currently being carried out.

The sixth ligand for heme will be attached to one of the amino groups present at the
porphyrin phenyl rings using the imidazole tailed benzyl linker. This rigid linker has been
selected due to its ability to coordinate to the iron(Il)-porphyrin NO center in solution
without any base-off reaction (see Chapter 6 for further discussion). Eventually, the non-
heme iron part will then be condensed with the other amino group of the porpyrin ligand.

This way, a complete structural model for NorBC can be prepared and investigated in detail.

In summary, we have synthesized a new model for NorBC consisting of a five-coordinate
iron(Il)-porphyrin (heme) with covalently attached dichloro[N-propionate-N,N-bis-(2-
pyridylmethyl)amine]iron(II) (non-heme). Interaction of this compound with excess NO
leads to the formation of the corresponding dinitrosyl adduct, which does not react further to
yield N,O. Further reactions with externally supplied carboxylic acids are currently being
tested. In addition, a dinitroporphyrin (precursor compound) necessary to prepare a six-
coordinate heme center with attached non-heme iron ligand has been synthesized. This
compound with a sixth ligand for heme replicates to the active center of NorBC most closely.
The reactivity of this complex with NO will be investigated using various spectroscopic

methods in future studies.
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Scheme 6.3.4 Synthesis of the precursor (dinitroporphyrin)
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Chapter 7

Collaborative Investigations

7.2 Scope of this project

Apart from my doctoral research work presented in the previous Chapters, I have also been
involved in some collaborative research projects carried out in my group with my supervisor
Prof. Dr. Nicolai Lehnert, and outside of my group with Prof. Dr. Kiyoshi Fujisawa,
University of Tsukuba, Japan. I had a great opportunity to learn and work on other interesting
research topics, including ruthenium nitrosyls, manganese porphyrins and Cu-NO complexes.
In this Chapter, these results are compiled together, describing their importance and my
contributions to each topic. In addition, published papers and manuscripts pertaining on these

works are presented in the following sections (7.2-7.5).

Nitrous oxide (N,O) is one the biologically important molecule that forms as an intermediate
in the reduction of nitric oxide (NO) in the disimilatory denitrification process. This reaction
is catalysed by the enzyme nitrous oxide reductase (N,OR). In the terminal step of the
denitrification, N,O is then converted to N, and H,0." Furthermore, N,O has been implicated
as an environmentally polluting green house gas.” Despite its biological and environmental
significance, not much is known about the coordination chemistry of this molecule. N,O is an
extremely inert molecule and thus a very poor ligand.” The only well characteriszed N,O
complex know so far is [Ru(NHj3)s(N,O)]X; (1). However, the coordination mode of N,O to
the Ru center has not yet been determined unambigously. In Section 7.2, the spectroscopic
properties and electronic structure of the complex [Ru(NHj3)s(N,O)] X, (1) using bromide (1-
Br) and tetrafluroborate (1-BF4) counterions have been investigated. Complete assignments
of the IR and Raman spectra of 1 are presented using '°N isotope subsitution and the quantum
chemistry centered normal coordinate analysis (QCC-NCA), coupled to DFT calculations. In
this study, Ru-NO" precursor complex [Ru(NH3)s(NO)]X; (2) using bromide (2-Br),
tetrafluoroborate (2-BF,) and triflate (2-OTf) counterions has been investigated in comparison
to 1. Vibrational spectra together with force constants obtained from QCC-NCA for 2 are
also presented in this section. My contribution to this work corresponds to the synthesis of
the Ru(I)-NO" complexes with different counterions. I have synthesized natural aboundance
and isotope labelled NO complexes of 2 with various counterions. Furthermore, I have

obtained single crystals of 2-Br suitable for X-ray diffraction studies.
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Section 7.3 comprises DFT investiagtions on the P450nor reaction mechanism. My supervisor
Prof. Dr. Nicolai Lehnert has carried out most of this work. As mentioned earlier in the
Introduction (cf. Chapter 1), the enzyme P450nor carry out the reduction of NO. The active
species in this catalytic cycle is Fe(III) form, which binds NO to form a ferric NO adduct with
trans cysteinate coordination. The next step involves two electron reduction leading to a
formal Fe(I)-NO complex that reacts with a second molecule of NO forming N,O. I have
optimized the structures of the intermediates of the P450nor cycle and performed molecular

orbital analysis of one of the intermediates.

Heme proteins are one the most versatile group of proteins in the living organism with various
important functions such as electron transfer (eg, cytochromes), oxygen transport (eg,
hemoglobin), oxygen storage (eg, myoglobin) and catalysis (eg., cytochrome P450).
Vibrational spectroscopy is a valuable tool to probe the active sites of many different proteins
that including heme proteins. In particular, resonance Raman spectroscopy (RR) constitues a
powerful method since it allows for the determination of the chromophore’s structure due to
selective resonance enhancement of the chromophore vibrations in the complex protein
environment.” Numerous RR studies on heme proteins have been carried out in the past to
gain in-depth information about the properties of the heme cofactors. In parallel, bioinorganic
synthetic metalloporphyrins have been studied to understand the catalytic reactions and
functions performed by heme proteins. Metal complexes of tetraphenylporphyrin and
octaethylporphyrin sytems have been investigated mostly for this purpose. In Section 7.3,
DFT predict the IR and Raman spectra of [M(TPP)CI], where M = Fe (1), Mn (2) and Co (3),
are presented. Based on these results, experimental non-resonance Raman, resonance Raman,
and IR spectra of compound 1 have been assigned in detail for the first time. In this project, I
have been involved in the purification of [Fe(TPP)Cl] by column chromatography with
Florian Paulat, who is the first author of this paper. In addition, I have successfully carried out
the crystallization of [Mn(TPP)Cl] and have obtained single crystals suitable for X-ray

analysis.

Iron and copper enzymes are involved in the reduction of higher nitrogen oxides in the
denitrification cycle. This cycle has a great environmental significance due to a large amount
of nitrogen compunds that are consumed, and greenhouse gases (N,O) that are released into
the atmosphere in this process. Copper nitrite reductase (CuNIR) is one of the enzymes

involved in the denitrifcation, which converts nitrite to NO.’ In this conversion, it has been
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known that the Cu'-NO adduct forms as an intermediate, and this species has been structurally
characerized. In Section 7.4, mononuclear copper nitrosyl (Cu'-NO) complexes with anionic
[HB(3-1Bu-5-iPrpz);] (L3) and neutral [HC(3-/Bu-5-iPrpz);] (L3’) coligands are presented.
These have been crystallographically and spectroscopically (UV-Vis, IR, EPR, and MCD)
characterized in corelation to DFT calculations. I have been involved in the experimental
work with Prof. Dr. Kiyoshi Fujisawa synthesizing the Cu'-NO compounds, and conducting
the initial characterization of these complexes using IR spectroscopy. In addition, I have

prepared samples and measured MCD and EPR spectra of these compounds.
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The spectroscopic properties and the electronic structure of the only nitrous oxide complex existing in isolated
form, [Ru(NH3)s(N20)]X, (1, X = Br—, BF47), are investigated in detail in comparison to the nitric oxide precursor,
[RU(NH3)s(NO)]X3 (2). IR and Raman spectra of 1 and of the corresponding >NNO labeled complex are presented
and assigned with the help of normal coordinate analysis (NCA) and density functional (DFT) calculations. This
allows for the identification of the Ru—N,0O stretch at ~300 cm~! and for the unambiguous definition of the binding
mode of the N,O ligand as N-terminal. Obtained force constants are 17.3, 9.6, and 1.4 mdyn/A for N-N, N—O, and
Ru—N0, respectively. The Ru(Il)-N,O bond is dominated by st back-donation, which, however, is weak compared
to the NO complex. This bond is further weakened by Coulomb repulsion between the fully occupied ty shell of
Ru(ll) and the HOMO of N,O. Hence, nitrous oxide is an extremely weak ligand to Ru(ll). Calculated free energies
and formation constants for [Ru(NHa)s(L)]>* (L = NNO, N,, OH,) are in good agreement with experiment. The
observed intense absorption at 238 nm of 1 is assigned to the t,y — zz* charge transfer transition. These data are
compared in detail to the spectroscopic and electronic structural properties of NO complex 2. Finally, the transition
metal centered reaction of nitrous oxide to N, and H,O is investigated. Nitrous oxide is activated by back-donation.
Initial protonation leads to a weakening of the N—O bond and triggers electron transfer from the metal to the
NN-OH ligand through the sz system. The implications of this mechanism for biological nitrous oxide reduction are
discussed.

Introduction

Despite the biological and environmental significance o
nitrous oxide, not much is known about the coordination
chemistry of this molecule. In fact, only one transition metal
complex of NO has been prepared and isolated so far, and
the coordination mode of the nitrous oxide ligand in this
system is still a matter of discussion. This compound,
[Ru(NHs)s(N20)] X2 (1), is a Ru(ll) complex with pentam-
mine coligands. Attempts to isolate other transition metal
N>O complexes have mostly yielded metal oxide, nitride, or
nitrosyl products so far.Complex1 was first reported as
an unstable species in solutidhater, it was also possible
to isolatel as a solid with different counterions X (%

Cl-, Br, BF7, etc.)3 % IR data have been reported foor
and a simple normal coordinate analysis was performed to
explore whether these vibrational data are consistent with
end-on N or O coordination of the,® ligand. It was found
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that O coordination is in better agreement with the experi-
f mental dat&.This was later challenged, and it was claimed

(1) (a) Yamamoto, A.; Kitazume, S.; Pu, L. S.; Ikeda,JSAm. Chem.

Soc.1971,93, 371—380. (b) Bottomley, F.; Lin, I. J. B.; Mukaida,
M. J. Am. Chem. So0&98Q 102 5238-5242. (c) Bottomley, F.; Paez,
D. E.; White, P. SJ. Am. Chem. Sod 982,104, 5651—-5657. (d)
Bottomley, F.Polyhedron1992,11, 1707-1731. (e) Vaughan, G. A.;
Sofield, C. D.; Hillhouse, G. L.; Rheingold, A. LJ. Am. Chem. Soc.
1989,111, 5491. (f) Matsunaga, P. T.; Hillhouse, G. L.; Rheingold,
A. L. J. Am. Chem. Socl993, 115, 2075. (g) Smith, M. R., IlI;
Matsunaga, P. T.; Anderson, R. A.Am. Chem. So&993 115 7049.
(h) Koo, K.; Hillhouse, G. L.; Rheingold, A. LOrganometallics995
14, 456. (i) Groves, J. T.; Roman, J.B5Am. Chem. S0d.995,117,
5594-5595. (j) Laplaza, C. E.; Odom, A. L.; Davis, W. M.; Cummins,
C. C.; Protasiewicz, J. Ol. Am. Chem. S0d.995,117, 4999—5000.
(k) Johnson, A. R.; Davis, W. M.; Cummins, C. C.; Serron, S.; Nolan,
S. P.; Musaev, D. G.; Morokuma, K. Am. Chem. S0d.998,120,
2071-2085. (I) Khoroshun, D. V.; Musaev, D. G.; Morokuma, K.
Organometallics1 999,18, 5653-5660. (m) Cherry, J.-P. F.; Johnson,
A. R.; Baraldo, L. M,; Tsai, Y.-C.; Cummins, C. C.; Kryatov, S. V;
Rybak-Akimova, E. V.; Capps, K. B.; Hoff, C. D.; Haar, C. M.; Nolan,
S. P.J. Am. Chem. So@001,123, 7271—-7286. (n) Kaplan, A. W.;
Bergman, R. GOrganometallics1997, 16, 1106-1108. (0) McCarthy,
M. R.; Crevier, T. J.; Bennett, B.; Dehestani, A.; Mayer, J.JMAm.
Chem. Soc2000,122, 12391—12392.
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that nitrous oxide is coordinated with its terminal N atom
based on mechanistic datand NMR results for a related
systenf Although experimental evidence is in favor of N
coordination of NO, it is surprising that this point has never
been clarified in the literature. Since there is no crystal
structure available fofl, the most promising approach to
define the bonding mode of A is the complete assignment
of the metat-ligand stretching vibrations df in connection
with a normal coordinate analysis. However, the Ru{ll)
N.O stretching vibration has not been identified so far. The
UV absorption spectrum df shows an intense transition at

Paulat et al.

which is EPR silent? The binding of nitrous oxide to the
reduced Cy cluster was evaluated using density functional
(DFT) calculations? It was found that BO can bind to the
cluster in various geometries; i.e., it is coordinated either
end-on with its terminal N atom to C(resting Cuy) or side-
on bridging between Guand Cy, (reduced Cg). In the
calculations, this bridging mode leads to an increased transfer
of electron density to PO which would be favorable for its
reduction and protonation.

Besides the interest in J reduction and protonation
originating from bioinorganic chemistry, this process is also

238 nm which, however, has not been assigned yet. It wasof great importance from an environmental point of view.

noted that MO is a weak ligand, but the nature of the Rufll)

Because of the increased use of nitrate containing fertilizers

N.O bond has not been defined. Hence, although complexin agriculture, a large amount of nitrous oxide is produced

1 has been known for quite some time, neither the spectro-

by denitrifying bacteria living in soil and seawater and

scopic properties nor the electronic structure of this complex subsequently released to the atmospherm addition,

nor the properties of M0 as a ligand itself have been
explored in detail so far.

burning of fossil fuels contributes to the,® emission®
This way, nitrous oxide has become the third most important

Recently, the coordination chemistry of nitrous oxide has green house gas. Hence, the properties of nitrous oxide and
gained considerable interest due to its biological significance. itS reactivity are not only of interest for bioinorganic
The enzyme nitrous oxide reductase (N20OR) catalyses thechemistry, but also of global importance. Although the

final step in denitrification, i.e., the reduction o,® to N,
following the equatioh

N,O+2H" + e — N, + H,0 (1)
The catalytically active center of N2OR (called £us a
cluster of four copper ions which are bridged by a central
sulfide®1° The resting state of the enzyme has been
characterized by a number of spectroscopic metfbahjch
ultimately lead to the assignment of one Cu(ll) and three

Cu(l) for resting Cu.*? Reduction of this cluster by one
electron leads to the catalytically active state with four Cu(l)

(2) (a) Armor, J. N.; Taube, HI. Am. Chem. S0d.969,91, 6874—6876.
(b) Armor, J. N.; Taube, HJ. Am. Chem. S04970,92, 2560—2562.
(c) Armor, J. N.; Taube, HJ. Am. Chem. S0d.971,93, 6476.
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R.; Norman, T. RAust. J. Chem1975,28, 1231—1244.
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(5) (a) Bottomley, F.; Crawford, J. Chem. Commuri971, 200—201.
(b) Bottomley, F.; Crawford, J. R.. Am. Chem. So4972,94, 9092—
9095. (c) Bottomley, F.; Brooks, W. V. F.; Clarkson, S. G.; Tong,
S.-B.Chem. Commurl973, 919—-920. (d) Bottomley, F.; Clarkson,
S. G.; Tong, S.-BJ. Chem. Soc., Dalton Tran3974, 2344—2346.
(e) Bottomley, FAcc. Chem. Red.978,11, 158—163. (f) Wolfe, S.
K.; Andrade, C.; Swinehart, J. thorg. Chem1974 13, 2567-2572.

(6) Pamplin, C. B.; Ma, E. S. F.; Safari, N.; Rettig, S. J.; James, B.R.
Am. Chem. So2001,123, 8596—8597.

(7) (a) Ferguson, S. Lurr. Opin. Chem. Biol1998,2, 182—193. (b)
Richardson, D. J.; Watmough, N.Qurr. Opin. Chem. Biol1999,3,
207-219. (c) Moura, I.; Moura, J. J. @urr. Opin. Chem. Biol2001,

5, 168—175.

(8) Brown, K.; Tegoni, M.; Prudéncio, M.; Pereira, A. S.; Besson, S.;
Moura, J. J. G.; Moura, |.; Cambillau, Glat. Struct. Biol.2000,7,
191.

(9) (a) Rasmussen, T.; Berks, B. C.; Sanders-Loehr, J.; Dooley, D. M.;
Zumft, W. G.; Thomson, A. Biochemistry200Q 39, 12753-12756.
(b) Alvarez, M. L.; Ai, J.; Zumft, W. G.; Sanders-Loehr, J.; Dooley,
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M.; Moura, J. J. G.; Moura, |.; Tegoni, M.; Cambillau, C. Biol.
Chem.2000,275, 41133—-41136. (b) Haltia, T.; Brown, K.; Tegoni,
M.; Cambillau, C.; Saraste, M.; Mattila, K.; Djinovic-Carugo, K.
Biochem. J2003,369, 7788.
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reduction of NO to dinitrogen and water (eq 1) is highly
exothermic (AG°~ —80 kcal/mol), this gas is metastable
and unreactive due to a kinetic barrier to its decomposition.
In this study, the spectroscopic properties and the elec-
tronic structure of the complex [Ru(N}H(N20O)]X2 (1) using
bromide (1-Br) and tetrafluoroboraté-{8F,) counterions are
investigated. Raman spectra of nitrous oxide complexes are
presented for the first time. UsingN isotope substitution,
the IR and Raman spectra bfare fully assigned including
Ru—N,0 stretching and bending vibrations using a quantum-
chemistry assisted normal coordinate analysis (QCA-NEA).
In comparison to DFT calculations on both N and O
coordinated isomers df, this allows for an unambiguous
definition of the coordination mode of the® ligand. From
these calculations, the electronic structure of comgléx
also investigated, and the properties of nitrous oxide as a
ligand are evaluated. Time-dependent DFT calculations are
used to assign the UV—vis spectrumbfThe free energy

(11) (a) Farrar, J. A.; Thomson, A. J.; Cheesman, M. R.; Dooley, D. M.;
Zumft, W. G.FEBS Lett1991,294, 11. (b) Neese, F.; Ph.D. Thesis,
Universitdt Konstanz, Germany, 1996. (c) Farrar, J. A.; Zumft, W.
G.; Thomson, A. JProc. Natl. Acad. Sci. U.S.A998,95, 9891. (d)
Prudéncio, M.; Pereira, A. S.; Tavares, P.; Besson, S.; Cabrito, |.;
Brown, K.; Samyn, B.; Devreese, B.; VanBeeumen, J.; Rusnak, F.;
Fauque, G.; Moura, J. J. G.; Tegoni, M.; Cambillau, C.; Moura, I.
Biochemistry2000, 39, 3899.

(12) (a) Chen, P.; DeBeer George, S.; Cabrito, I.; Antholine, W. E.; Moura,
J. J. G.; Moura, |.; Hedman, B.; Hodgson, K. O.; Solomon, B. 1.
Am. Chem. SoQ002 124, 744-745. (b) Chen, P.; Cabrito, |.; Moura,

J. J. G.; Moura, |.; Solomon, E. . Am. Chem. So2002, 124,
10497-10507.

(13) Ghosh, S.; Gorelsky, S. I.; Chen, P.; Cabrito, I.; Moura, J. J. G.; Moura,
I.; Solomon, E. I.J. Am. Chem. So003,125, 15708—15709.

(14) (a) Intergovernmental Panel on Climate Change (IPCB2.Science
of Climate ChangeCambridge University Press: New York, 1995.
(b) Battle, M. Nature 1996, 383, 231—235. (c) Kroeze, C.; Mosier,
A.; Bouwman, L.Global Biogeochem. Cycle§999, 13, 1-8. (d)
Bange, H. WNature200Q 408 301-302. (e) Robertson, G. P.; Paul,
E. A.; Harwood, R. RScience2000,289, 1922—1925.

(15) (a) Berges, M. G. M.; Hofman, R. M.; Scharffe, D.; Crutzen, B. J.
Geophys. Resl993,98, 18527. (b) Becker, K. H.; Lorzer, J. C;
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4139.
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160



Pentammineruthenium(ll) Dinitrogen Oxide

for ligand binding is calculated fdrin comparison to related
compounds. Finally, the reduction and protonation of end-
on terminally coordinated }D are investigated.

Ru—NO complexes with various coligands have drawn
considerable interest recently due to their significance as
antitumor and antiseptic ageritdn this study, the Ru(Ih-

NO™ precursor complex [Ru(N£s(NO)]X3 (2) using bro-
mide (2-Br), tetrafluoroborate2¢BF,), and triflate -OTf)
counterions has also been investigated in comparison with
1. Although?2 has been the topic of numerous studies, it is
quite surprising that the spectroscopic assignments for this
complex are incomplete. Vibrational spectra are presented
for 2 together with force constants obtained from normal
coordinate analysis using QCA-NCA. The results show that
complex2 exchanges its nitrosyl oxygen during synthesis.
For 2-Br, an unusual splitting of the N—O stretching
vibration is observed which is explained on the basis of the
crystal structure of2-Br presented here. The electronic
structure o2 is briefly discussed, and the electronic spectra

are assigned. The mechanistic implications of the observed"’

oxygen exchange of NO during the synthesis are discussed
These data obtained for compl@xserve as a reference for
a quantitative interpretation of the results far

Experimental and Computational Procedures

SynthesesReactions were performed using Schlenk techniques.
The starting material Ruglwas purchased from Aldrich. The
precursor complexes [Ru(Nk(CI)]CI; and [Ru(NH)e]Cl; were
prepared according to literature procedueNO gas was passed
through a potassium hydroxide column and then through a cold
trap at—80 °C prior to usage to remove higher nitrogen oxide
impurities.

[Ru(NH3)s(NO)]Br 3 (2-Br). This complex can be prepared by
two different methods. (a) Following a procedure of Armor etdl.,
0.3 g of [Ru(NH)¢]Cls is dissolved in 35 mL of degassed 0.1 M
hydrobromic acid, and then, NO is passed through the solution for
about 25 min. The solution changes its color from yellow to orange.
The solution is then reduced to half of its volume and stored in the
refrigerator. After a few days, orange crystals of [Ru@NO)]-

X3 (X = Cl, Br) have formed. The crystals are collected by filtration
and washed with 3 M HBr, ethanol, and water. Yield: 75%. To
obtain pure2-Br, the raw product is recrystallized several times
from 1 M HBr. (b) Following a method by Gleu et d0.0.4 g of
[Ru(NH3)s(CI]Cl; is dissolved in~12 mL of water and heated
until boiling. The solution is removed from the oil bath, and 12
mL of concentrated Ngisolution is added to the hot solution. Then,
1.2 g of (NH;)(S;0g) is added slowly, and the solution is swirled.

(17) (a) Chanda, N.; Mobin, S. M.; Puranik, V. G.; Datta, A.; Niemeyer,
M.; Lahiri, G. K. Inorg. Chem2004,43, 1056-1064. (b) Marchenko,
A. V.; Vedernikov, A. N.; Dye, D. F.; Pink, M.; Zaleski, J. M.; Caulton,
K. G. Inorg. Chem2004,43, 351—360. (c) Patra, A. K.; Mascharak,
P. K. Inorg. Chem.2003, 42, 7363—7365. (d) Hirano, T.; Oi, T.;
Nagao, H.; Morokuma, Klnorg. Chem.2003,42, 6575—6583. (e)
Marchenko, A. V.; Vedernikov, A. N.; Dye, D. F.; Pink, M.; Zaleski,
J. M.; Caulton, K. G.Inorg. Chem.2002, 41, 4087—-4089. (f)
Hadadzadeh, H.; DeRosa, M. C.; Yap, G. P. A.; Rezvani, A. R;;
Crutchley, R. Jlnorg. Chem.2002,41, 6521—-6526. (g) Nagao, H.;
Hirano, T.; Tsuboya, N.; Shiota, S.; Mukaida, M.; Oi, T.; Yamasaki,
M. Inorg. Chem.2002,41, 6267—6273.

(18) Allen, A. D.; Bottomley, F.; Harris, R. O.; Reinsalu, V. P.; Senoff, C.
V. Inorg. Synth.1970,12, 2-8.

(19) Armor, J. N.; Scheidegger, H. A.; Taube, HAm. Chem. Sod.968,
90, 5928—-5929.

(20) Gleu, K.; Buddecker, IZ. Anorg. Allg. Chem1952,268, 202—220.

Table 1. Crystal Data and Results of the Structure Refinement for
Compound2-Br

chemical formula [Ru(NH3)sNQO]Brs-H»0
474.0

fw

T room temperature
A 0.71073

cryst syst orthorhombic
space group Pnma

a 12.234(1)

b 6.9982(4)

c 14.479(1)

\Y 1246.9(1)

z 4

Dcalcd 2.444

u 10.85

RI2[lI > 20(1)] 0.0292

wR2 [all data] 0.0842

2R1 = 3[|Fol = [Fell/ZIFol; WR2 = [3[W(Fo* — F)F/Z[W(FoH)IM2

A pale yellow precipitate of [Ru(NE)s(NO)](SOy)1/2S:0s)1/» forms
immediately which is collected by filtration after about 1 h. The
product is washed wit2 M NH; solution and acetone and dried.
eld: 25%.

The obtained raw product is then refluxed with concentrated HCI
for about 15 min to obtain [Ru(Ngs(NO)]Cl; (2-Cl) in high yield
(95%). Repeated recrystallization from 1 M HBr yiel@sBr.
Structural data are available in Table 1.

[RU(NH 3)s(NO)](BF 4)3 (2-BF.) and [Ru(NH3)s(NO)](OTf 4)s (2-
OTf). Compound2-BF, is insoluble in water or acid and can
therefore be prepared by dissolvi@eCl in water and adding 1 M
HBF,. The product precipitates as yellow powder. Compound
2-OTf, on the other hand, is very soluble in water. It is obtained
by repeated recrystallization @fCl from 2.5 M CRESGO;H solution
as yellow powder in relatively low yield.

[RU(NH 3)s(N2O)1X > (1). Preparation of the nitrous oxide com-
plex 1-Br (X = Br) follows the procedure of Bottomley et &.
Complex [Ru(NH)s(NO)]Brs (112 mg) and 1.12 g of NDH-

HX (X = Cl, Br; 1:1 mixture) are dissolved in 10 mL of degassed
water in an ice bath. Then, 5 pellets (about 1 g) of NaOH are added,
and1-Br starts precipitating immediately as pale yellow solid. The
reaction is stopped after-3% min by filtration. The obtained product

is washed with oxygen-free ethanol and diethyl ether and dried in
vacuo. Yield: 67%. The preparation &fBF, is complicated by

the fact that the precurs@-BF, is insoluble in water. Complex
[Ru(NHa3)s(NO)](BF4)3 (100 mg) and 560 mg of N})OH-HBF, are
suspended in-12 mL of degassed water in an ice bath. On addition
of the NaOH pellets, the precurs®BF, starts dissolving while at

the same time pale yellow-BF, precipitates. In order to ensure
completion of the reaction, the mixture is stirred for 5 min and
then filtered. Yield: 93%. The corresponding complex with triflate
could not be obtained by this method, because the triflate salts are
too soluble in water.

Crystal Structure Determination. The data were collected using
a 4-circle diffractometer from STOE & CIE and were corrected
for absorption effects. The structure was solved with direct methods
using SHELXS-97 and was refined agaif8tusing SHELXL-97.

All non-H atoms were refined anisotropically. The H-atoms were
positioned with idealized geometry and refined using the riding
model. One bromide anion is disordered in two positions and was
refined using a split model. The [Ru(NJ4NO] unit is located on

a crystallographic mirror plane, and the NO ligand is disordered in
two positions due to symmetry. This disorder remains constant in
the noncentrosymmetric space groepa2.

In this space group, it is not possible to decide if the two different
orientations are unequally occupied or not. However, in this case
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the absolute structure cannot be refined. To check if, e.g., an orderedvibrational frequencies show that the obtained geometries represent
super structure is present, one additional data set was measured dtue minima since no imaginary frequencies were found. IR and

low temperatures using an IPDS from STOE & CIE. However,
from these investigations there is no hint for a super structure or
any change of the symmetry.

UV —Vis SpectroscopyAbsorption spectra were recorded either
in KBr disks or for pure solids (between sapphire windows) at 10
K using a Varian Cary 5 U¥vis—NIR spectrometer equipped with
a CTI cryocooler.

Vibrational Spectroscopy.FT-Raman spectra were recorded on
a Bruker IFS 66 interferometer with a Bruker FRA 106 Raman
attachment using a Nd:YAG laser for excitation=€ 1064 nm).

Raman intensities were calculated as well for vibrational assign-
ments. The LanL2DZ basis set applies Dunning/Huzinaga full
double-¢ (D95)° basis functions on first row and Los Alamos
effective core potentials plus DZ functions on all other atéfns.
For calculating the absorption spectrum bfand 2, the time-
dependent DFT formalism as implemented in G98 has been applied.
To calculate the binding constants for ligands L in [Ru@hL)]2t,

the structures of the cations [Ru(hE]>" and [Ru(NH)s(L)] %" with

L = H,0, N, have been fully optimized. In addition, [Ru(N}|3*

has also been fully optimized. All these structures represent true

Measurements were performed on pure compounds. Resolution wagninima as evident from frequency calculations. To investigate the

set to 2 cm. Middle- and far-infrared spectra (MIR & FIR) were
recorded on a Bruker IFS 66v vacuum instrument at room
temperature. For the MIR region, KBr disks were used, and the
spectra were recorded at a resolution of T &rin the far-IR region,

PE pellets were used, and the resolution was set to 2.dnow-

protonation of the coordinated,N ligand and the subsequent
splitting of the N-O bond, the structures of [Ru(N}4(NNOH)J3*

and of [Ru(NH)s(NN)]** have been fully optimized as well.
Solvation effects were included in the calculations of the reaction
energies in Scheme 1 using the Polarized Continuum Model

temperature MIR spectra were obtained on a Mattson Genesis type(PCM)” with water as solvente(= 78). In all calculations,

| spectrometer equipped with a cryogenic CTI cryostat. Spectra
were recorded at 20 K at a resolution of 1 ¢m

Normal Coordinate Analysis. Normal coordinate calculations
were performed using the QCPE computer program 576 by M. R.
Peterson and D. F. Mcintosh which involves solution of the secular
equationGFL = AL by the diagonalization procedure of Miyaza-
wa?! The calculations are based on a general valence force field,;
force constants are refined with the nonlinear optimization routine
of the simplex algorithm according to Nelder and Méad.he
simplex optimization was used to refine only selected force
constants according to the quantum-chemical assisted normal
coordinate analysi¥.Here, a force field from DFT calculations is

convergence was reached when the relative change in the density
matrix between subsequent iterations was less than 1078
Atomic charges were calculated using the natural population
analysis (NPA). Force constants in internal coordinates were
extracted from the Gaussian output using the program Rég&ong
(QCPE 628). Orbitals were plotted with the program GaussView.

Results and Analysis

A. Crystal Structure, Spectroscopy, and Electronic
Structure of [Ru(NH 3)s(NO)]3* (2). In order to explore the
spectroscopic properties and the electronic structure of [Ru-

used as a starting point to generate initial force constants, and a(NH3)s(N20)]X2 (1), the precursor complex [Ru(Njd(NO)]-

subset of these is fit to reproduce the known experimental
frequencies. For the NCA, the H atoms of the Nigands have
been removed since the objective is to obtain force constants for
the Ru—NO and Ru—pO subunits. For the resulting “N” ligands,

an effective mass of 18 has been used resembling Whis leads

to the simplified models [Ru(®(NO)] (2) and [Ru(N)(N20)] (1)
which are based on the calculated structures but which have further
been symmetrized (by setting alFNRu—N angles to 99 to have

C4, SYymmetry.

Density Functional Calculations.Spin-restricted DFT calcula-
tions using Becke's three parameter hybrid functional with the
correlation functional of Lee, Yang, and Parr (B3L*%Pwere
performed using the program package Gaussiaf®@& structures
of the cations [Ru(Nh)s(N-0)]?* (1) and [Ru(NH)s(NO)]3* (2)
were fully optimized using the LanL2DZ basis set. Calculated

(21) Miyazawa, TJ. Chem. Phys1958,29, 246.

(22) Nelder, J. A.; Mead, RComput. J.1965,7, 308.

(23) (a) Becke, A. DPhys. Rev. A 19888, 3098. (b) Becke, A. DJ.
Chem. Phys1993,98, 1372. (c) Becke, A. DJ. Chem. Phys1993,
98, 5648.

(24) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

X3 (2) has been investigated first. In comparison, this allows
for a quantitative evaluation of the results obtained Tor
since the electronic structure and reactivity of compkex
are known from a number of studiés3! First, the crystal
structure of [Ru(NH)s(NO)]Br3 is presented. Vibrational data
for 2 with different counterions are assigned with the help
of density functional (DFT) calculations and a normal
coordinate analysis. Finally, low-temperature B¥is spectra
of 2 are assigned using time-dependent DFT (TD-DFT)
calculations.

A.1. Crystal Structure. Compound2-Br crystallizes in
the orthorhombic space grommawith 4 formula units in
the unit cell. The asymmetric unit consists of one
[RU(NH3)s(NO)J** unit, three crystallographically indepen-
dent bromide anions, and one water molecule, all of them
located on crystallographic mirror planes. The ruthenium
cations are coordinated by 5 ammonia molecules and one
NO ligand. Due to symmetry, the NO group is disordered

M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
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V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;

Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;

Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.;
Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. AGaussian 98, revision A.11; Gaussian, Inc.:

Pittsburgh, PA, 1998.
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Wadt, W. R.; Hay, P. JJ. Chem. Physl1985,82, 284.
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(A) Crystal structure of the [Ru(Ngs(NO)]3* unit in 2-Br

Figure 1.
with labeling. Displacement ellipsoids are drawn at the 50% probability
level. The two NO groups indicate the positions of disordering. (B)
Optimized structure from DFT calculations. (C) Crystal structure of
compound2-Br with view along the crystallographic axis (N-hydrogen
atoms are omitted for clarity).

in two positions and superimposed with one ammonia ligand
(see Experimental Section). Figure 1A shows the
[Ru(NHz)s(NO)J** cation with two NO units indicating the

disordered positions. Important distances and angles are given

in the Supporting Information Table 5. In the crystal
structure, the [Ru(Nks(NO)]** units are stacked in the
direction of the crystallographia-axis. The bromide ions
are connected by O—H---Br hydrogen bridges via the water
molecules (Figure 1C).

A.2 Vibrational Spectra and Assignment. The IR
spectrum of [Ru(NH)s(NO)]Brs is shown in Figure 2
including the correspondinNO isotope labeled data. For
the labeling experimentd®N'®0O has been used. However,

which is in accordance with the observed disorder (vide
infra). These two species would then give rise to the two
observed bands. Since no superstructure reflections could
be found experimentally, the distribution of the NO ligands
over the two positions must be random. Other bands in the
IR and Raman spectra belong to the [Ru@H" subunit

of 2-Br and can be assigned with the help of a DFT
calculation.

Calculated IR and Raman spectra for [RU@HNO)*
are shown in Figures 2 and 3 in comparison with experi-
mental results for2-Br. The complete assignments are
summarized in Table 6 in the Supporting Information. The
N—O stretch is calculated at 1905 ciin very good
agreement with experiment. In the calculations, the twe-Ru
N—O linear bends are calculated-a590 cn* and the Ru-
NO stretch at 567 crit, which resembles the experimental
order of the vibrational energies. In agreement with the
calculations, the linear bends are not observed in the Raman
spectrum. Vice versa, the RINO stretch is predicted by
the calculations to be Raman active but only weakly IR
active, and accordingly, this mode is not observed in the IR
data for2-Br. Additional vibrations occurring in this spectral
region are the RuNH; stretches. These modes are predicted
to be Raman active only by the calculations and, hence, are
assigned to the strong Raman bands at 508 and 48%. cm
The weak IR bands at 473 and 450 ¢nare also identified
with these vibrations.

In summary, with the help of DFT calculations the IR and
Raman spectra &f-Br have been completely assigned. The
most striking differences between the calculations and
experiment occur (a) for the \H stretching and HN—H
bending modes due to anharmonigitgnd (b) for the metat
ligand vibrations, the energy of which is underestimated in
the calculations. The assignment of the N—H stretching and
bending vibrations is in agreement with work of Mercer et
al3® However, their assignment ofRu—NO) to the IR band

at ~600 cnm! and of the Ra-N—O bends to a very weak

the observed shifts do only correspond to the presence ofoand below 400 cmt is not in agreement with the isotope
the15N in the complex (see NCA). This shows that complex data and calculations presented here. In addition, their
2 exchanges its nitrosyl oxygen during synthesis. Isotope assignment of(Ru—NH) to IR bands below 500 cr only
sensitive bands are present at 1927/1912 and 602 om is incomplete. Table 6 in the Supporting Information also

2-Br which shift to 1889/1873 and 588 cr respectively,
on isotope substitution. These bands are assigned to-tia@ N

stretch and the Ru—N—0O linear bend (doubly degenerate),

shows the complete vibrational assignment2f&t,, which
are very similar to those o2-Br. Importantly, in the IR
spectrum o2-BF, both the Ra-N—O linear bends (at 609

respectively. In the corresponding Raman spectra in Figurecm 1) and the Ru-NO stretch (weak band at 589 ctare

3, the N-0O stretch is found at 1927/1911 ciand the Ru-
NO stretch at 594 cnt, respectively. These shift to 1888/
1872 and 590 cmi, respectively, o°N isotope labeling.

observed, which further supports the above assignments.
Finally, Table 6 in the Supporting Information gives the
vibrational assignments fa-OTf. Both 2-BF, and 2-OTf

These assignments are confirmed by normal coordinatedo not show a splitting of the NO stretch which further

analysis (vide infra). The splitting ofN—O) into two bands

indicates that this splitting in the case &Br is not an

could be due to a correlation effect in the solid state.
However, this seems unlikely since the observed intensity (32) All the vibrations above 1000 crh (with exception of the N-O
pattern (1911 strong; 1927 Weak) is identical for IR and stretch) correspond to modes that have dominant hydrogen displace-
L ! - . . . ment character. Strikingly, all these vibrations are calculated up to
Raman. In addition, the splitting and intensity pattern is 10% too high in energy compared to experiment (cf. Supporting
conserved on isotope substitution, which excludes Fermi lﬂformatiodn Tabrl]e ﬁ)_- This diviation is due to tghehanhalrm?r\i_city of
resonance. This indicates that there are two different NO (33)t ese modes which Is not taken into account by the calculations.
molecules in the crystal with a slightly different environment,

Mercer, E. E.; McAllister, W. A.; Durig, J. Rnorg. Chem1966,5,
1881—1886.
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intrinsic feature of the [Ru(NEJs(NO)J** cation but is related
to the crystal structure of the bromide salt.

A.3. Normal Coordinate Analysis (NCA). The assign-
ments of the vibrations of the [Ru(NGJ]subunit presented
above are confirmed by NCA using model&s shown in

for 18N'*80 are also shown. Strikingly, these are about twice
as large as the shifts observed spectroscopically. This proves
that the'®0 in the applied®N*€0 gas was exchanged against
an unlabeled oxygen during synthesis yielding the corre-
sponding®NO complex (see Discussion section). In addition,

Table 2, excellent agreement is obtained between thethe calculated!™N isotope shifts clearly show that the

experimental and NCA frequencies wh&hO is used as

assignment of the 594 crh Raman band ta’(Ru—NO)

the isotopically labeled ligand. The expected isotope shifts (isotope shift: 4 cm!) and of the 602 cm! IR band to

6984 Inorganic Chemistry, Vol. 43, No. 22, 2004
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Table 2. Comparison of Experimental and QCA-NCA Vibrational Frequencies f¢rand of QCA-NCA and Calculated (DFT) Force Constants
[mdyn/A] for [Ru(NHz)s(NO)]Brs (2-Br)

exptl QCA-NCA force constantf
mode nag 15NO na@ 15NO (*5N80) QCA-NCA calcd
»(N—0) (1927)/1911 (1888)/1872 1911 1872 (1829) 15.338 15.357
y(Ru—NO) 594 590 594 589 (574) 5.041 4.644
O(Ru—N—0) 602 588 603 587 (583) 0.664 0.646

apai = natural abundance isotopé<Calculated with B3LYP/LanL2DZ; see Experimental Section. Free NQN—0) = 1876 cnvl; fy_o = 15.49
mdyn/A. NO': »(N—0) = 2387 cmi! in (NO*)(BF,"); fy—o = 25.07 mdyn/A34

Table 3. Comparison of Experimental and Calculated Bond Distances [RJ(N |_!3)5(NO)]X
(Al 3
A(RU—NHs), A(Ru—NHy), 3.0+ 2.0,
A(Ru—NO) A(N—O) trans cis 28 1.8
-0 1.6
2-Br, cryst struct 1.913 1.019 2.087 2.09¢ 1
[Ru(NHz)s(NO)P+  1.802 1.166 2.175 2.199 2.6+ 141
1 1.2
aQverestimated since the experimental bond distance is actually an 2.4+ 1.04
average of a ReNO and a Ra-NH3 bond length due to the observed 22_' 0.8l
disorder in the crystaP Averaged over all corresponding bond lengths. ] 0.6] as solid
2.0 ’

40000 35000 30000 25000 20000 15000

0(Ru—N—0) (isotope shift: 14 cn}) as presented above LS
is correct. These shifts are well reproduced by the NCA as S 1.6
shown in Table 2. Force constants are discussed in the next 2 14l
section. % 1]
A.4. Electronic Structure and Spectra.Figure 1B shows 1
the fully optimized structure of the [Ru(Nj3(NO)]3* cation. 07
Important bond lengths are compared to experiment in Table 0.8
3. Unfortunately, due to the disorder in the crystal (vide 0.6
supra), the most interesting comparison between the experi- 0.4
mental and the calculated RO distance is obscured. 0]
Other distances are in reasonable agreement. A more ] in solution
sophisticated comparison is available from the experimental 00
and calculated force constants and vibrational frequencies 45000 40000 35000 30000 25000 20000 15000

-1
given in Table 2. In the calculation, the RNO and even wavenumbers [cm]

more the Ru-NHs frequencies are obtained at too low an Figure 4. Low-temperature absorption spectra of [Ru@UNO]Brs as
KBr disk and [Ru(NH)sNO](BF4); (insert) as a solid measured between

energy indicating that the metal—ligand bond strengths are sapphire windows. For the bromide salt, a solution spectrum is also shown.
generally underestimated in the calculation. This can also . .

be seen from the ReNO force constant, which is calculated Pond with the two 4; orbitals d, and d, of Ru. The

to 4.64 mdyn/A compared to the experimental value of 5.04 corresponding antibonding combinations, dy, andz*_dy,,
mdyn/A. The obtained bonding description is analyzed in &€ the LUMO of comple2. They have about 70%* and
the following. 25% d character, which corresponds to strong back-bonding.

The MO diagram of the free NO molecule is shown in The corresponding bonding combinationg, a* and d, 7,
i o N
Figure 5 in the Supporting Information. Free NO is a radical are occupied and have 68% d and 26%contribution. The

with the unpaired electron occupying one of tifeorbitals. Eg?vltzog o;t;itgrlh_@y, ri1$ alsohocch)in_eq arlligorrg dsppnds o the
Due to the short NO bond distance, the energy difference of2. This shows that Ruisin t oxidation state

between the singly occupied- orbital and the next lower and low-spin in agreement with the Ru-NO* description.
occupied orbitalon, is quite large. The orbitabyy, is a The strength of ther back-bond is .refl'ectgd.by .the—PO
combination of sp hybrids along the N—O axis but is only force constant of 15.34 mdyn/A, which is distinctively lower
weakly N—O bonding. Just belowys, the two N-O than that of NO and actually is very close to that of free

34 itv i
orbitals are located. The complex [Ru(R){{NO)J**, for- ][\IO' :ﬁfie’ﬁéﬁr?; am(;]upht of ele<t:tron gen§(;ty |st;rans1;\eNrred
mally a R#*—NO" adduct, actually has an electronic oM 0 fough ther system. Besides these two

structure corresponding to Ru-NO™. This is evident from S"O’?Q T back—bonds,_ there is also a RNO o _bor_1d

the linear Ru-N—O unit and the observed-NO stretching mediated by the Orb!tab.”b' Th? bonding combination,
frequency of>1900 cnt! as described in the literatuf@>e om0z, has 5% g contribution which corresponds to a weak
This is also reflected by the obtained MO diagran2 given interaction. This bonding description is also reflected by the
in Figure 6 in the Supporting Information. Figure 1b shows calculated NPA charges and d orbital p.opula'Fions given in
the coordinate system used in the following discussion with Table 4. The formal-1 charge of the NOligand is reduced

the RU—N—O unit _locatEd on theaxis. Since NO is bound (34) Fadini, A.; Schnepel, F.-Mschwingungsspektroskopiehieme Ver-
as NO, its #* orbitals are both empty and form a back- lag: Stuttgart, 1985.
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Table 4. Calculated NPA Charges and d Orbital Populations of dy, and @z to the NO" ligand in accordance with its NPA
[RU(NHg)s(NO)F** charge. The large occupation number for thekbitals of
NPA charges NPA d orbital populations 2.01 is due to the strong donation of the Nhgands.
Ru N ¢} oy e dy dztdey Contour plots of important molecular orbitals are shown in
+0.77 +0.35 +0.08 181 157 157 2.01 Figure 7 in the Supporting Information.
to +0.43 by back-donation from the.cand g, orbitals of With the help of the calculated electronic structure2of
Ru. Accordingly, their population is reduced t61.57 and a time-dependent (TD) DFT calculation, the electronic
compared to+1.81 for the nonbonding orbitalyd This absorption spectra of complex2<an be assigned. Figure

roughly corresponds to a net transfer of half an electron from 4 shows the obtained data farBr (in a KBr disk and in
6986 Inorganic Chemistry, Vol. 43, No. 22, 2004
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N O B. Spectroscopy and Electronic Structure of [Ru(NH)s-

2 (N20)]%* (1). Vibrational data are presented for [Ru(byk
(N20)]X2 (1) and analyzed with the help of DFT calculations
and a normal coordinate analysis. From the calculations, the
properties of MO as a ligand are determined, and the
electronic structure df is defined. In addition, DFT is used

LUMO to calculate formation constants for different [Ru(4(L)]?"
<1213> complexes. Finally, the potential reactivity of end-on termi-
nally bound NO for N—O bond cleavage mediated by
protonation and reduction is explored.

B.1. Vibrational Spectra and Assignments.The IR
spectrum of [Ru(NH)s(N2O)]Br, is shown in Figure 5
-0.30 e together with the correspondinfNNO isotope labeled
HOMO complex. As will be shown in section B.4, these data are
only compatible with MO being end-on coordinated with
-0.40 [ =10701> the nitrogen atom. Hence, for the following analysis this
bonding mode of nitrous oxide is used. In Figure 5, isotope
sensitive bands are present at 2231 and 1157 émthe
MIR region that shift to 2209 and 1147 cfin the 15NNO
complex. These are assigned to the-Wl stretch and the
N—O stretch of the nitrous oxide ligand, respectively, in
T1h<7/82] agreement with the literatufeAn additional isotope sensitive
Figure 7. MO diagram of free MO and contour plots of important orbitals. ~ 0and at 2318 cnt is assigned to the first overtone of the
Energies are given in Hartree. N—O stretch at 1157 cm. The feature at 2097 crhbelongs
Table 5. Experimental Absorption Band Positions [cthfor to the gorrespopding [Ru(_N%(NZ)]H complex that i§ found
[RU(NHz)s(NO)]Xs (2) and Assignments as an impurity inl1-Br. It is observed at 2075 cm in the
2.BF, 2-OTf corresponding®NN complex. Figure 6 shows the first Raman
assignment TD-DFT 2-Br (X=Br2 (X=BFy) (X=OTfP spectra recorded for an,® complex. The band positions
T — 3[¢ 15990 of the N=N and N-O stretches at 2234 and 1150 ¢hn
gxy_'ﬂ*_d ggé% 20550  (21850) 2924252060 22940 respectively, are comparable to the IR results. Other isotope
v % sensitive bands are found in the far-IR spectra in Figure 5.
jxy *i" 22222 35400 (2241;3) 33765 33230 Intense bands at 338 and 298 @énshift to 336 and 296
T 36490 ( ) cmt in the >NNO complex. The band at 298 chis
a Solution data in bracket8.Data not shown¢ Spin forbidden transition. assigned to the Ru—NNO stretch, whereas the other feature
corresponds to a N—Ru—N octahedral bend that is mixed
solution) and2-BF, (as a solid). Importantly, no intense with the Ru—N—N linear bend (vide infra).
charge transfer transition is observed above 200 nm. Ac- Calculated IR and Raman spectra for [Ru@gNNO)]2*
cording to the MO diagram d, the lowest energy charge  are shown in Figures 5 and 6 in comparison with experi-
transfer should correspond to a transition from the bonding mental results fod-Br. Table 6 summarizes the complete
(d_s*) to the antibondingst*_d) MOs of the Ru-NO 7 assignments. The positions of the-N vibrations of the
bond. However, as discussed here, the splitting between thes¢Ru(NHs)s]2" subunit are somewhat changed compared to
orbitals is large due to the strength of the back-bond. Hence,the Ru(ll)-NO" complexes2, but the overall assignments
this transition should be at high energy below 200 nm and, of the v,5{N—H) stretches, thé,s{H—N—H) bends, and
accordingly, is not observed experimentally (cf. Figure 4). the(Ru—N—H) bends are very similar and can be extracted
The observed weak absorptions are therefore assigneedto d from Table 6. Calculated energiesaN—N) andv(N—O)
transitions as given in Table 5. Around 20000 ¢épihe first for 1 are in very good agreement with experiment. At lower
(spin allowed) transition fromlto the antibonding orbitals  energy, the linear bendfN—N—O) are calculated around
m*_d is observed. At higher energy, the transitions frojpyd 410 cm! with very low IR and Raman intensity. Cor-
to the g orbitals @ and d2_2 occur. These can be associated respondingly, these bands are not observed experimentally.
with the bands at 29450 and 33765 ¢nin the solid state ~ On the other hand, the Ru—NHtretching vibrations are
spectrum of2-BF, and the band at 33230 crhin 2-OTHf. calculated too low in energy as in the case of
In addition, the solution spectrum @Br shows a corre-  [Ru(NHg)s(NO)]3*. Bands occurring at 474 crhin the
sponding transition at 33170 cth Interestingly, these bands  Raman spectrum and at 448 and 433 €in the IR data of
appear to be missing in the spectrum2sBr measured in 2-Br can be associated with these mo#feBo lower energy,
KBr. In this case, a split band at 36490 and 35400 tin two bands are observed at 338 and 298 tin the far-IR
observed that is tentatively assigned to the transitions from spectrum. The occurrence of two quite intense bands around
the d,_s* and d,_z* orbitals to g. 300 cnt is a signature of the Ru(lHN,O complex, since

(0654

S Energy

g
Eg <14=

-D.0628

-0.10

-0.20

nb..q..
Th0=g:

-0.50
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Table 6. Vibrational Assignments of [Ru(Ngs(NNO)]X, in Comparison to Results Obtained From DFT Calculations

[Ru(NHz)s(NNO)]2* (calculated [Ru(NH3)s(NNO)]Br> [RU(NH3)s(NNO)](BF4)2
number of modes mode frequency [ch intensity nap I5NNO naP 15NNO
10 vadN—H) range: 3537—3548 s, IR/s, R 3299/3236(IR) 3371(IR)
3233(R) 3374(R)
5 vg(N—H) range: 3419-3425  vs,R/w,IR  3183(R) 3302/3224(R)
3176(IR) 3301(IR)
1 »(N—N) 2238 vs, R/s, IR 2234(R) 2209(IR,R)  2269(R) 2243(R)
2231(IR) 2270(IR) 2244(IR)
10 OadH—N—H) range: 1710—1748 w, R
1741/1735 s, IR 1621(IR)/1615(R) 1636(IR)/1640(R)
1724/1710 s, IR
5 Og(H—N—H) range: 1361-1404 —, R
1379/1374/1371 vs, IR 1270(IR) 1297(IR)
1 »(N-0) 1185 vs, IRivs, R 1150(R) 1137(R) 1197(R) 1182(R)
1157(IR) 1147(IR) 1206(IR) 1192(IR)
10 O(Ru—N—H) range: 619—779
779/775/773 s, IRIw, R 797(R)/790(IR) 770(IR)
738/736 w, IR/w, R 692 (IR, R) 755(R)
2 6(N—N—-0) 408/406 - IRI-, R 394 (IR)? 384(IR)? 454(IR)? 450(IR)?
5 v(Ru—NH;) range: 373—406
406(Ay) w, Riw, IR 474(R) 452/429(R)
384 w, IR 448/433 (IR) 431/378(IR)
1 »(RU—NNO) 289 m,IRI—, R 297.8(IR) 296.4(IR) 303.8(IR) 299.6(IR)
2 O(N—Ru—N)* 271/268 w, IR/w, R 337.5 335.7 315.1 313.1
7 O(N—Ru—N) range: 171-212
212/207/204 m, IR 240(IR) 245(IR)
183 w, R 225(R) 228(R)

aFor a given type of vibration, range gives the range of vibrational energies obtained in the calculation. Below the range value, vibrations with a certain
amount of IR and/or Raman intensity are listed for comparison with experimental data (vs, very strong; s, strong; m, medium;-w, veeakensity). A
identifies the totally symmetric vibration when applicabl@ai = natural abundance isotopes.

[Ru(NH, ), (NNO)P* [Ru(NH;;(ONN)P* calculation, the RuNNO stret'ch is foupd at 288 cm
Moreover, the calculation predicts two vibrations at 271 and

268 cn! that have predominamd(N—Ru—N) character
(labeledd(N—Ru—N)*). These modes are shifted to higher
energy compared to the remaining octahedral N—Ru—N
bends by an admixture of the RW—N linear bends which
occur at much lower energy<(L00 cnt in the calculation).
Since both bands at 338 and 298 ¢nin 1-Br and the
corresponding features at 315 and 304 &nm 1-BF, are
Figure 8. Fully optimized structures of the two coordination isomers of isotope sensitive, it is not straightforward which one of these
[Feu(NHg)ls(NZO)]ZJr (2). Note that the complex where nitrous oxide is bound CorreSpond§ to(Ru—NNO) and which tad(N—Ru—N)*.
end-on terminally through its nitrogen atom (on the left) corresponds to However, since thé(N—Ru—N)* modes also have some
the experimental coordination mode (see section B.4). Structural parametersg |y —N—H bending character, they should be much more
are given in Table 8. sensitive to a counterion change than the-RINO stretch.

_ _ Therefore, the bands at 338 chin 1-Br and 315 cm? in
they are absent in compoun@sand other corresponding  1-BF, are assigned to the octahedral bed@—Ru—N)*
materials. They are also found for the tetrafluoroborate salt gnd the features at 298 cin 1-Br and 304 cmt in 1-BF,
1-BF4 (see Supporting Information Figure 8). In this case, to»(Ru—NNO). The fact that thé(N—Ru—N)* vibrations
the two bands are close at 315 and 3047tmin the  occur at higher energy in experiment compared to the
(35) Note that the/(Ru—NH;) vibrations of the Ru(Il)>NO* complexes Calcwathn. IS in agreement with the.Observed tendency for

are much more intense in the Raman spectrum compared to their th€ remaining octahedral bends, which are observed around
Ru(1)—NNO counterparts (compare the strong bands at 508 and 487 240 cnt!in the IR spectrum and calculated around 210tm
cm~t of 2-Br with the weak 474 cm' feature of1-Br in Figures 3 (cf. Table 6). Table 6 also shows the assignments for the

and 6). This is probably due to the decreasee-RHts bond strength . ) . )
and, hence, covalency thcompared tc2. tetrafluoroborate salft-BF,, which are essentially identical

6988 Inorganic Chemistry, Vol. 43, No. 22, 2004
168



Pentammineruthenium(ll) Dinitrogen Oxide

Table 7. Comparison of Experimental and QCA-NCA Vibrational
Frequencies [cm] and of QCA-NCA and Calculated (DFT) Force

Constants [mdyn/A] for [Ru(NE)s(NNO)]Br; (1-Br) [Ru(NH,),(NNO)] 2+
exp. (cf. Table 6) QCA-NCA force constants g\n
mode nat NNO naP I5NNO QCA-NCA calcd b5
V(N—N) 2234 2209 2234 2209  17.270  17.591 S 7 %
»(N—0) 1150 1137 1150 1136 9.603 9.732
»(Ru—NNO) 297.8 296.4 297.6 296.3 1.435 1.486  -(),2
anai= natural abundance isotopé@<Calculated with B3LYP/LanL2DZ;
see Experimental Section. Freed »(N—N) = 2224 cm%; fy—n = 17.88
mdyn/A; v(N—0) = 1286 cn?; fy—o = 11.39 mdyn/A36 dy.y2_N(p)
“ 42 2, NG)
'0’3 44/45 = ’&—‘;:
to 1-Br. The corresponding IR and Raman spectrd &F, LUMO- %
are presented in the Supporting Information.
B.2. Normal Coordinate Analysis.The assignments of 4
the vibrations of the [Ru(NNOj} subunit as already ’
described are confirmed by NCA using modeDue to the
fact that the hydrogen atoms of the ammine ligands have o
been omitted in1, no accurate description of the g5 oy -
0(N—Ru—N)* vibrations is possible with the chosen model. ot
Hence, the normal coordinate fit has been limited to the
stretching modes of the [Ru(NNG)]subunit. As shown in .l
Table 7, excellent agreement is obtained in these cases-(,6 - 3910 % d,
between the experimental and NCA frequencies. Importantly, NpJ (nb)
the calculated force constants indicate a weakening of the N(pf_d,2
N—O bond (free NO, 11.4 mdyn/A; Ru-N,O, 9.6 mdyn/ B — SES;_-::;"Z
A) upon coordination of the O ligand. In contrast, the - 5]
N—N bond is only slightly affected (free 0, 17.9 mdyn/
A; Ru—N,0, 17.3 mdyn/A). The reasons for this finding are
. . . NH;
discussed in the next section. The calculate_dNNO f(_)rce_ 0.8 W 2 4 b
constant of only 1.4 mdyn/A shows that nitrous oxide is a ~? N, \m@)
weak ligand. i_du
B.3. Electronic Structure and Spectra.The MO diagram W L, dp

of free nitrous oxide is shown in Figure 7. In the following
text, the bonding properties of this ligand are evaluated in
comparison with M which has been shown to be a
moderatelyr back-bonding and weakly donating ligand’
The LUMO of N,O is the degenerate set of fully antibonding
or* orbitals, labeledT*[12/13] as shown in the contour plot
in Figure 7. Since these orbitals are somewhat lower in
energy than ther* orbitals of N,, nitrous oxide should be a
back-bonding ligand comparable to or better than The
HOMO of nitrous oxide,I1[10/11[1 corresponds to the
degenerate set of orbitals that are practically nonbonding
(cf. Figure 7). They are located at low energy which indicates
that thesr donor ability of NO should be limited. Next in
energy is the weakly NN and N—O ¢ bonding orbital
Zgbwmwhich mostly has lone pair character on the terminal
nitrogen. This orbital could therefore act ascadonor.
However, since this orbital is located at even lower energy
than the corresponding orbital of N, the o donor ability

of N,O should be weak. In summary, nitrous oxide can be
expected to be a comparabteacceptor and a weaker
donor than N.

(36) (a) Richardson, W. S.; Wilson, E. B., Jr. Chem. Phys1950, 18,
694. (b) Begun, G. M.; Fletcher, W. H. Chem. Physl958 28, 414—
418.

(37) Lehnert, N.; Tuczek, Anorg. Chem.1999,38, 1671—-1682.

Figure 9. MO diagram of [Ru(NH)s(NNO)]2*+ (1) including contour plots

of important molecular orbitals (right) and the applied coordinate system
(top, right). Ligand orbitals of BD are labeled as given in Figure 7. The
nomenclature “a_b” indicates that orbitlnteracts withb and thata has

a larger contribution to the resulting MO. Abbreviations: N{p)Jone-pair

o donor functions on the ammonia ligandss=ccis/t = trans with respect

to N2O; nb = nonbonding.

Figure 8, left, shows the optimized structure of
[Ru(NH3)s(NNO)J?* (1) where nitrous oxide is bound end-
on through its terminal nitrogen atom. This leads to a linear
coordination geometry with Ru—N—N andNN—O angles
close to 180°. As will be shown in section B.4, this is the
experimental bonding mode of nitrous oxide in complex
and hence, this bonding mode is applied here for the
discussion of the electronic structure. Calculated bond lengths
of 1 are presented in Table 8. For comparison, Figure 8 and
Table 8 also include the coordination isomer lofvhere
nitrous oxide is bound end-on through its terminal oxygen
atom. This bonding mode is discussed in section B.4.

Figure 9 shows the MO diagram of [Ru(N}s{NNO)]>*

(1) and contour plots of important molecular orbitals. On
the top, the optimized structure from DFT is shown together
with the coordinate system that is used in the following
discussion. In comples, Ru is in the oxidation state-ll

and low-spin, which leads to a{}° electron configuration.
Hence, since thegorbitals (dy, dk, dy;) are fully occupied,
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Table 8. Comparison of Calculated Bond Distances [A]

Paulat et al.

A(Ru-L) A(N—N) A(N—-O) A(Ru—NHg), trans A(Ru—NHg), cis
free N,O (calcd) ~ 1.161 1.241
[RU(NHs)s(NNO)J2*+ (1) 2.027 1.164 1.233 2.178 2.204
[RU(NHs3)s(ONN)Z+ 2.294 1.153 1.262 2.151 2.208

a Averaged over all corresponding bond lengths.

Table 9. Charge Contributions of Important Molecular Orbitals of
[RUu(NHz)s(NNO)J2* (1)a

Table 10. Calculated NPA Charges and d Orbital Populations of
[Ru(NH3)s(NNO)J?*+

Ru N N (6] SNb
no. label energy d s p s p S p s+p
@50 7 d, —0.3079 5 0 29 0 39 0 16 6
440 77 d, —0.3087 5 0 28 0 39 0 16 7
[A30 dyy -04945 91 0 OO0 1 0 3 1
420 dy -04947 82 0 10 4 0 9 1
410 Oy, 7T, —0.4949 85 O 10 3 0 7 1
(400 7y ok, —0.5984 6 0 34 O 0 0 47 12
@90 my_d, —0.5988 6 0 34 0 0 0 48 11
300 z;b_dzz —0.7871 2 6 14 1 11 10 11 32

a Additional MOs are given in Table 9 in the Supporting Information.
b Contribution of the ammonia nitrogens.

no st donation from the BO ligand is possible in the linear
Ru—NNO bonding mode of. Accordingly, the observed
orbital mixings between ligand orbitald and IT° and g
functions of Ru(ll) do not contribute to bonding (cf. Figure
9 and Table 9). The HOMO of complek is the d,430
orbital which is nonbonding. The other twg, brbitals of
Ru(ll), dy; and g, form az back-bond with the unoccupied
IT* orbitals of N;O (the LUMO of the ligand). The
corresponding bonding combinations,y, (410 and
dyz_njmzm are located very close in energy to the non-
bonding dy orbital. This indicates that the RUNNO back-
bond is weak. The contour plot ofd;[410(and corre-
spondingly gjz_n’y“@lzm shows a very small coefficient on
the coordinating nitrogen of the,® ligand. This is due to
st/7* mixing, i.e., mixing of these orbitals withI[10/11[of
N;O. The antibonding combinationss}_ d..[450 and
n’;_dﬂBMDare the LUMO of complex.. They have about
5% metal contribution which is in agreement with the weak
7 back-bond. Note that the occupied orbitals_d; and
dyz_n’y“ are strongly N—O antibonding due to the/z*
mixing already described, which explains the observed
weakening of the NO bond upon coordination of J® (vide
supra). The ReNNO o bond is mediated by the ligand
orbital =° which interacts with d. However, the corre-
sponding bonding combinatiomgb_dzz[fﬁom only has 2%
metal contribution (cf. Table 9) which corresponds to a very

NPA charges NPA d orbital populations
Ru N N (o) dy O dy dztdey
+0.61 -0.16 +0.44 -0.22 195 1.90 1.90 1.42

Low-temperature absorption spectralBr and 1-BF,
are shown in Figure 10. In the caseleBF,, it was possible
to obtain a solid state spectrum which allows for the
identification of weak transitions (vide supra). Two bands
are observed at 28875 and 361507 én(B46 and 277 nm,
respectively). From the MO diagram, the splitting of the three
tog Orbitals is marginal in compleg due to the weak back-
bonding capacity of nitrous oxide. Hence, the ligand field
transitions can be assigned in first order using the Tanabe
Sugano diagram of low-spirf dystems. On the basis of this,
the bands at 28875 and 36150 ¢nare assigned to the
IA; — 1T, and'A; — T, transitions, respectively. This is
also in agreement with TD-DFT calculations. In addition,
an intense charge transfer transition is observed in the KBr
spectra ofl-Br and1-BF, (cf. Figure 10) around 42000 cth
(~238 nm), which has also been observed in solutidhis
band is characteristic for the Ru(Il)=NNO unit since it is
absent in the Ru(IlyNO™ starting material (vide supra). This
band is assigned to theld1/42[F~ x*[44/451ransition in
agreement with TB-DFT calculations (predicted at 232 nm).

B.4. Binding Mode of Nitrous Oxide in 1. Two different
binding modes for the nitrous oxide molecule in complex
have been discussed in the literatéifeds shown in Figure
8, N;O could potentially be bound end-on terminally to
Ru(ll) with either the nitrogen or oxygen atom. From the
DFT calculations, these two binding modes lead to very
different structures. When coordinated with the terminal
nitrogen atom, the Ru(HYNNO unit is linear, whereas
binding with the oxygen atom leads to a strongly bent
structure (the calculated RION(N) angle is 138). How-
ever, due to the instability of compléx no crystal structure
could be determined. Hence, the bonding mode of nitrous
oxide in1is uncertain. However, the mode of coordination
can be determined from a correlation of the experimental
data presented here for compléxvith the results from the

weak interaction. In summary, this bonding description shows DFT calculations. On the basis of a normal coordinate

that the Ru-NNO bond is extremely weak in agreement with
the experimental observation that thgdNigand inlis easily
replaced with water and other ligands. This electronic
structure is also in agreement with the calculated d orbital
populations given in Table 10. Importantly, both back-
bonding orbitals ¢ and d, have about the same occupation
number as the nonbonding orbitg},dvhich again indicates
the weak back-bond id. The large occupation of the, e
orbitals is due to the strong donation of the ammines (cf.
Table 9 in the Supporting Information).

6990 Inorganic Chemistry, Vol. 43, No. 22, 2004

analysis that was restricted to the four atoms of the Ru—
N2O subunit, it was claimed that the observed isotope shifts
of the N—N and the N-O stretch are only in agreement with

O coordination of NO.3*Contrary to these findings, Table

11 shows that the calculated isotope shifts for the N and O
coordinated isomers df (cf. Figure 8) are identical within

a few wavenumbers and, hence, cannot distinguish between
these isomers. Importantly, it is (a) the energy of the N—N
and N—O stretches and (b) the far-IR spectral region that
are actually most diagnostic for the mode of attachment of
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Table 11. Comparison of Calculated Vibrational Energies and Isotope Shifts for N and O Coordinated Isomer of JRINMDY]2+

1-Br (exptl) calcd [Ru(NH)s(NNO)]2* calcd [Ru(NH)s(ONN)J2+
mode nat I5N-N-O nap I5N-N-O N—1N—-0O N—N—-180 nap O—N-15N O—15N—N 1850—N—N
v(N—N) 2234 —25 2238 —26 —46 -3 2160 27 —43 -2
r(N—0) 1150 —13 1185 —14 -3 —39 1091 —-11 -3 —38
v(Ru—X) 297.8 -1.4 289 -2 -2 -3 192 -1 -1 -5

anai = natural abundance isotopes.

] Table 12. Reaction Energies for [Ru(Ngs]"t + L —
3.4 [RU(NHs)s(N NC))]X2 [Ru(NHa)s(L)]™ (T = 298.15 K) [kcal/mol]
2] complex Aee ZPCE AH AG AAG K
307 [RU(NH3)s(NNO)]2+ (1) —25.6 +1.4 —24.4 —141 O
2.8 [RU(NH3)s(ONN)]?* ~ —16.9 +0.6 —16.2 —6.3 +7.9
; [Ru(NHsz)s(OH2)]2* —34.0 +2.4 -323 —224 —-82 2x 10°
26 [Ru(NHz)s(N2)]>+ -31.8 +2.3 —-30.3 —20.1 —6.0 5x 10°
24 [RU(NH3)s(NO)]*+ (2) —62.4 +3.9 —59.6 —46.1
2'2-. a8 Ae: difference in electronic energy. ZPCE: zero point correction
2,0 4 energy.? Equilibrium constant for the reaction [Ru(NJd(NNO)J2™ + L
g 1 8—- - [Rl.l(NHg)s(L)]ZJr + N2O.
k>t 4
= . . .
b= ] nm and the intense charge transfer between gherbitals
P 14+ of Ru(ll) and the nitrous oxide* orbitals around 230 nm.
1,2 - This is in very good agreement with experiment. On the other
1.0 4 hand, for the O bound isomer, ligand field transitions are
0] already predicted in the 540 nm region, and the intense
o t,g — * transition is found around 350 nm. Hence, the
0.6 experimental absorption spectrum also strongly favors N
04 coordination of nitrous oxide id.
024 X=Brf The relative stability of the N versus O coordinated isomer
7 T' .".-'.},q.B.r of 1 can also be investigated by total energy calculations of
45000 40000 35000 30000 25000 20000 15000 the ligand binding energy following the equation
-1
wavenumbers [om ] [RUNH)J?" + L — [RUNH)LI* ()

Figure 10. Low-temperature absorption spectra of [Ru@8NNO)]Br,
as KBr disk and [Ru(NRB)s(NNO)](BF4), in KBr and as a solid as indicated.

Energies are given in cra, Table 12 shows the calculatéxH and AG values for this

reaction for L= NNO, ONN, N,, and OH. Importantly, N

nitrous oxide. Forv(N—N) and v(N—O), the calculated  coordination of nitrous oxide is more favorable than O
energy of the N bound isomer is close to the experimental coordination by 8 kcal/mol in terms of free energy. Compar-
value. In the far-IR region, the N coordinated isomer shows ing the stability of complexL (the N bound isomer) with
a pattern in the calculations witlfRu—N) occurring at~300 corresponding B and OH complexes demonstrates the
cm! (cf. Table 6) which is similar to experiment. In  weakness of nitrous oxide as a ligand (vide supra). In fact,
comparison, the Ru—ONN isomer has the corresponding the N, and the OH adducts are more stable than complex
v(Ru—0) stretch below 200 cm and no intense band in by 6 and 8 kcal/mol in terms of free energy, respectively.
the 300 cm? region. Therefore, this clearly shows that the This large difference in formation energy between the
nitrous oxide ligand is N coordinated in compoubdThe Ru(l)—N; adduct and the Ru(ll)-NNO complex is rather
lower energy of the metalligand stretch in the O coordi-  surprising. The reasons for this finding are further evaluated
nated isomer reflects a weaker boungDNigand in this case  in the Discussion section.
(the calculated RaO force constant is only 0.53 mdyn/A). B.5. Reactivity of End-On Terminally N-Coordinated
This is due to the fact that the RUMPDNN isomer has a  N,O. Using DFT calculations, the reactivity of the Ruf)
different electronic structure where o back-bond oro NNO complex toward protonation and reduction is explored
donor bond fromZgb is present. Instead, a pseudanter- in order to investigate the mechanism of the biologically
action between one of thd orbitals (HOMO) of NO and relevant reaction of pO to N, and HO mediated by nitrous
dz of Ru(ll) is found which is extremely weak due to the oxide reductase (see Introduction). As has been shown,
low energy ofIl (vide supra). nitrous oxide is a very weak ligand, and hence, activation

Due to the very different electronic structures of the O toward protonation is hard to achieve. Scheme 1 shows two
and N coordinated isomers @f, their calculated UV—vis  different reactions that were explored in this study. Initial
absorption spectra are also very different. The calculated protonation of [Ru(NH)s(NNO)J?* (1) leads to the formation
absorption spectrum for the N bound isomer (vide supra) of [Ru(NHs)s(NN—OH)]3* (1 — H) with a bent N-O—H
shows the lowest energy ligand field transition around 400 unit. The electronic structure of this intermediate is very

Inorganic Chemistry, Vol. 43, No. 22, 2004 6991
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Scheme 1

®—N=N=0 —H>[@—N:N/0\I-i+ —H o

@_k\k _ —H . [@—n=N] + oH

O

interesting. It has a distinctively weakened-I bond with

a force constant of only 4.76 mdyn/A (compared to 9.73
mdyn/A for 1), whereas the RuN bond is strengthened
(force constant: 3.56 mdyn/A compared to 1.49 mdyn/A for
1). The reason for this finding is that the interaction of the
proton 1s function with thdl, and Zgb orbitals of NO
leads to lowering ofly andI1y* in energy and a mixing of
these orbitals witho orbitals IikeZgb. In the case ofl1y*,

this leads to a strong increase of mixing withwhich now
has a 30% contribution to the resulting antibonding orbital,
n’y‘_dﬂ@MD(the LUMO of 1 — H). This corresponds to a

Paulat et al.

The calculated free energy for the formationof- H
from 1 according to Scheme 1 is abott30 kcal/mol
(including solvation effects in water). This shows that
complexlis not able to perform this reaction in agreement
with experiment. The reason for this is the low basicity of
the coordinated nitrous oxide ligand In which is related
to the weak Ru(I)=NNO back-bond (vide supra). Hence,
the amount of charge transferred to theONligand upon
binding to Ru(ll) is too small to activate the ligand for
protonation. This, in turn, relates to the oxidation potential
of Ru(ll), which is too high to allow for a significant amount
of charge transfer. Importantly, this indicates that the
application of more redox active (low valent) metal centers
than Ru(ll) would lead to an increase of nitrous oxide
activation. In summary, although compléxs not activated
for the protonation and reduction of nitrous oxide, the
theoretical study of the corresponding reaction pathways
offers a great deal of information on how transition metals
can mediate the degradation of nitrous oxide and what the

transfer of net electron density from the metal to the nitrous potential reaction mechanism is.

oxide ligand through ther back-bond and, hence, an
oxidation of the metal upon protonation of the ligand. This
electron transfer occurs smoothly through thgystem which

indicates that in general no barrier is to be expected for this
The corresponding bonding combinations,

process.
dy, m[@10and 7, d,[350] are N-O antibonding, which
explains the weakening of the-ND bond upon protonation.

Discussion

In this study, the spectroscopic properties and the elec-
tronic structure of the only nitrous oxide complex isolated
so far, [Ru(NH)s(NNO)]X2 (1, X = Br~, BF,7), have been
defined in comparison to the [Ru(NJd(NO)]X3 (2) precur-

The strengthening of the Ru—N bond, on the other hand, is sor. For the bromide salt of the nitrosyl complexRr), a
due to the increased back-bond mentioned above and alssmew crystal structure is presented. In this structure, the NO

due to a stronger interaction (ﬂgb with dz in 1 — H.
Contour plots of these important MOs are given in the

molecule is disordered in two positions due to symmetry
(space groupPnma). Interestingly?2-Br is isostructural to

Supporting Information. As shown in Scheme 1, a subsequentthe corresponding chloride s&tfurthermore, the vibrational
electron transfer to the Ru—NNOH intermediate leads to a properties of complex2 with different counterions are

splitting of the N-O bond and to the release of GRThis

investigated using isotope substitution and density functional

is due to the fact that the additional electron occupies the calculations. This way, a complete assignment of the

n;_dﬂBMEbrbital (the LUMO of1 — H), which is strongly
N—O antibonding.

vibrational spectra o2 was obtained. From normal coordi-
nate analysis, force constants have been determined to 15.34

The alternative mechanism where electron transfer pre- mdyn/A for the N-O and 5.04 mdyn/A for the ReNO bond
cedes protonation is less favorable for two reasons. First,in 2-Br. From the observed linear RIN—O unit in the

the transfer of one electron fbleads to the occupation of
one of ther*_d,, antibonding orbitals. Since tHé* orbitals

crystal structure oR-Br and the occurrence of(N—O0) in
the 1900 cm? region, it is generally accepted thathas a

of N,O are at high energy, this does not seem likely from a Ru(Il)=NO™ electronic structuré>>¢ This is also found in

thermodynamic point of view; i.e., the required reduction

the DFT calculations. The strength of the-RMO bond is

potential can be expected to be too high for agueous mostly due to a back-bond between twoadbitals of Ru(ll)

solutions. In addition, this breaks the already weak- RNO

and the unoccupied set af* orbitals of NO*. The corre-

back-bond, which forces the nitrous oxide ligand to rearrange sponding antibonding molecular orbitals, for example, have
to a bent structure as indicated in Scheme 1. In this case,70% s* and 25% d character. This leads to a net transfer

the occupiedI* orbital now forms a pseudo-bond with
the dz function of Ru(ll). This rearrangement is kinetically

of approximately half an electron from the metal to the ligand
and explains the lowering of the-N\D stretching frequency

unfavorable and also bears the risk of losing the nitrous oxide from 2390 cm? in free NO" to ~1900 cnt in complex2.
ligand. In the reduced complex, the extra electron is mostly In comparison to this back-bond, the RMO* ¢ interaction

located on the D ligand, which would therefore be highly

is weak. An important consequence of this electronic

activated for protonation. Nevertheless, because of thestructure is the occurrence of a partial positive charge on
disadvantages described here, this mechanism can be exthe nitrosyl nitrogen (calculatedt-0.35), which leads to an

cluded for the protonation and reduction of nitrous oxide.

(38) Note that the calculated release of the hydroxyl radical OH instead of

OH™ after one electron reduction df — H is due to the gas-phase
nature of the calculations which disfavor charge separation.

6992 Inorganic Chemistry, Vol. 43, No. 22, 2004

activation toward nucleophilic attaékAccordingly, it was
reported that [Ru(NBs(NO)J*" is in equilibrium with

(39) Bottomley, FJ. Chem. Soc., Dalton Tran%974, 1600—1605.
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[RU(NH3)s(NO,)] " in alkaline solutiof® but is unaffected
by acid®® It was surprising to us that the reaction of
[Ru(NHz)e]3 with 13N80 in acidic aqueous solution led to
the corresponding [Ru(Ng5(*>NO)J*" complex where oxy-

[RU(NH5)(NNO)J*" + N, — [Ru(NH,)5(N,)]** + N,O

is exothermic is terms of free energy by5.6 kcal/mol??
This value compares well with the calculatA® of —6.0

gen is unlabeled. On the other hand, dissolving the obtainedkcal/mol. In addition, this is also in agreement with kineti-

[RUu(NH3)s5(**NO)J** in 180 labeled water (in neutral or acidic
solution) did not lead to the incorporation of the labeled
oxygen into the complex. Therefore, compkis inert under
these conditions. This means that the exchange otébe
label in the>N'80O gas must occur during the synthesis of
2, i.e., during the reaction of [Ru(N§#]3" with N0, A
possible explanation would be that the first step of the
reaction is actually an outer sphere electron transfer:

[RU(NHp)g*" + N0 — [Ru(NH,)*" + [**N*®0]" (3a)

The formed NO is then able to exchange its oxygen with
the unlabeled water before coordination to Ru(ll) occurs:
[*°N*®0]" 4+ OH, — [**NO]" + *®0H, (3b)

[RU(NHy) ™ 4 [*NOJ" — [Ru(NH,)(®NO)*" + NH,
(3¢)

The electrophilic behavior of NO in complexis used for
the synthesis of the nitrous oxide complex [Ru@#N-.0)]-

X2 (1).5°In [Ru(NHz)s(N,0)]?*, possible coordination modes
for the N,O ligand are end-on terminally with either the
nitrogen or oxygen atom. Since no crystal structure is
available for this complex, the binding mode ofto the
Ru(ll) center is uncertaifi However, a detailed analysis of
the vibrational properties and of the electronic spectra

cally determined complex formation constants of a Ru(ll)
precursor (with an amine/phosphine ligand set) with dini-
trogen and nitrous oxid&The obtained data showed that
the ratio of complex formation constart§N,)/K(N2O) is
approximately 18 which is in good agreement with the
calculated value of X 10° (cf. Table 12) in favor of the N
complex. The reason for the reduced complex stability of
the Ru(ll)-NNO adduct is that nitrous oxide has an
additional set of occupiear donor orbitals (the HOMO).
Since Ru(ll) has a low-spin 4fi® configuration, nox
donation into thes; functions is possible in the linear Ru
NNO geometry. Instead, this interaction is energetically
unfavorable due to Coloumb repulsion which lowers the
stability of the complex. Hence, nitrous oxide is an even
weaker ligand than dinitrogen. The properties of the Ru—
NNO bond inl can further be analyzed by comparison to
Ru(ll)=NO* complex?2. The back-bond between the
orbitals of NO and d of Ru(ll) is weak. This is evident
from the corresponding antibonding combinations, d,
which only have about 5% metal contribution compared to
25% in the case of the nitrosyl complex. This accounts for
the observed large difference in metagand force constants
between Ru-NO (5.04 mdyn/A) and ReNNO (1.44 mdyn/
A). Note that the electronic structure df has been
investigated before; however, the calculations were of
extended Huickel type which does not allow one to analyze

connected to DFT calculations enabled us to unequivocally hinding energies, vibrational frequencies, or transition ener-

determine the bonding mode of,® in complex1. From

gies or to quantitatively evaluate the methfjand covalen-

these analyses, nitrous oxide is coordinated end-on terminallycies4! In that study, the authors concluded that the Ru(ll)

through its N atom in comples, which can therefore be
formulated as [Ru(Nk)s(NNO)]?>". From NCA, force con-

NNO bond is dominated by interaction. However, this is
not in agreement with the calculations presented here which

stants are determined to be 17.27, 9.60, and 1.44 mdyn/Aindicate that ther back-bond is more important than the

for the N—N, N—O, and Ru—NNO bonds, respectively.
Compared to free nitrous oxidéthe N—N force constant
is almost unchanged upon coordination whereas théN
force constant of 11.39 mdyn/A is distinctively lowered.

very weako interaction.

From the electronic structure descriptionlgfit becomes
clear that it is difficult to synthesize more stable nitrous oxide
complexes. Since )0 is a weako and st donor, a more

Hence, the N—O bond is weakened upon coordination of stable metal—NNO bond must be achieved by increasing

the NO ligand. Low-temperature absorption spectra have
also been recorded and completely assigned. for

Experimentally, it was found that compléxeasily loses
nitrous oxide in solution, which indicates that®lis a weak
ligand. This aspect is further investigated with the help of
electronic structure calculations. Compared to dinitrogen,
nitrous oxide is a comparable acceptor (mediated by its
degenerata* LUMO), but an even weaker donor, because
the correspondin@rg1b orbital of N;O is at lower energy.
Altogether, one would expect that the complex stability of
[Ru(NHs)s(NNO)J?>" is comparable to [Ru(Ngs(NN)]?*.
This is not the case: experimentally, it was found that the
reaction

(40) Bottomley, F.; Crawford, J. Rl. Chem. Soc., Dalton Tran4972,
2145.
(41) Tuan, D. F.-T.; Hoffmann, Rnorg. Chem.1985,24, 871—876.

back-bonding. In order to strengthen this interaction, the
metal should be low valent with af}° electron configura-
tion. However, there would still be the problem that the
occupied 14 orbitals would have the unfavorable Coulomb
repulsion with thesr donor orbitals of NO. Hence, it is
unclear if this approach would lead to more stable metal
N.O complexes. This still needs to be explored experimen-
tally. In the enzyme nitrous oxide reductase, on the other
hand, nitrous oxide is bound to the fully reduced, Cluster
(see Introduction). In this case, all copper ions are in the
oxidation state+1, which corresponds to a!delectron
configuration. Since all the d-orbitals are fully occupied,
bonding of nitrous oxide to the cluster must solely be due
to back-bonding. In order to explore the mechanism fgd N
degradation in the end-on terminal coordination mode, we
applied DFT calculations on the model [Ru(jJsiINNO)]?*.

Inorganic Chemistry, Vol. 43, No. 22, 2004 6993

173



Paulat et al.

These results provide key information on how the protonation the second electron is transferred first leading to a splitting
and reduction of nitrous oxide work on a molecular level. of the N—O bond and the formation of hydroxide, which is
Importantly, the nitrous oxide ligand is activated for proto- released and subsequently protonated in aqueous solution,
nation by back-donation from the metal(s). Since back- or alternatively, the second proton could be transferred first
donation is weak in the case of Ru(ll), compl&xs not which would then automatically trigger the transfer of the
able to undergo this reaction experimentally. However, in second electron (second PT/ET process). In any case, nitrous
the case of Cu(l), the back-bond and, hence, the activationoxide is degraded this way yielding dinitrogen and water in
of N,O can be expected to be much stronger. This is a smooth and barrierless process.

especially true for the side-on coordination mode e®No

Cu, favored by Ghosh et al. in their DFT study, where two
metal centers simultaneously donate electron density to the
ligand23 Initial protonation of the coordinated nitrous oxide
automatically triggers the transfer of electron density from
the metal(s) to the NNOH unit. Since the electron transfer Supporting Information Available: IR and Raman spectra of
occurs through the metaNNOH 7 system, this process can  2_gf, 2-OTf, and 1-BF,. MO diagrams of free NO and & as

be expected to be barrierless. If the reduction potential of well as contour plots of important molecular orbitals of these
the metal(s) is strong enough to transfer a large amount of species. MO contour plots fdr— H. Details for the crystal structure
electron density, this leads to a distinct weakening of the determination o2-Br and tables of atomic coordinates, anisotropic
N—O bond which nicely prepares for N>-cleavage. Hence, displacement parameters, and geometric parameters. Complete
this process can be classified as a proton transfer withVvibrational assignments fo. Coordinates of the DFT fully
concerted electron transfer (PT/ET). The following step of optimizeq structures aof and2. This material is available free of

the mechanism is less clear, since it depends, for example charge via the Internet at http:/pubs.acs.org.
on the coordination mode of the NNOH intermediate. Either 1C049302I
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Abstract: Density functional calculations are employed to investigate key intermediates of the catalytic cycle of
fungal nitric oxide reductase (P450nor). The formal Fe(II)-nitroxyl species Fe(II)=NO/(—) can principally exist in the
two spin-states S = 0 and S = 1. In the S = 0 case, a very covalent Fe—NO o bond is present, which leads to an
electronic structure description that is actually intermediate between Fe(I)—NO and Fe(I)—NO™. In contrast, the S =
1 case shows a ferrous Fe(II)—NO complex with the extra electron being stored in the 7 system of the porphyrin ligand.
Importantly, the Fe(I)—NO/(—) species are very basic. The electronic structures and spectroscopic properties of the
corresponding N- and O-protonated forms are very different, and unequivocally show that the Mb-HNO adduct
(Mb-Myoglobin) prepared by farmer and coworkers is in fact N-protonated. The presence of an axial thiolate ligand
enables a second protonation leading to the corresponding Fe(IV)—NHOH ™ species, which is identified with the
catalytically active intermediate / of P450nor. This species reacts with a second molecule of NO by initial electron
transfer from NO to Fe(IV) followed by addition of NO* forming an N—N bond. This is accompanied by an
energetically very favorable intramolecular proton transfer leading to the generation of a quite stable
Fe(IIH)—N(OH)(NOH) complex. This way, the enzyme is able to produce dimerized HNO under very controlled
conditions and to prevent loss of this ligand from Fe(IIl). The energetically disfavoured tautomer Fe(II)—N(OH,)(NO)
is the catalytically productive species that spontaneously cleaves the N—OH, bond forming N,O and H,O in a highly

exergonic reaction.

© 2006 Wiley Periodicals, Inc.
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Key words: electronic structure; iron(Il)—porphyrin nitroxyl complex; P450nor

Introduction

Due to their tremendous significance in biology, much research has
been focused on the geometric and electronic structures, spectro-
scopic properties, and reactivities of iron—porphyrin NO complex-
es.! Nitric oxide plays a central role in many important biological
processes including nerve signal transmission, blood pressure con-
trol, and immune response with new functions of this molecule still
being discovered.> Most of these tasks involve heme proteins. In
addition, nitric oxide is an intermediate in assimilatory and dis-
similatory denitrification.®> Assimilatory nitrite reductases are usu-
ally found in plants, and reduce nitrite to ammonia. These enzymes
contain an active site that consists of a siroheme with an axially
bound 4Fe-4S iron-sulfur cluster.* The addition of nitrite to
reduced, active enzyme leads to the immediate formation of a
stable ferrous siroheme—nitrosyl complex, which is also the major
species present upon enzyme turnover.*>® This species then un-

dergoes further reduction leading to a one-electron reduced
Fe(II)>-NO intermediate, labeled Fe(II)-NO/(—) in the follow-
ing, which is readily protonated and ultimately becomes ammonia
in the further course of the reaction. In contrast, the nitrite reduc-
tases in dissimilatory denitrification produce nitric oxide, which is
then further reduced to nitrous oxide by a different class of
enzymes, the nitric oxide reductases (NOR).” In the case of fungal
NOR (P450nor), the active site consists of a heme center with
axially coordinated cysteinate.® The proposed mechanism of this
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Scheme 1.

enzyme is shown in Scheme 1.7 Initially, nitric oxide is bound to
the ferric form of the enzyme, which is then reduced by two
electrons from NADH to yield intermediate /, which therefore
corresponds to a Fe(II)-NO/(—) species. This intermediate is
characterized by a Soret band position of 444 nm compared to 434
nm for the ferrous NO complex.” Resonance Raman spectroscopy
led to the identification of the Fe—NO stretch in 7 at 596 cm ™'
Importantly, this intermediate does not seem to undergo deuterium
exchange, which indicates that I is not protonated.® The further
course of the reaction is less clear, but leads to reaction with
another molecule of NO to create nitrous oxide. In later work, a
more detailed mechanism for this enzyme was proposed by Daiber
et al.” based on kinetic studies, where intermediate I is again
described as Fe(II)>—NO/(—) species, but either singly or doubly
protonated. The electronic structure of this intermediate has been
proposed as either Fe(III) with a bound N(H)—OH radical (doubly
protonated) or Fe(IV) with bound HNO and a cysteinyl radical
(singly protonated), which is both counterintuitive. Hence, al-
though Fe(I)-NO/(—) intermediates and/or corresponding pro-
tonated species are of great biological importance, not much is
known about their detailed electronic structures and reactivities.
To gain more information about the properties of one-electron
reduced ferrous nitrosyls, Fe(II)>-NO/(—), a number of research-
ers have investigated corresponding model systems.'® In a series of
classic studies, Ryan and coworkers'' used spectroelectrochemis-
try to investigate synthetic model complexes of type [Fe(P)(NO)]
(P = tetraphenylporphyrin, octaethylporphyrin, and related por-
phyrinoids). One-electron reduction of these five-coordinate spe-
cies led to only small changes of the Soret band position and
intensity, which shows that the reducing equivalent is not stored in
the 7-system of the macrocyclic ligand.''® Hence, the electronic
structure of the nonprotonated Fe(II)>-NO/(—) species could ei-
ther be of the Fe(Il)>NO™~ or of Fe(I)-NO type; that is, the
one-electron reduction could either be ligand (NO) or metal cen-
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tered. Based on the observed strong shift of the N—O stretching
frequency down to 1496 cm™', it was claimed that the complex
has to be described as low-spin Fe(II)-NO~ (S = 0), which is a
ferrous “nitroxyl” species.''® Binding studies with N-donor li-
gands showed that upon reduction of the Fe(II)—NO complex, the
axial pyridine, or amine ligand is lost.''* This indicates that
nitroxyl has an even stronger frans-effect on coordinated axial
ligands than NO.'>'? It was also found that the Fe(I)—NO~
species reacts with weak acids, presumably forming corresponding
Fe(II)—HNO and [Fe(ID—H,NO]™" species as reactive interme-
diates. However, such solutions are not stable and immediately led
to the formation of hydroxylamine, ammonia and ferrous bis-
ammonia complexes.'* Information on corresponding protonated
Fe(II)-nitroxyl complexes is available from the work of Farmer
and coworkers'> using myoglobin. Reduction of ferrous Mb—-NO
with Cr(Il) salts led to the formation of a surprisingly stable
Fe(II)-HNO complex as evidenced by 'H-NMR spectroscopy.
Only a small shift of the Soret band from 421 to 423 nm is
observed in this reaction. The resulting species is diamagnetic and
shows resonance Raman signals at 1385 cm™ ' for ¥(N—O) and
651 cm™ ! for the Fe—NO stretch. Bond lengths from EXAFS
measurements are 1.82 A for Fe—NO and 2.09 A for
Fe—N(imidazole) as shown in Table 1.* Hence, this species cor-
responds to a six-coordinate complex with axial histidine coordi-
nation. An interesting question is then how an axial cysteinate as
in P450nor would influence the reactivity of this intermediate. This
question was addressed by Farmer and coworkers'® investigating
electrocatalytic nitrite reduction by myoglobin and P450 CYP119
in surfactant films. The results show a markely reduced current and
a higher product specificity for the P450 enzyme in this
reaction.'®® The reduced activity of P450 CYP119 compared to
myoglobin is somewhat surprising at the first glance, but can be
explained by the known lower NO affinity of heme active sites
with axial cysteinate coordination.?" In addition, the P450 enzyme
also seems to exhibit a reduced rate of N-N coupling.®

At this point it should also be underlined that there is growing
evidence for an independent biological significance of free nitroxyl
itself.!” This species might be created in vivo by nitric oxide
synthase in the absence of its reduced pterin cofacor.'® Results by
Bartberger et al.'’® show that free nitroxyl is protonated under
physiological conditions, and that the redox potential of the
HNO/NO couple is about —0.5 V, which means that free NO
should not be largely reduced to HNO in cells. The pK, of the free
"HNO/’NO ™ pair has been estimated to 11.4.'? Therefore, NO and
HNO do not seem to interconvert in vivo to a significant extend,
which allows them to mediate different biological functions.'”
Free nitroxyl is easily trapped by ferric porphyrins (e.g., metmyo-
globin and methemoglobin)?° or thiols in vivo.'”* In addition, free
HNO converts rapidly to N,O through dimerization followed by
dehydration (k ~2 X 10° M~ 's™1).'72

In this study, density functional (DFT) calculations are used to
define the electronic structures of the Fe(Il)-nitroxyl complexes. For
the calculations, six-coordinate species are chosen because the enzy-
matic species can be expected to be six-coordinate with either histi-
dine or cysteinate present. These are modeled using porphine (P>~ ; cf.
Scheme 2) for the porphyrin ligand and 1-methylimidazole (MI) and
methylthiolate (CH;S™) as axial ligands, respectively. Spectroscopic
parameters are calculated and correlated with the known experimental
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Table 1. Calculated Geometric Properties and Relative Energies of [Fe(P)(L)(NO)] >~ Complexes and

Corresponding Intermediates (L. = MI or CH;S™) Compared to Experiment.

Relative energies

Geometric parameters [A] (kcal/mol)
Molecule? AFe—N AN—O / Fe—N—0O AFe—L,, AN—N BP86 B3LYP
[Mb-HNO] (ref. 8) 1.82 1.24 131 2.09 — — —
[Fe(P)(MD(NO)]™ (1, S = 0) 1.795 1.211 124 2.439 — 0 0
[Fe(P)(MD(NO)]” (S = 1) 1.715 1.193 141 2.256 — +3.9 2.7
[Fe(P)(CH;S)(NO)I*~ (2, S = 0) 1.776 1.215 131 2.587 — 0 0
[Fe(P)(CH;S)(NO)[*~ (S = 1) 1.764 1.205 139 2478 — -04 -9.6
[Fe(P)(CH;S)(NHO)] ™ (3a, S = 0) 1.824 1.252 133 2.354 — 0 0
[Fe(P)(CH;S)(NOH)]™ (3b, S = 0) 1.746 1.401 117 2411 — +25.4 +29.0
[Fe(P)(CH;S)(NHOH)] (4, S = 0) 1.810 1.397 125 2.230 — — —
[Fe(P)(CH;S)(N,0,)*~ (5, S = 1/2) 1.957 1.238 125 2.437 1.549 — —
[Fe(P)(CH;5S)(N,O,H)] ™ (6a, S = 1/2) 1.988 1.398 121 2.250 1.308 0 0
i-[Fe(P)(CH;S)(N,O,H)] ™ (6b, S = 1/2) 2.080 1.269 123 2.293 1.793 +27.6 +33.1
[Fe(P)(CH;S)(N,O,H,)] (7b, S = 1/2) 2.128 1.406 115 2.177 1.250 0 0
i-[Fe(P)(CH5S)(N,O,H,)] (7a, S = 1/2) 1.988¢ 1.398 121 2.212 1.760 +16.5 +18.1
[Fe"(P)(NO)]-calc'? 1.705 1.179 146 — — — —
[Fe"(P)(MI)(NO)]-calc'? 1.734 1.186 140 2.179 — — —
[Fe"'(P)(CH,;S)(NO)] ~-calc®® 1.788 1.198 138 2.416 — — —
[Fe"(TPP)(NO)] (ref. 29)° 1.72 1.12 149 — — — —
[Fe''(TPP)(MI)(NO)] (ref. 12) 1.750 1.182 138 2.173 — — —

“MI = 1-methylimidazole; P = Porphine (2—).
"Highly disordered structure.

“Fixed at the optimized distance obtained for 6a. Otherwise, N,O,H, is lost from iron during the geometry optimization.

data described above. This allows for an identification of the key
intermediate / in the catalytic cycle of P450nor. Comparison with the
electronic structures of corresponding ferrous nitrosyls is also pro-

Scheme 2.
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vided. Based on these results, the reaction mechanism of P450nor is
investigated by optimization of key species and then application of
frequency and solvent field calculations to obtain the corresponding
free energies. From these results, pK, values for the protonation of
the initially formed Fe(II)—NO/(—) intermediate are also obtained.
Finally, the biological implications of these results are discussed.
Note that the mechanism of P450nor has been investigated before
using DFT calculations.?' Structures of the model system
[Fe(P)(CH3S)(NO)]27 and of corresponding protonated and ni-
trosylated systems have been calculated before by Silaghi—
Dumitrescu,?'® but no correlation with experimental data is given
and the mechanism of P450nor is not quantitatively evaluated in
this work. In a recent publication, Vincent et al.>'® investigated key
steps in the mechanism of P450nor using DFT. However, com-
parison of the calculated properties with experimental data is again
limited in this article, the energies of the different protonation steps
are not considered, and the entire scenario of the possible proto-
nation equilibria of the different species involved is missing.
Hence, the work presented here reaches far beyond the scope of
these earlier studies.
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Table 2. Calculated Vibrational Properties and Force Constants of [Fe(P)(L)(NO)] ">~ Complexes and
Corresponding Intermediates (L. = MI or CH;S™) Compared to Experiment.

Vibrational frequencies (cm™ ") Force constants (mdyn/f\)
Molecule® (N—O) v(Fe—NO) N—O Fe—NO Fe—L,*
[Fe(TPP)(NO)] 1496 — — —
[Mb-HNO] (ref. 8) 1385 651 — — —
P450nor: intermediate 17° 596 — _ _
[Fe(P)(MD)(NO)]™ (1, S = 0) 1511 544/(435) 10.29 2.50 0.21
[Fe(PYMD(NO)]” (S =1) 1630 616 11.63 3.52 0.47
[Fe(P)(CH;S)(NO)*~ (2, S = 0) 1500 502 9.97 2.61 0.42
[Fe(P)(CH;S)(NO)I*~ (S = 1) 1567 573/453 10.77 2.73 0.61
[Fe(P)(CH;S)(NHO)]™ (3a, S = 0) 1386 601/430 8.67 2.52 1.07
[Fe(P)(CH;5S)(NOH)] ™ (3b, S = 0) 833 649 3.44 3.32 0.88
[Fe(P)(CH;S)(NHOH)] 4, S = 0) 952 609/544° 4.50 2.63 1.56
[Fe"(P)(NO)]-calc"? 1703 595 12.71 3.62 —
[Fe"'(P)(MI)(NO)]-calc'? 1662 609 12.22 3.26 0.61
[Fe"'(P)(CH;S)(NO)] -calc? 1599 531/440 11.26 2.38 0.81
[Fe"(TPP)(NO)] (ref. 13) 1697 532 12.53 2.98 —
[Fe"(TPP)(MI)(NO)] (ref. 13) 1630 440/530 11.55 2.55 —

“MI = 1-methylimidazole; P = Porphine? .

"Both modes at 609 and 544 cm ™' are strongly mixed with in-plane and out-of-plane Fe—N—H bends.

Computational Procedures

Density Functional Calculations

The structures of the models 1-8 listed in Tables 1-3 have been
fully optimized using BP86/TZVP in the given spin states. For all
these calculations, the simple porphine P>~ ligand as shown in
Scheme 2 has been used. Axial histidine and cysteinate ligands
have been modeled using 1-methylimidazole (MI) and methylthio-
late (CH,;S), respectively. Vibrational frequencies have been cal-
culated for all structures. Low-lying imaginary frequencies (<25i
cm ') have been obtained for 1 (S = 0; MI rotation), and 3a and
3b (rotation of the axial ligands along the z axis). The structure of
[Fe(P)(CH;S)(NO)]*~ (S = 1) shows one imaginary frequency at
~110i cm™ " that, however, corresponds to a rotation of the CH,
group around the S—CHy axis of the thiolate ligand, and hence, is
irrelevant. In addition, B3LYP/LanL.2DZ* calculations have been
performed on all these model systems to obtain accurate total
energies for the determination of reaction energies. The
LanL2DZ* basis set consists of LanL.2DZ plus polarization func-
tions (from TZVP) on all heavy atoms. Solvation effects were
included in the calculations using the PCM model and water as the
solvent. From these results, pK, values can be calculated using the
equation:

« . AG
PRA=53006-R- T
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Surprisingly, the calculated value for the '"HNO/*NO™ pair of 23.5
shows significant deviation from the experimental value of ~11.4.
Using B3LYP/TZVP instead of B3LYP/LanL.2DZ* single-point
calculations only leads to a small improvement of the theoretical
result (calcd.: 19.1). Hence, the much more cost-efficient B3LYP/
LanL2DZ* method is used for the calculations on the model
complexes. All these methods were used as implemented in the
Gaussian 98 package.>® Force constants in internal coordinates
were calculated using a modified version of the program Redong??
(QCPE 628). Molecular orbitals were visualized using GaussView.
S?-expansion techniques have been applied on the ferrous nitrosyls
using a program provided by Zilberberg and coworkers.”*

Results and Analysis

Electronic Structure of [Fe(P)(MI)(NO)]~ (1)

Figure 1(top) shows the optimized structure of [Fe(P)(MI)(NO)] ™
(1) for S = 0, and Table 1 lists important structural parameters for
this model complex obtained from BP86/TZVP calculations. Bond
lengths of 1.795 A for Fe—NO and 1.211 A for N—O are
obtained. Corresponding force constants are 2.5 mdyn//& for
Fe—NO and 10.3 mdyn/A for N—O as listed in Table 2. The
Fe—N(imidazole) bond is very long at 2.439 A, which is basically
nonbonding. This is also reflected by the Fe—N(imidazole) force
constant, which is only 0.2 mdyn/A. The calculated value of 1511
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9
[Fe(P)MNNO)] (1), S=0
OPT: BP86/TZVP

“

[Fe(P)(CHZS)(NO)]
OPT: BP86/TZVP

Figure 1. Figures of the fully optimized structures of [Fe(P)
MID(NO)]™ (1, S = 0; P = Porphine (2—); MI = 1-methylimidazole)
and [Fe(P)(CH,S)(NO)]>~ (2, S = 0) obtained with BP86/TZVP.
Structural parameters are given in Table 1.

2), S=0

cm ™! for the N—O stretch ®(N—O) of 1 is in excellent agreement
with the experimentally determined N—O stretching frequency of
1496 cm ™! for one-electron reduced [Fe(TPP)(NO)] (TPP =
tetraphenylporphyrine).''® This is additional strong evidence that
[Fe(TPP)(NO)] ™ has an S = 0 ground state as has been proposed
by Ryan and coworkers (see Introduction). Therefore, the elec-
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tronic structure of the corresponding six-coordinate species [Fe(P)
(MID)(NO)]™ (1) in the relevant S = 0 state will be analyzed in the
following. Note that from the calculations, the S = 0 and S = 1
states of [Fe(P)Y(MI)(NO)]™ are very close in energy (within 5
kcal/mol), that is, the ground state is S = 0 with BP86 and S = 1
for B3LYP as listed in Table 1. The MO diagram of 1 (S = 0) is
given in Figure S1, and contour plots of important orbitals are
shown in Figure S2. The coordinate system used for the following
discussion is shown in Scheme 2 where the Fe—N(O) bond is
roughly oriented along the z axis. The HOMO of complex 1,
labeled 7r;_d_/d. (123), corresponds to an equal mixture of d 2/d..
of iron and 7 of NO (h = horizontal; the 7* orbital within the
Fe—NO plane). This MO is Fe—NO bonding and hence, consti-
tutes a very strong Fe—NO o bond. On the other hand, this orbital
is o antibonding with respect to MI, which explains the very weak
Fe—N(imidazole) interaction in this complex, which has also been
observed experimentally.'' To lower energy, the three ¢, orbitals
of iron, d,_, dyz, and dxz,yz* (in the given coordinate system) are
found, which are fully occupied. An additional contribution to the
Fe—NO bond corresponds to a backbonding interaction between
d,. and the 7 orbital of NO (v = vertical; the 7* orbital perpen-
dicular to the Fe—NO plane). The strength of this interaction is
estimated best from the corresponding antibonding combination,
mi_d,,. (127), which has 22% d and 67% m* character as listed in
Table S1. Based on this MO description, the Fe(I)—NO™ (fer-
rous-nitroxyl) classification of [Fe(TPP)(NO)]™ as proposed by
Ryan and coworkers''® is not entirely correct, because the two o
electrons occupying the 7rf orbital of the bound 'NO~ ligand are
fully delocalized over the Fe—N—O unit by strong mixing with
d_ of iron. Because of this, the NO bond is stronger and »(NO)
around 1500 cm ™" is higher in energy in 1 than in free NO~ (1290
cm ™ '; cf. ref. 17a). On the other hand, a one-electron reduced
Fe(II)—NO/(—) species has also been characterized for a nonheme
iron complex using a tethered cyclam ligand.?® In this case,
»(N—O) is observed at 1271 cm ™', which shows that the NO
ligand experiences a much stronger degree of reduction in this
complex. This marks an important difference between heme vs.
nonheme iron chemistry.

The electronic structure of [Fe(P)(MI)(NO)]™ completely
changes in the S = 1 state. As listed in Table 1, this complex has
shorter Fe—N(O), N—O, and Fe—N(imidazole) bond lengths
than 1 (S = 0). In fact, these bond distances are actually close to
the values observed for the ferrous—nitrosyl complex [Fe(P)
(MI)(NO)]. Correspondingly, the calculated N—O stretching fre-
quency of 1630 cm ™" for the S = 1 complex matches the value of
1662 ¢cm™' calculated for [Fe(P)(MI)(NO)]. This shows that
[Fe(PYMI)(NO)]™ with S = 1 has a ferrous—nitrosyl electronic
structure, where the extra electron must then be stored in the
porphyrin ligand by forming a P*" radical anion. This description
is confirmed by the calculated spin density of the S = 1 complex.
As a consequence, the nature of the porphyrinoid macrocycle
might play an important role in determining the ground state of
[Fe(porphyrin)(L)(NO)]™ type complexes. Because the spectro-
scopic properties of the S = 0 and S = 1 states are very different,
it is obvious from the experimental data on [Fe(TPP)(NO)] ™ that
this complex has an S = 0 ground state as discussed above.''
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Electronic Structure of[Fe(P)(CH3S)(N0)]2_ )

Based on the electronic structure description of [Fe(P)(MI)(NO)] ™
(1, S = 0) elaborated above, it is interesting to explore how an
axial thiolate ligand as observed in P450nor would alter the prop-
erties of the Fe—NO subunit. From previous work on ferrous
nitrosyls it is known that this effect can be substantial (vide
infra).?® To this end, we have optimized the structure of the model
system [Fe(TPP)(CH,S)(NO)]*~ (2, S = 0) using BPS86/TZVP. As
shown in Table 1, the obtained Fe—NO and N—O bond distances
of 1.776 and 1.215 A are very close to those of 1. Correspondingly,
the N—O stretching frequency of 2 calculated at 1500 cm ™'
almost matches the value of 1511 cm ™' for 1. The fact that 1 and
2 have overall similar properties is not surprising, because due to
the strong trans-effect of the coordinated nitroxyl ligand, the axial
imidazole in 1 and thiolate in 2 are only very weakly bound (force
constants are 0.21 mdyn/A for Fe—N and 0.42 mdyn/A for Fe—S,
respectively). Small differences in electronic structures are evident
from the calculated force constants shown in Table 2, which can be
explained based on the MO diagram of 2 shown in Figure S3
(contour plots are given in Fig. S4). Analysis of the MO scheme
shows that the principal bonding interactions between iron(II) and
NO™ are very similar in 1 and 2, that is, a o bond is formed
between 7 of 'NO™ and a mixed d_»/d,, orbital of iron and a 7
backbond is present due to interaction of 7’ and d,,.. Compared to
1, the mixing between 7 and d_: is somewhat ‘reduced, which
leads to a slight weakening of the Fe—NO o bond and a slight
increase in the occupation of 7f in 2. This corresponds to a slight
trans-effect of the thiolate ligand on the coordinated NO (cf. ref.
26). In the case of the 7 backbond, analysis of the antibonding
orbital 7%_d,,_ shows a slight increase in metal contribution in the
case of 2, which corresponds to a slight strengthening of this
interaction. Taken together, both effects lead to a slight increase of
the occupation of the 7* orbitals of NO in 2, which explains the
observed reduction of the N—O force constant by 0.3 mdyn/A
from 10.29 mdyn/A in 1 to 9.97 mdyn/A in 2. For the Fe—NO
bond, these effects cancel, leaving the corresponding force con-
stant almost unchanged, as shown in Table 2. In the S = 1 state of
[Fe(TPP)(CH,S)(NO)]*~, a similar situation is encountered as in
the case of [Fe(P)(MI)(NO)] ~, where the porphyrin ring is reduced
leading to a P3 radical anion. However, in the case of 2, the
stabilization of the S = 1 state relative to the S = 0 state is
enhanced. Calculated energies are —0.4 kcal/mol with BP86 and
—9.6 kcal/mol with B3LYP in favor of S = 1 as shown in Table 1.

From these results, the main effect of thiolate coordination in
the Fe(Il)-nitroxyl complexes seems to be a stabilization of the
S = 1 state, whereas the electronic structure of the Fe—NO
subunit is hardly altered. It is, of course, tempting to conclude that
this is the actual reason for axial cysteinate coordination in
P450nor, which researchers have speculated about for a long
time.® An' S = 1 ground state for intermediate / would be advan-
tageous for the following reaction with the radical NO, which
would otherwise be spin forbidden. However, as we will show
below, we believe that intermediate / in P450nor is actually pro-
tonated, and therefore, the question of whether the Fe(Il)-nitroxyl
complex with thiolate coordination has an S = 0 or S = 1 ground
state is not relevant for the mechanism of P450nor. At this point it
should also be mentioned that electrocatalytic investigations of
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Farmer and coworkers on the nitrite and NO reduction by myo-
globin and P450 CYP119 did not show any enhancement of NO
reductase activity for the P450 enzyme in agreement with this
conclusion.'®

Comparison of the Electronic Structures of Fe(Il)-Nitroxyl
Complexes and Ferrous NO Adducts

The electronic structure of the ferrous six-coordinate complex
[Fe(P)(MI)(NO)] has been described as Fe(II)>—NO(radical)
adduct."** Analysis of the unrestricted single-determinantal wave
function from the B3LYP calculation by expansion in the basis of
Lowdin—-Amos—Hall paired orbitals using the approach of Zilber-
berg and coworkers®’ again validates this description. From this
analysis, the ground state of this complex has 88%
Fe(II)>-NO(radical) character with a 12% admixture of a ligand
field excited state. The SOMO of this complex, which corresponds
to a bonding combination of a mixed d_2/d,_ orbital of iron(Il) and
7 of NO, reflects this electronic structure. Charge contributions to
the SOMO of 42% Fe and 43% NO " are basically identical with
the HOMO of one-electron reduced [Fe(P)(MI)(NO)]™ (1) in the
S = 0 state as described above. This means that one-electron
reduction of the ferrous nitrosyl simply leads to a double occupa-
tion of its SOMO, which strengthens the Fe—NO o bond, whereas
at the same time the Fe—N(imidazole) bond is further weakened
in agreement with the experimental results.'' Based on this large
difference in o bonding, one would expect that 1 exhibits a
stronger Fe—NO bond than the ferrous nitrosyl complex. However,
this is not the case, as is evident from the calculated Fe—NO force
constants listed in Table 2. This is due to a reduction of m-back-
bonding, but also an increase of Coulomb repulsion, between d,_
and 7 in 1 compared to the ferrous nitrosyl complex. This is a
very important result, because it indicates that the corresponding
Fe—NO stretching vibration should be shifted to lower energy in
1 compared to [Fe(P)(MD)(NO)].

In the case of the corresponding complexes with axial thiolate
coordination, a more complicated situation is encountered. This is
due to the fact that the ferrous nitrosyls, [Fe(P)(CH;S)(NO)] ™ and
[Fe(P)(MI)(NO)], have different electronic structures, where axial
thiolate coordination leads to a distinct weakening of the Fe—NO
o bond.?® In addition, spin polarization effects are observed for the
m-backbond in [Fe(P)(CH;S)(NO)]™, which leads to a large
amount of positive spin density on the NO ligand (>1.0) and the
occurrence of negative spin density on iron. We have now reeval-
uated this electronic structure using Lowdin—Amos—Hall paired
orbitals, and we found that the observed spin-polarization effects
are actually due to the admixture of a distinct amount of
Fe(Ill)>NO~  character into the ground state of
[Fe(P)(CH,S)(NO)]~, which has 74% Fe(II)-NO(radical) char-
acter with 18% admixture of Fe(IlI)y—NO™~ and 6% contribution
from a ligand field excited state. This is due to a stabilization of
Fe(IIl) by the thiolate ligand. These special features of the elec-
tronic structure of the ferrous nitrosyl are lost upon one electron
reduction. Because the axial thiolate has a strong effect on the
Fe—NO unit in the ferrous nitrosyl, but only a weak effect in
[Fe(P)(CH;S)(NO)]*™ (2) in the S = 0 state (vide supra), the
change of force constants and vibrational frequencies is distinc-
tively smaller in this case compared to the complexes with axial
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imidazole ligation. The Fe—NO force constant actually slightly
increases from 2.38 mdyn/A in ferrous [Fe(P)(CH;S)(NO)]™ to
2.61 mdyn/A in 2. The Fe—NO stretching frequency does not
follow this trend and slightly drops to 502 cm™ ' in 2. This is due
to a change in mode mixing of §(Fe—N—O) with porphyrin
vibrations, and hence, might be overestimated in the calculations.
On the other hand, the N—O stretch follows the general trend and
decreases by ~100 cm ™' upon one-electron reduction, reflecting
the increase in the occupation of the 7* orbitals of NO in 2.
Importantly, the experimentally determined Fe—NO stretches in
the ferrous P450cam and chloroperoxidase NO adducts are ob-
served at 554 and 542 cm ™', respectively,?® which means that the
one-electron reduced species must have a frequency at identical or
lower energy. In contrast, the Fe—NO stretch in intermediate / has
been reported at 596 cm ™' (cf. Table 2). Based on these results, we
believe that the proposal of Daiber et al., following kinetic evi-
dence, is correct, and that intermediate [ is actually protonated.
This aspect is further analyzed in the next section.

Protonation of [Fe(P)(CH3S)(N0)]2_ (2) and Nature of the
[Mb-HNO] Adduct and Intermediate 1

Based on the finding that intermediate / is most probably proton-
ated, it is then important to investigate the resulting singly and
doubly protonated ferrous-nitroxyl species. Note that the free
"HNO/’NO~ pair has a pK, of approximately 11.4, which means
that °NO™ is fully protonated in water yielding '"HNO. Starting
with the singly protonated case, the bound nitroxyl could either be
protonated at the coordinating nitrogen or the terminal oxygen
atom. The structures of both resulting complexes,
[Fe(P)(CH,;S)(NHO)]” (3a, S = 0, N-protonated) and
[Fe(P)(CH;S)(NOH)]™ (3b, S = 0, O-protonated), have been fully
optimized using BP86/TZVP and are shown in Figure 2 [open-
shell spin states (S = 1, 2) have not been considered in these cases,
because the work of Silaghi—-Dumitrescu has shown that these are
at distinctively higher energies (>4 15 kcal/mol)]*'®. Importantly,
the electronic structures of these intermediates are very different.
This is already indicated by the obtained bond distances as shown
in Table 2. In the case of 3a, protonation leads to an increase of
both the Fe—N and N—O distances to 1.824 and 1.252 A, respec-
tively, compared to 2. An inspection of the MO diagram of this
complex shows that the added proton binds to the 7 orbital of the
NO ligand leading to a planar Fe—N(H)O unit. This strongly
decreases 7} in energy, and hence, decreases its interaction with
d_ of iron compared to 2. Because the resulting bonding orbital,
myi_d, is distributed over several MOs (cf. (106) in Fig. 2), it is
useful to analyze the corresponding antibonding (unoccupied)
combinations, d_»_m}. In the case of 3a, this orbital has 56% d.2
and only 15% =* character (cf. Fig. 2), whereas the corresponding
orbital of 2 has 43% d_> and 33% =* contribution (cf. Table S2).
Hence, upon protonation of the coordinated NO in 2, the two
electrons occupying the o bonding orbital m};_d» are shifted to-
ward the generated HNO ligand and the metal-ligand covalency
decreases. This weakens both the Fe—N o bond and the N—O
bond in 3a compared to 2. The backbond between 7 of NO and
dyz of iron is somewhat stronger in the case of 3a, where the
corresponding antibonding combination, 7%_d_ (117) (cf. Fig. 2),
has 60% =% and 30% d,, character. This somewhat compensates
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the loss in Fe—N o bonding in 3a compared to 2. In addition, this
further weakens the N—O bond, which explains the strongly
reduced N—O force constant and stretching frequency in 3a
compared to 2 (cf. Table 2). In summary, the electronic structure
of the intermediate 3a can be described as a simple Fe(II)-HNO
adduct with a quite strong 7 backbond.

Importantly, the electronic structure of the O-protonated tau-
tomer 3b is very different. In this case, the Fe—N distance is
decreased to 1.746 A, whereas the N—O bond length is strongly
increased to 1.401 A compared to 2. As in the case of 3a, the
resulting Fe—NOH unit is planar, as shown in Figure 2, which
indicates that the proton interacts with the 7} orbital of NO. This
is confirmed by inspection of key MOs of 3b shown in Figure 2.
As in the case of 3a, the addition of a proton to 7} lowers this
orbital in energy, which leads to a distinct increase of its occupa-
tion and a decrease of its mixing with d of iron compared to 2.
The corresponding antibonding combination, d_ry; (120), has
charge contributions of 52% d_> and 20% r};, which is quite similar
to 3a. Hence, as in the case of 3a, the two electrons occupying the
mi_dald,, HOMO in 2 are transferred to the NO ligand upon
protonation. The 7 backbond between 7 and d,, is further en-
hanced compared to 2 and 3a. This is evident from the correspond-
ing antibonding combination, 7i_d,_(117) (cf. Fig. 2), which has
50% % and 37% d,. character in the case of 3b. Hence, this
bonding description should give rise to a somewhat stronger
Fe—N bond and a somewhat weaker N—O bond in 3b compared
to 3a. However, this is not in agreement with the observed large
difference in N—O bond lengths in these complexes. The strong
elongation of the N—O distance to 1.401 A in 3b is actually due
to a polarization of the out-of-plane 7* and 7" orbitals of NO
leaving two p orbitals behind, N(p) and O(p), that only weakly
interact. Hence, the out-of plane 7 bond has almost disappeared in
3b, leading to an N—O single bond. Because O(p) is occupied and
N(p) is empty, the latter forms a very strong 7 backbond with d,,
which explains the distinct shortening (strengthening) of the
Fe—N bond in 3b. In summary, the electronic structure of this
complex has to be described as Fe(II)>-NOH with a very weak
N—oO bond. The remarkably different electronic structures of the
N- and O-protonated tautomers of 2 are also reflected by their
vibrational properties. In the case of 3a, the N—O force constant
of 8.67 mdyn/A corresponds to a weak N—O double bond with a
predicted N—O stretch of 1386 cm ™~ '. In contrast, the N—O force
constant of 3.44 mdyn/A in 3b confirms the single bond character
with a predicted ¥IN—O) of only 833 cm™'. Compared to the
N—O stretch of 2 calculated at 1500 cm™', the position of
(N—-O) therefore allows to easily distinguish between the com-
plexes 2, 3a, and 3b experimentally. Whereas the Fe—N force
constant of 3a (2.52 mdyn/A) is almost identical to that of 2, the
Fe—NO stretch in this complex is predicted to be ~600 cm ™', and
hence, about 100 cm ™' higher in energy than in 2. This surprising
result is due to an intrinsic admixture of the Fe—N—H bend into
(Fe—NO), which increases the energy of this mode in the case of
3a. Complex 3b has the strongest Fe—N bond with a force
constant of 3.32 mdyn/A and a predicted Fe—NO stretch of 649
cm

Farmer and coworkers reported the synthesis of an HNO adduct
of Mb, which turned out to be surprisingly stable.® Based on
"H-NMR results it was proposed that this species is N-protonated.
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Figure 2. Optimized geometries (top) and contour plots of important molecular orbitals of [Fe(P)(CH;S)(NHO)]™ (3a, S = 0, left) and
[Fe(P)(CH;S)(NOH)] ™ (3b, S = 0, right) calculated with BP86/TZVP. Orbital decompositions are also included.
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Table 3. Calculated Electronic Energies ¢, and Free Energy and Solvation Corrections (G

and Ggpyy) for

corr

[Fe(P)(CH;S)(NO)] ">~ Complexes and Corresponding Intermediates (P = Porphine(2—)) at T = 298.15
K. Calculated free reaction energies relative to 3a (cf. Scheme 3) and pK, values are also listed.

Calculated energies (Hartree)

Complex e Georr GsoLv Gsum® AG (kcal/mol) pK4
[Fe(P)(CH,;S)(NO)I*~ (2, S = 0) —1291.92578 0.24907 —0.25048 —1291.92719 +46.64 —
[Fe(P)(CH;S)(NHO)] ™ (3a, S = 0) —1292.61334 0.26788 —0.07394 —1292.41940 0.0 34.2
[Fe(P)(CH;S)(NOH)]~ (3b, S = 0) —1292.56709 0.26667 —0.07726 —1292.37768 +26.2 15.0
[Fe(P)(CH,S)(NHOH)] (4, S = 0) —1293.10301 0.28044 —0.02837 —1292.85094 —8.6 6.3°
[Fe(P)(CH;S)(N,O,)*~ (5, S = 1/2) —1421.89651 0.25431 —0.25295 —1421.89515 +21.2 —
[Fe(P)(CH;S)(N,O,H)]™ (6a, S = 1/2) —1422.58098 0.27005 —0.06977 —1422.38070 —213 31.1
i-[Fe(P)(CH;S)(N,O,H)]~ (6b, S = 1/2) —1422.52818 0.26885 —0.08156 —1422.34089 +3.7 12.8
i-[Fe(P)(CH;S)(N,O,H,)] (7a, S = 1/2) —1423.07461 0.28490¢ —0.00746 —1422.79717 —20.4 —
[Fe(P)(CH;S)(N,O,H,)] (7b, S = 1/2) —1423.10339 0.28505 —0.00486 —1422.82320 —36.9 —
Transition State (7¢, S = 1/2); estim.* —1423.04991 —0.00248 —1422.76734 (—=1.8) —
hs-[Fe(P)(CH;S)] (8) —1162.00805 0.24826 —0.00437 —1161.76416 —89.6° —
NO —129.91377 —0.01574 0.00215 —129.92736 — —
NO~ —129.90481 —0.01751 —0.12263 —130.04495 0 —
'"HNO —130.49584 —0.00830 —0.00975 —130.51389 32.03 23.5°
H* (see ref. 30) 0 —0.41789 — —
N,O —184.69207 —0.01064 —0.00096 —184.70367 — —
H,O —76.43112 0.00290 —0.01138 —76.43960 — —

a — .
Gsum =&+ Geor T GsoLvs €

= electronic energy, G

corr

= thermal and entropy correction to €, Ggso v = free energy

of solvation. G, is taken from the BP86/TZVP frequency calculation, the other energies are calculated with

B3LYP/LanL2DZ* (see Experimental Section).
Relative to 3a.

“The structure of 7a has not been fully optimized (cf. Table 1). Hence, the calculated G

is only an estimate.

corr

YWe were not able to obtain the structure of the transition state from true transition state optimizations. The energy given
here (using G, from 7b) corresponds to a structure where the N—OH and both O—H distances have been fixed and
the geometry was then optimized. This is only a crude approximation.

“Energy includes the formation of N,O and H,O0.

‘Experimental pK,, value for '"HNO — NO~ + H™: ~11.4 (ref. 19a).

Vibrational energies of 1385 cm ™! for the N—O and 651 cm ™! for
the Fe—NO stretch were reported for this complex. This N—O
vibrational frequency is in very good agreement with the value of
1386 cm™ ! calculated for 3a, which nicely confirms that [Mb—
HNOYJ is, in fact, N-protonated. The Fe—NO stretch of this species
is at higher energy than the value of 601 cm™ ' calculated for 3a.
This shift in energy could be due to the axial N- vs. S-donor
ligands in [Mb-HNO] and 3a, respectively. As shown in Table 2,
bottom, the Fe—NO stretch in iron(I)-nitrosyls also shows a
distinct shift to lower energy in the presence of an axial thiolate
donor compared to the complex with axial imidazole ligation.?®
The N- and O-protonated tautomers 3a and 3b also strongly
differ with respect to their relative energies. As shown in Table 3,
N-protonation of 2 leads to a gain of 47 kcal/mol in terms of free
energy (including solvation effects), which corresponds to a cal-
culated pK, of 34. On the other hand, O-protonation only leads to
a gain of free energy of 20 kcal/mol (pKA ~15). Hence, N-
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protonation is strongly favoured over O-protonation in agreement
with the experimental observation that [Mb-HNO] is also N-
protonated. This result is further confirmed by calculated energies
from an earlier DFT study.>'* At this point it should be mentioned
that the absolute values of the obtained free energies are probably
overestimated. This can be seen from the pK , of free HNO, which
is calculated to be 23.5 compared to an experimental value of only
11.4. Nevertheless, as observed in many cases of pK, calculations,
trends are usually reproduced very well. Hence, the calculated pK
values of 3a and 3b relative to that of HNO show that (a) coor-
dination of HNO to Fe(Il) increases the pK, value of this species,
and (b) that O-protonation is clearly less favourable.

Besides the two singly protonated tautomers 3a and 3b, inter-
mediate / could also correspond to the doubly protonated interme-
diate [Fe(P)(CH,S)(NHOH)] (4) as proposed by Daiber et al.’
Total free energy calculations show that 4 is, in fact, 8.6 kcal/mol
lower in energy than 3a in agreement with this idea. The predicted
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vibrational properties of 4 show a weak N—O bond with »(N—O)
at 952 cm ™" similar to 3b and, importantly, a predicted Fe—N
stretch (mixed with Fe—N—H bends, cf. Table 2) at 609 cm '
similar to 3a. Therefore, considering the experimental Fe—N
stretch in 7 observed at 596 cm ™!, these results are not conclusive
whether this species is singly N- or doubly N,O-protonated. This
could easily be decided from the N—O stretch, which, however,
has not been observed experimentally. The optimized structure of
4 is shown in Figure 3. In this case, the NHOH ligand is planar,
which means that both protons are bound to the former 7} orbital.
This leads to a further decrease of this orbital in energy and, hence,
a decrease of the strength of the Fe—N o bond in 4. The corre-
sponding bonding combination, 7}_d_> (95), has 49% 7} and only
10% d_: character in agreement with this analysis (cf. Fig. 3). On
the other hand, the binding of the second proton also has a
profound effect on the 7% orbital, which decreases in energy and
now becomes occupied. This is evident from the corresponding
antibonding combination, d,__7 (115) (cf. Fig. 3), which has 34%
7% and 40% d, character. In summary, the electronic structure of
4 is somewhat similar to 3b, but the Fe—N o bond is distinctively
weakened in the doubly protonated species in agreement with the
lower Fe—N force constant in this case (cf. Table 2). In addition,
the 7 orbital now becomes occupied, which formally leads to a
Fe(IV)—NHOH " electronic structure for complex 4, although one
has to keep in mind that the Fe—N bond is very covalent. There-
fore, based on the spectroscopic and mechanistic significance, we
propose that intermediate [/ is a doubly protonated
Fe(IV)—NHOH™ species.

In conclusion, the above analysis shows that the Fe(II)—NO/
(—) species in myoglobin corresponds to a singly N-protonated
complex, whereas the corresponding intermediate / in P450nor is
doubly N,O-protonated. Therefore, we propose that the actual role
of the axial thiolate ligand in P450nor is the stabilization of the
formed Fe(IV)-NHOH™ intermediate by strong donation of the
thiolate to the iron center thus stabilizing the formal Fe(IV) oxi-
dation state. In other words, the thiolate enables the double pro-
tonation of the Fe(II)-NO/(—) intermediate by lowering its pKy
values. As demonstrated in the next section, this intermediate leads
to a clean formation of N,O when reacted with one molecule of
NO, thus avoiding the formation of potentially toxic NO, species.

Molecular Mechanism of P450nor

From the work of Shoun and coworkers®” it is known that P450nor
is catalytically active in its ferric oxidation state, which binds one
molecule of NO. The next step is the reaction with NADH leading
to the formation of intermediate / as presented in Scheme 1. As
shown by our analysis presented above and kinetic studies by
Daiber et al.,” this step corresponds to a direct hydride transfer
initially generating an Fe(II)>—HNO species as shown in Scheme
3. This species is N-protonated, which is energetically strongly
favoured over the O-protonated form. Hence, in the following
mechanistic discussion all free energies will be related to this
species 3a, which is set to 0.0 kcal/mol in Scheme 3. This species
is subsequently protonated leading to the fast formation of the
corresponding Fe—NHOH species 4, which therefore can be iden-
tified with intermediate / as observed spectroscopically in agree-
ment with the proposal of Daiber et al.” It is stabilized by approx-
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unoccupied

<115>

‘occupied

10% d,
mh_d2 + S(po)

Figure 3. Optimized geometry (top) and contour plots of important
molecular orbitals of [Fe(P)(CH;S)(NHOH)] (4, S = 0) calculated
with BP86/TZVP. Orbital decompositions are also included.
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imately 9 kcal/mol relative to 3a. The electronic structure of this
intermediate is very interesting as described above and formally
corresponds to an Fe(IV)—NHOH™ complex. Intermediate 4
could be envisioned to react with NO by an outer sphere electron
transfer to the iron center creating Fe(Ill) and NO™, where the
NO™ then subsequently or concertedly attacks the lone pair on the
nitrogen of the coordinated NHOH ligand. This process corre-
sponds to a spin-allowed reaction. Importantly, the calculations
show that the N-protonated Fe(III)—N,O,H, species formed this
way is unstable and easily loses the generated N,O,H, ligand.
However, proton transfer from the nitrogen atom of the former
NHOH ligand to the oxygen of the incoming NO molecule leads to
the generation of the stable O,0'-protonated Fe(III)—N,O,H,
complex 7b as shown in Scheme 3. The formation of 7b from 4
and NO is highly exergonic by about 28 kcal/mol. This is a very
important result, because it shows that the attack of NO on inter-
mediate 4 is a three step process including (a) electron transfer to
the formal iron(IV), (b) attachment of the resulting NO™ forming
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an N—N bond, and (c¢) simultaneous proton transfer from the N
atom of the former NHOH ligand to the O atom of the incoming
NO. This mechanism explains why the anticipated radical reaction
of NO with the coordinated HNO species is efficiently catalyzed
by the heme center. Based on this reaction sequence, the N-
protonated Fe(III)-N,O,H, species is an intermediate on the
reaction coordinate leading to 7b. To estimate the energy of this
species, we have optimized its structure using a fixed Fe—N
distance. This leads to intermediate 7a, where NO is loosely
attached to the NHOH ligand. The energy of this species is —12
kcal/mol relative to 4 and NO. Therefore, the subsequent proton
transfer generating the tautomer 7b is highly exergonic by —16
kcal/mol, and hence, should occur extremely fast in the actual
enzymatic reaction. This ensures that the formed N,O,H, ligand
stays bound to the iron(Ill) center. In addition, the structure of 7b
as shown in Scheme 3 is perfectly set up for proton transfer leading
to the tautomer 7¢, where the oxygen of the former NHOH ligand
is doubly protonated. Upon geometry optimization, this species
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relaxes back to 7b, which therefore corresponds to the most stable
tautomer of the Fe(II[)—N,O,H, complex. However, fixing the
two O—H bonds in 7c at 0.97 A and geometry optimization leads
to the spontaneous cleavage of the N—OH, bond and the forma-
tion of a five-coordinate Fe(III) complex, nitrous oxide and water.
This reaction is highly exergonic, which shows that 7¢ must
corresponds to a transition state, because this species is higher in
energy than both the reactant 7b that it is formed from, and the
products obtained after its decomposition. We therefore tried to
optimize the structure of this transition state, but these calculations
were not successful. To estimate the energy for proton transfer
leading from 7b to 7c¢, a geometry optimization was performed
were both O—H and the N—O bond distances were fixed at 0.97
and 1.41 A, respectively. As shown in Table 3, this structure is 35
kcal/mol higher in energy than 7b. This indicates that the transition
state must have a significantly elongated N—O bond, which would
lead to a substantial lowering of the barrier as evident from the
strong thermodynamic driving force of the reaction. Because it is
known from experiments that the five-coordinate ferric heme in
P450nor is high spin, we therefore used the corresponding high-
spin complex 8 to calculate the free energy for the reaction leading
from 7b to 8, nitrous oxide and water. This process is exergonic by
about 53 kcal/mol, and therefore, thermodynamically highly fa-
vorable. Note that the decay of 7c¢ initially generates an
Fe(III)—N,O complex, which loses the N,O ligand in the calcu-
lations regardless whether the high-spin or low-spin state of the
ferric heme is considered. This dissociation of nitrous oxide closes
the catalytic cycle.

In model complex studies using organic solvens,
Fe(II)—NO/(—) species could also potentially be generated in a
proton-free environment. To investigate whether these interme-
diates would react with NO, we have also calculated the cor-
responding reaction energy. As shown in Scheme 3, this process
leading from 2 to the Fe—N,O, intermediate 5 is strongly
exergonic by about 25 kcal/mol, and hence, this reaction should
proceed smoothly. In addition, 5 is almost as basic as 2, which
indicates that this species could be doubly protonated upon
addition of acid leading to 7b, which then follows the reaction
mechanism of P450nor as described above. This sequence cer-
tainly requires a protected binding site for the intermediate as
present in the protein to exclude crossreactions of different
species in solution or disproportionation reactions, etc.

In two very recent studies, alternative reaction mechanisms for
P450nor have been also published based on DFT calculations.?'*¢
Importantly, Vincent et al.>'® also concluded that intermediate / of
P450nor corresponds to the doubly protonated species 4 as pre-
sented here, although this work does not explicitly consider the
energies of the different protonation steps, which is of key impor-
tance as we have shown above. The further mechanism published
in this article then differs from our results. This is due to the fact
that upon reaction of 4 with NO, the initially formed, N-protonated
species 7a does lead to loss of N,O,H, from iron as discussed
above. Because Vincent et al. did not consider the energetically
favourable tautomer 7b, which contains a stable Fe—N,O,H,
bond, their further mechanism invokes decomposition of free
N,O,H,. However, we think that the tautomer 7b is formed
instantaneously from 7a due to the strong thermodynamic driving
force, and that a mechanism considering free N,O,H, is therefore
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not valid. As presented above, the iron center is actually assisting
in the decomposition of the coordinated N,O,H, in 7b by fixing
the structure in a conformation that is ideally set up for proton
transfer leading to the transition state 7c¢. In a recent DFT study by
Tsukamoto et al.,”’® a completely different reaction mechanism is
promoted where the ferric—heme NO adduct is only reduced by
one electron by NADH, and the NO then dissociates from the
generated ferrous heme. In the next step, a second electron transfer
occurs from the NADH™ radical to free NO generating free NO ™,
which then reacts with NAD ™. Considering the known properties
of ferric and ferrous heme nitrosyls,? this scenario is very un-
likely. First, NO is bound very strongly to ferrous heme nitrosyls,
and hence, a fast dissociation of NO from the heme is unlikely.
Vice versa, it can be envisioned that the two-electron reduction by
NADH is actually performed to avoid the ferrous nitrosyl complex.
Second, this mechanism cannot explain the experimentally ob-
served properties of intermediate /, which contains a bound NO
ligand but is clearly further reduced compared to a corresponding
ferrous complex (cf. Introduction). This latter mechanism is there-
fore highly unrealistic.

Conclusions

The main conclusions that are drawn from the calculations pre-
sented in this work are:

1. the one-electron reduced ferrous nitrosyl species Fe(II)—NO/
(—) can principally exist in the two spin states S = 0 and S =
1, which are isoenergetic in the calculations for N-donor trans
ligands, whereas thiolate leads to a slight preference for the
S = 1 state. So far, experimental evidence is only available for
the S = 0 case;

2. the S = 0 ground state of Fe(II)>-NO/(—) has an electronic
structure that is intermediate between Fe(I[)-NO™ and
Fe(I)-NO. The effect of an axial thiolate ligand on the
electronic structure is marginal. Importantly, this species is not
part of the catalytic cycle of P450nor;

3. this is in contrast to the ferrous Fe(II)—NO complexes, where
the axial thiolate has a profound effect on the electronic
structure leading to an admixture of ~20% Fe(II)—NO™
character into the ground state wavefunction;

4. the Mb—HNO adduct prepared by Farmer and coworkers cor-
responds to the N-protonated Fe(II)-NHO tautomer, which is
energetically strongly preferred over the O-protonated form;

5. in contrast, intermediate / of P450nor is doubly protonated and
formally corresponds to an Fe(IV)-NHOH™ complex. This
species is perfectly set up for reaction with a second molecule
of NO;

6. the role of the thiolate is then to stabilize the Fe(IV)-NHOH ™
species and to enable the double protonation of the reduced
NO ligand in P450nor;

7. the Fe(IV)-NHOH ™ intermediate reacts with nitric oxide by
initial electron transfer from NO to Fe(IV) followed by addi-
tion of NO™ to the NHOH ligand forming an N—N bond. This
process is accompanied by an intramolecular proton transfer.
This reaction sequence ensures that nitrous oxide is the prod-
uct of catalysis, and that no other NO, species is formed;
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8. the obtained Fe—N,O,H, intermediate is quite stable and
corresponds to an Fe(III)—N(OH)(NOH) species. The doubly
O-protonated tautomer Fe(III)—N(OH,)(NO) is energetically
unfavorable, but corresponds to the catalytically productive
species that spontaneously decomposes to N,O and water in a
highly exergonic process;

9. this way, the enzyme produces dimerized HNO under con-
trolled conditions, which, in its free form, also decomposes to
N,O and H,O (see Introduction);

10. electrocatalytic work by Farmer et al.'® shows that Mb forms
hydroxylamine and ammonia from nitrite reduction, whereas
P450 CYP119 is less reactive, but more selectively produces
N,O. One possible explanation for this difference is that in
Mb, the N-protonated intermediate Fe(II)—NHO is catalyti-
cally active, and that this is the route leading to NH,OH by
additional proton and electron transfer, whereas in P450nor,
the corresponding doubly-protonated species is the reactive
intermediate leading to N,O formation.

Supporting Information

MO diagrams and contour plots of 1 and 2 and tables with charge
decompositions of important molecular orbitals of these species;
tables with cartesian coordinates of the optimized structures of 1-7
are available from the Supporting Information.
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Vibrational properties of the five-coordinate porphyrin complexes [M(TPP)(CI)] (M = Fe, Mn, Co) are analyzed in
detail. For [Fe(TPP)(CI)] (1), a complete vibrational data set is obtained, including nonresonance (NR) Raman, and
resonance Raman (RR) spectra at multiple excitation wavelengths as well as IR spectra. These data are completely
assigned using density functional (DFT) calculations and polarization measurements. Compared to earlier works,
a number of bands are reassigned in this one. These include the important, structure-sensitive band at 390 cm™,
which is reassigned here to the totally symmetric vpeaming(Fe—N) vibration for complex 1. This is in agreement with
the assignments for [Ni(TPP)]. In general, the assignments are on the basis of an idealized [M(TPP)]* core with
Dy, symmetry. In this Work, small deviations from D,, are observed in the vibrational spectra and analyzed in
detail. On the basis of the assignments of the vibrational spectra of 1, [Mn(TPP)(CI)] (2), and diamagnetic [Co(TPP)(Cl)]
(3), eight metal-sensitive bands are identified. Two of them correspond to the »(M—N) stretching modes with By
and E, symmetries and are assigned here for the first time. The shifts of the metal sensitive modes are interpreted
on the basis of differences in the porphyrin C—C, C—N, and M—N distances. Besides the porphyrin core vibrations,
the M—ClI stretching modes also show strong metal sensitivity. The strength of the M—Cl bond in 1-3 is further
investigated. From normal coordinate analysis (NCA), force constants of 1.796 (Fe), 0.932 (Mn), and 1.717 (Co)
mdyn/A are obtained for 1-3, respectively. The weakness of the Mn—Cl bond is attributed to the fact that it only
corresponds to half a o bond. Finally, RR spectroscopy is used to gain detailed insight into the nature of the
electronically excited states. This relates to the mechanism of resonance enhancement and the actual nature of
the enhanced vibrations. It is of importance that anomalous polarized bands (A, vibrations), which are diagnostic
for vibronic mixing, are especially useful for this purpose.

Introduction resonance Raman (RR) spectroscopy has always played a
Vibrational spectroscopy is a very valuable method that K€Y role. RR spectroscopy selectively enhances the vibra-

is used to gain insight into the electronic structures of tional modes of the absorbing chromophore, whereas the

remaining vibrational modes in the molecule (protein) are

metalloporphyrins. Especially, heme proteins that contain )
parpy P y P suppressed.® In this way, RR spectra of a heme chro-

iron porphyrins as prosthetic groups have been studied in ) ) )
detail, and information about the properties of their heme mophore can be obtained selectively even in a large molecule

cofactors have been obtained because of the sensitivity of(Protein) where many other vibrations are present. From the
the vibrational frequencies to the changes in oxidation state, Vibrational energies as well as the nature of the enhanced
coordination number, and spin stafeHemes occur as active  Mdes, information about the geometric and electronic
sites in many different proteins and have been characterized (3) Spiro, T. G.; Czemuszewicz, R. S.Ahysical Methods in Bioinorganic

by all types of spectroscopic methods. Among these, Chemistry;Que, L., Jr., Ed.; University Science Books: Sausalito,
CA, 2000; pp 59-120.
*To whom correspondence should be addressed. E-mail: nlehnert@ (4) Loehr, T. M. InSpectroscopic Methods in Bioinorganic Chemistry;

ac.uni-kiel.de. Solomon, E. I., Hodgson, K. O., Eds.; American Chemical Society:
(1) Spiro, T. G. Inlron Porphyrins;Lever, A. B. P., Gray, H. B., Eds.; Washington, DC, 1998; pp 136.53.
Addison-Wesley: Reading, MA, 1983; Part 2, pp-8%59. (5) Czernuszewicz, R. S.; Spiro, T. G.limorganic Electronic Structure
(2) Spiro, T. G.; Li, X.-Y. InResonance Raman Spectra of Heme and and Spectroscopysolomon, E. I., Lever, A. B. P., Eds.; John Wiley
Metalloproteins;Spiro, T. G., Ed.; Wiley: New York, 1988; pp-137. & Sons: New York, 1999; Vol. 1, pp 353441.
10.1021/ic0510866 CCC: $33.50 © 2006 American Chemical Society Inorganic Chemistry, Vol. 45, No. 7, 2006 2835
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Scheme 1
Y X Y
v NPy Porphine: X=H ;Y=H
X =X OEP: X=H ;Y=Et
Y Y TPP: X=Ph;Y=H
Y X Y

OEP TPP

properties of the heme as well as its environment can beas out-of-plane modes for general metalloporphines [M(P)]
obtained-® Besides the investigation of metalloporphyrins were calculated by Warshel and Lappiciréllasing a

in biological systems, synthetic porphyrin model complexes semiempirical force field (QCFF/PI). This study provides
have been studied widely to gain insight into the catalytic the first analysis of the out-of-plane vibrations of the
reactions or functions performed by heme protéirsmany porphyrin core. Spiro and co-workétdater developed a
cases, tetraphenylporphyrin (TPP) and octaethylporphyrin consistent empirical force field for nickel porphyrins with
(OEP) ligands have been used for such model systems.different substituents, including porphine, OEP, and TPP.
Scheme 1 shows the OEP and TPP ligands, which are based’he RR spectra of [Ni(TPP)] were completely assigned using
on simple porphine P, where the meso (X) gglibstituents  pyrrole+N,, pyrrole-g, °C;,-meso and phenylugd isoto-

(Y) are hydrogen atoms. OEP has ethyl groups in fhe pomers, and NCA? Other simple [M(TPP)] complexes (M
position (Y= Et), whereas TPP has phenyl groups in the = Cu(ll), Zn(ll), and Co(ll)) were studied by other groui3d?
meso position (X= Ph). The RR spectra of such metallo- However, until now, no detailed vibrational assignments of
porphyrin model complexes have been intensely studied, andfive-coordinate complexes of type [M(P)(X)] existed.

spectral assignments have been obtairfeat the vibrational In contrast to the RR spectra, the IR spectra of TPP
assignments, four-coordinate Nickel complexes have, in complexes remained unassigned for a long time because of
general, been used because they are stable and nonfluoresheir complexity. The first complete assignment of an infrared
cent. In addition, there are no complications due to axial spectrum of a TPP complex was performed by Rush IIl et
ligands when using the four-coordinate species. Correspond-al 13 in 2000 for [Ni(TPP)] using DFFSQM calculations.
ingly, much effort has been spent to investigate the RR andRR intensities were also calculated using the semiempirical
IR spectra of the Ni(ll) complexes [Ni(OEP)] and [Ni(TPP)].  INDO method, which led to the reassignment of several RR
On the basis of multiple isotope substitution, multiple- bands. Hence, these new assignments are on the basis of
wavelength RR spectroscopy, and IR measurements, thequantum chemical calculations, which only became available
spectra of [Ni(OEP)] and [Ni(TPP)] have been assigned by
different groups. Kitagawa and co-workers assigned most (9) V\éargshel, A.; Lappicirella, AJ. Am. Chem. Sod.981,103, 4664—
of the infrared and RR in-plane modes of [Ni(OEP)] using 4673. . o , e
variable excitation RR spectr#N and G, isotope shifts, ) &3 phyis cnemio60.04. 3147, (b) Ll XY Cobrmusseues. .

and a normal-coordinate analysis (NC&)n-plane as well S.; Kincaid, J. R.; Stein, P.; Spiro, T. G. Phys. Chem1990, 94,
47-61. (c) Li, X.-Y.; Czernuszewicz, R. S.; Kincaid, J. R.; Spiro, T.
G.J. Am. Chem. S0d 989,111, 7012—7023.

(6) Walker, F. A. InEncyclopedia of Inorganic Chemistriting, R. B., (11) Atamian, M.; Donohoe, R. J.; Lindsey, J. S.; Bocian, DJ.FPhys.
Ed.; John Wiley & Sons: New York, 1994; Vol. 4, pp 1785846. Chem.1989,93, 2236—2243.

(7) Kitagawa, T.; Abe, M.; Ogoshi, Hl. Chem. Phys1978,69, 4516— (12) Kozuka, M.; Iwaizumi M.Bull. Chem. Soc. Jpril983,56, 3165—
4525, 3166.

(8) Abe, M.; Kitagawa, T.; Kyogoku, YJ. Chem. Physl978 69, 4526~ (13) Rush, T. S., lll; Kozlowski, P. M.; Piffat, C. A.; Kumble, R.; Zgierski,
4534. M. Z.; Spiro, T. G.J. Phys. Chem. R000,104, 5020—5034.
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recently for the routine treatment of large molecules such these bands-tlll were found to decrease as the metal
as [Ni(TPP)]. These theoretical methods provide a new tool porphyrinato nitrogen distances increased (Ni¢l)Co(ll)
to researchers that enables them to analyze the missing puzzle Cu(ll) > Zn(ll)).
pieces of the vibrational assignments of porphyrin complexes, In this study, density functional theory (DFT) is used to
as will be further demonstrated in this study. calculate the IR and Raman spectra of the five-coordinate
Besides the detailed assignments of nickel porphyrin complexes [M(TPP)(CI)] with M= Fe (1), Mn (2), and Co
complexes including [Ni(TPPYP1415the Spiro group has  (3). On the basis of these results, the experimental nonreso-
also analyzed the effects of oxidation- and spin-state changegiance Raman (NR Raman), resonance Raman, and IR spectra
on the RR spectra of heme proteiigd—4244 |t was of compoundl are assigned in detail for the first time. The
concluded that the oxidation-state sensitivity largely dependscalculated Raman spectra cannot be compared to resonance
on the back-bonding between the metal and the porphyrinRaman measurements because of the difference in the
ring. In the case of iron, back-bonding is greatly reduced Selection rules for resonance and nonresonance Raman
for Fe(lll) compared to Fe(ll) because of a lowering in scattering?® Therefore, using an excitation wavelength of
energy of the d orbitals, which induces shifts in certain 1064 nm, the nonresonance Raman spectrg, @ficluding
porphyrin vibrations. In agreement with this analysis, axial polarized measurements are presented for the first time.
ligands of increasingr-acceptor strength increase the Resonance Raman spectra at multiple excitation wavelengths
frequencies of the oxidation-state sensitive batdby have also been obtained fbrwhich, together with polarized
competing with the porphyrin ring for the iron, @lectrons. measurements, allow for the assignments of additional bands.
Correspondingly, using the stromgdonor ligand cysteine,  Altogether, a complete assignment of all available experi-
these oxidation-state sensitive bands shift to energies belowmental data has been achieved for compdlrihese results
the typical range associated with nonacceptor ligah8gin- are then compared to an earlier assignitfeoit a few RR
sensitivity, on the other hand, has been attributed to ring bands ofl in the 1000—1600 crt range. Results of Burke
conformationts® Doming of the porphyrin ring occurs as a et al.}* who roughly classified the vibrations of compound
consequence of out-of-plane displacement of #myhich 1 on the basis of RR isotope shifts and polarization
is due to the fact that high-spin iron(Il) and iron(lll) are too measurements, are also taken into consideration. The vibra-
large to fit into the center of the porphyrin ring. In this way, tional assignments obtained forare then compared to the
the high-spin state of iron causes doming that then inducesassignments of the Raman and IR spectr&2 aind 3 to
band shifts. On the other hand, Spaulding éf aliggested  identify the metal-sensitive bands. Not surprisingly, one of
that the core size is the dominant parameter for spin-statethe most metal-sensitive bands in these complexes is the
sensitivity. Because of the out-of-plane displacement of the metal—chloride stretching vibration. These are identified in
iron atom, the pyrrole rings are expected to tilt to maintain the IR spectra 0of—3, and the corresponding force constants
the overlap with the metal orbitals. This leads to a lowering are determined using the quantum-chemistry centered normal
of certain vibrational frequencies because of the losg of coordinate analysis (QCC—NCA) Finally, the correlation
conjugation at the methine bridges of the porphyrin ring. of our results to the detailed assignments for [Ni(TPP)] is
Hence, both core expansion and pyrrole tilting are expectedalso included? Going from [Ni(TPP)] to [M(TPP)(CI)] type
to contribute to the lowering of vibrational frequencies, where complexes adds the complexity of having (a) open shells,
core expansion is dominant at moderate tilt anédes. (b) larger distortions of the porphyrin ring, and (c) axial
Altogether, five structure sensitive RR signals were described ligands. The influence of these electronic and structural
in the literature and designated as bandsEA These differences on the vibrational spectra of metalloporphyrins
oxidation- and spin-state sensitive bands are also expecteds analyzed.
to be sensitive to the nature of the metal ion because of the
variable occupation and energies of the d orbitals of dif-
ferent metald® Oshio et al®® observed metal-sensitivity in
the IR spectra of [M(TPP)] complexes. The frequencies of

Experimental and Computational Procedures

SynthesesThe complexes [Fe(TPP)(CI)1Y and [Mn(TPP)(Cl)]
(2) were synthesized using published procedidrasd isolated as
microcrystalline solids. Complex [Co(TPP)C8)(was synthesized
using the procedure by Mahmood e€&Single Crystals of were
obtained by slow diffusion of-hexane into a solution o2 in

(14) Burke, J. M.; Kincaid, J. R.; Spiro, T. @. Am. Chem. Sod.978,
100, 6077—6083. (b) Burke, J. M.; Kincaid, J. R.; Peters, S.; Gagne,
R. R.; Collman, J. P.; Spiro, T. @. Am. Chem. S0¢978,100, 6083—

6088. (18) Kincaid, J.; Nakamoto, KJ. Inorg. Nucl. Chem1975, 37, 85. (b)
(15) Spiro, T. G. Inlron Porphyrins; Lever, A. B. P., Gray, H. B., Eds.; Oshio, H.; Ama, T.; Watanabe, T.; Kincaid, J.; Nakamoto, K.
Addison-Wesley: Reading, MA, 1983; Part 2, pp-8%9. (b) Spiro, Spectrochim. Acta, Part A984,40, 863—870.
T. G.; Strekas, T. CJ. Am. Chem. S0d974,96, 338-345. (c) Spiro, (19) Tang, J.; Albrecht, A. C. IRaman Spectroscop$zymanski, H. A.,
T. G.; Strekas, T. CProc. Natl. Acad. Sci. U.S.A972,69, 2622— Ed.; Plenum Press: New York, 1970; Vol. 2. (b) Albrecht, A.XC.
2626. (d) Burke, J. M.; Kincaid, J. R.; Peters, S.; Gagne, R. R,; Chem. Phys1961,34, 1476.
Collman, J. P.; Spiro, T. GJ. Am. Chem. S0d 978,100, 6083— (20) Czernuszewicz, R. S.; Macor, K. A,; Li, X.-Y.; Kincaid, J. R.; Spiro,
6088. (e) Spiro, T. G.; Burke, J. M. Am. Chem. So0&976,98, 5482— T. G.J. Am. Chem. S0d.989,111, 3860—3869.
5489. (f) Spiro, T. G.; Stong, J. D.; Stein, 2.Am. Chem. Sod979, (21) Lehnert, N.; Tuczek, Flnorg. Chem.1999, 38, 1659—1670. (b)
101, 2648—2655. Praneeth, V. K. K.; Néther, C.; Peters, G.; Lehnert)idrg. Chem.,
(16) Champion, P. M.; Gunsalus, I. @.Am. Chem. So&977, 99, 2000~ in press.
2002. (b) Champion, P. M.; Gunsalus, I. C.; Wagner, GJCAm. (22) Adler, A. D.; Longo, F. R.; Kampas, F.; Kim,J.Inorg. Nucl. Chem.
Chem. Soc1978,100, 3743—3751. 1970,32, 2443—-2445.
(17) Spaulding, L. D.; Chang, C. C.; Yu, N.-T.; Felton, R. HAm. Chem. (23) Mahmood, A; Liu, H.-l.; Jones, J. G.; Edwards, J. O.; Sweigart, D.
Soc.1975,97, 2517—-2525. A. Inorg. Chem.1988,27, 2149—-2154.
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CHCls. The identity of the compounds was established uskhg
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when the relative change in the density matrix between subsequent

NMR and UV-vis absorption spectroscopy and mass spectrometry iterations was less than £ 1078. The structures of the models

(for compound?2).

Crystal Structure Determination. The data were collected using
an STOE imaging plate diffraction system (IPDS). The structure
was solved with direct methods using SHELXS-97 and was refined
against P using SHELXL-97. All non-H atoms were refined
anisotropically, except for some of the chlorine atoms of the
disordered chloroform molecule. The H atoms were positioned with
idealized geometry and refined using a riding model. The chloro-
form molecule is disordered and was refined using a split model.

Vibrational Spectroscopy.FT-Raman spectra were recorded on
a Bruker IFS 66 interferometer with a Bruker FRA 106 Raman
attachment using an Nd:YAG laser for excitatidn= 1064 nm).

Measurements were performed on pure compounds. The polarize

FT-Raman spectra df were measured in Gi€l,. Resolution was

set to 2 cnil. Resonance Raman spectra were measured on a Dilor

XY Raman spectrograph with a triple monochromator and a CCD
detector. An Ar/Kr mixed-gas laser with a maximum power of 5

W was used for excitation. The spectra were measured on KBr

disks cooled to 10 K with a helium cryostat. The spectral band
pass was set to 2 crh Middle- and far-infrared spectra (MIR and
FIR) were recorded on a Bruker IFS 66v vacuum instrument at
room temperature. For the MIR region, KBr disks were used, and
the spectra were recorded at a resolution of TrkIR spectra
were obtained on PE pellets at a resolution of 2Em

UV —Vis Spectroscopy.Absorption spectra were recorded in
chloroform forl, in a 1/1 mixture of butyronitrile and propionitrile
for 2, and in methanol solution f@ at room temperature using a
Varian Cary 5 UV+vis NIR spectrometer. The absorption data were
scaled using literature extinction coefficients as indicated in Figure
7.

Density Functional Calculations. DFT calculations using
Becke’s three parameter hybrid functional with the correlation
functional of Lee, Yang, and Parr (B3LY# were performed using
the program package Gaussian?®3he structures of the com-
pounds [Fe(TPP)(CI)] g = 55), [Mn(TPP)(CI)] (S = 2), and
[Co(TPP)(CI)] &= 0) were fully optimized without simplifications

using the LanL2DZ basis set. Calculated vibrational frequencies

[Fe(P)(CI)] (P= porphine;1, S=5/), [Mn(P)(CI)] (2, S= 2), and
[Co(P)(CI] 3, S= 0) have also been fully optimized using B3LYP/
LanL2DZ. For these calculations, the TPP ligand has been
simplified to porphine (Scheme 1). The illustrations of the local
coordinates of bromobenzene (cf. Figure 3) were obtained using
the program GaussView.

Normal Coordinate Analysis (NCA). Normal coordinate cal-
culations were performed using the QCPE computer program 576
by M. R. Peterson and D. F. MciIntosh. The calculations are on the
basis of a general valence force field and the force constants are
refined with a nonlinear simplex algorithm. The simplex optimiza-
tion was used to refine only selected force constants according to

4he quantum-chemistry centered normal coordinate analysis {QCC

NCA) schemé?! Here, a force field from DFT calculations is used

as a starting point to generate initial force constants, and a subset
of these is fitted to reproduce the known experimental frequencies.
Force constants were obtained from the Gaussian output using a
modified version of the program ReddidQCPE 628). For the
normal coordinate analysis, model complefes3 were modified

by using a mass of 77 corresponding to a phenyl group for the
hydrogens of the meso carbon atoms. This leads to models
[Fe(P*)CI] (1a), [Mn(P*)CI] (2a), and [Co(P*)CI] Ba).

Results and Analysis

A. Crystal and DFT-optimized Structures of [Fe(TPP)-
(CNH] (1), [Mn(TPP)(CI)] (2), and [Co(TPP)CI] (3). To
calculate the vibrational spectra @3, their geometric
structures have to be fully optimized first. In this section,
the calculated structures are compared to the experimental
ones, and in addition, a new crystal structure of the
chloroform solvate of comple® is presented. Altogether,
satisfactory agreement between the DFT calculations and
experiment is obtained. Considering the porphyrin core bond
lengths, excellent agreement with experiment is achieved in
this study, as shown in Table S6.

A.1. Crystal and DFT Structures of Compound 1.The

for 1 show that the obtained geometry represents a true minimum Crystal structure of the tetragonal form of compounHtas

because no imaginary frequency is obtained. For compo2adsl
3, one imaginary frequency<@i cm1) is calculated, which
corresponds to the out-of-plane deformation mode of the ruffling
type?® (By) at low energy. Infrared and Raman intensities were

been determined by Hoard et %4l.Later, Scheidt and
Finnegaf® obtained the structure of a monoclinic form of
this complex. The monoclinic form differs significantly from
the tetragonal form. It shows a smadll, doming and a

calculated as well. In all calculations, convergence was reacheddisplacement of the iron from the,Nlane byAFe—Ct=

(24) Becke, A. DPhys. Rev. A: At., Mol., Opt. Phy$988,38, 3098. (b)
Becke, A. D.J. Chem. Physl993 98, 1372. (c) Becke, A. Dl. Chem.
Phys.1993,98, 5648.

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone,
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.
A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.;
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R.
E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J.
W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.;
Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.;
Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari,
K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.;
Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W_;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.
Gaussian 03, revision C.02; Gaussian, Inc.: Wallingford, CT, 2004.

(25)
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0.49 A. In contrast, the tetragonal form has an almost planar
porphyrin core. Because of the conditions applied to the
preparation of the compound (solvent used for recrystalli-
zation), it can be assumed that our compound corresponded
to the tetragonal form. In this structure, the axiaH&& bond

is 2.192 A, the averaged Fe—N distance is 2.049 A, and the
out-of-plane displacement of the iron atomAse—Ct=
0.383 A. Figure 1A shows the DFT-optimized structure of
1, which shows an overall good agreement with the crystal
structure. In both cases, the porphyrin ring is almost planar

(26) Jentzen, W.; Song, X.-Z.; Shelnutt, A. Phys. Chem. B997,101,
1684—1699.

(27) Allouche, A.; Pourcin, JSpectrochim. Acta, Part A993,49, 571.

(28) Hoard, J. L.; Cohen, G. H.; Glick, M. 3. Am. Chem. S0d.967,89,
1992—-1996.

(29) Scheidt, W. R.; Finnegan, M. @cta Crystallogr., Sect. @989,45,
1214—1216.
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Fe

Figure 2. Crystal structure of compoun2 with labeling. Displacement
ellipsoids are drawn at the 50% probability level.

crystal structuré? which shows an almost planar porphyrin
core. The DFT-optimized and the crystal structures2of
(chloroform solvate) are shown in Figures 1B and 2. In
contrast to the crystal structure, the optimized structure shows
an almost planar porphyrin core with a small amount of
saddling present. The averaged manganese nitrogen distance
of 2.036 A and the MrCl distance of 2.420 A, however,
are both in very good agreement with experiment. In addition,
the calculated displacement of the manganese atom from the
nitrogen N, plane of the porphyrin is 0.28 A and hence, close
to the experimental value. Therefore, in this case, the largest
deviation of the calculated structure is observed for the ring
Figure 1. DFT optimized structure of (A); DFT optimized structure of conformation of the TPP ligand.

2 (B.1); thefscr)(/:stal structure df in side view (B.2); and DFT optimized A.3. Crystal and DFT Structures of Compound 3.The
structure of3 (C) crystal structure of [Co(TPP)(CI)] shows a body-centered

and the phenyl rings are slightly tilted. The DFT structure tetragonal unit ceff* The coordination geometry of the
also shows a very small amount of saddling of the porphyrin CO(lll) ion corresponds to a pyramid, where the cobalt atom
ring, which is not observed experimentally. The calculated iS displaced from the porphyrin plane by only 0.05 A. The
Fe—N distance of 2.09 A and the obtained-Fet distance porphyrin ring itself is almost planar. Bond distances of 1.985
of 0.45 A are in very good agreement with experiment. qur Co—Nand 2.145qur Ce-Cl are observed. The DFT-
Therefore, a good theoretical description of the [Fe(TPP)] OPtimized structure of2 is shown in Figure 1C. The
core of 1 has been obtained. The largest deviation in the OPtimized structure shows an almost planar porphyrin core

calculated structure is observed for the-f&i bond distance  IN agreement with experiment, with a small amount of

of 2.32 A, which is too long. saddling present. The calculated-€M distance of 1.99 A
A.2. Crystal and DFT Structures of Compound 2.1n is in excellent agreement with the crystal structure, whereas

the new crystal structure presented here, compognd the out-of-plane displacement @tCo—Ct = 0.17 Ais

crystallizes in the monoclinic space groB@/n with four somewhat overestimated. As in the caselpthe largest

formula units in the unit cell and all atoms located in general deviation is observed for the €«Cl distance, which is
positions. The porphyrin moiety is saddled and shows a calculated to be 2.25 A. .
deviation of the atoms from the best least-squares plane of B Vibrational Spectra and Assignment of Compound
about 0.29 A. The manganese atom is located 0.258 A abovel: As mentioned in the Introduction, earlier vibrational
the plane formed by the four nitrogen atoms. The averaged(30) Armstrong, R. S.; Foran, G. J.; Hambley, T. Wtta Crystallogr.,
manganese nitrogen distance is 2.019 A, and hence it is,  Sect C1993,49, 236—238.

N . 31) Tulinsky, A.;; Chen, B. M. LJ. Am. Chem. Sod977,99, 3647—
between the values fdk and 3 (vide infra). The obtained 1) 355'25 Y en m. ~hem. =0
manganese chloride distance is 2.389 A. Note that the crystal(32) CGhseng, B.; Scheidt, W. Ricta Crystallogr., Sect. 996,52, 361~
sFru.ctures of2 as t_olgené’ or aceton# solvate are very (33) Sakurai,T.; Yamamoto, K.; Naito, H.; Nakamoto,Billl. Chem. Soc.
similar. Larger deviations are observed for the solvate’s free Jpn.1976,49, 3042—3046.
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analyses of [Fe(TPP)(CI)] were restricted to the RR spectrum Table 1. Crystal Data and Results of Structure Refinement for
obtained for the Soret excitatidh.Additionally, three IR Compound2

bands of1 were assigned, which are considered to be cmpd 2
structure-sensitivé®® Here, we report the nonresonance fflvhem'ca' formula 8‘3‘42’*2%“4'\"”(3"0“0'3
Raman (NR Raman) spectrum @&f including polarized T= 150 K
measurements for the first time. Complete assignments of = 0.71073

crystal system monoclinic

these data are achieved using DFT calculations. In addition, space group P2/
RR data measured at variable wavelengths including new a= 12157 @) A
polarized data are presented and used to assign additional b= 21.899 (2) A

bands. Finally, the IR spectrum @fis assigned. 2; 13'24(7)2 EBA
B.1. Classification of the TPP Vibrations Using Group V= 3769.7 (4) R
Theory. To assign the vibrational spectra bfan effective z 4 ,
D Symmetry was applied. The analysis of the polarized Ei"“: 1449 gcrm
data (cf. section B.5) shows that this approach is justified R12[l > 20(1)] 0.0392
even for five-coordinate compounds such &s3. Dan WR2" [all data] 0.1053

symmetry is obtained for a planar porphyrin core with the  aRr1 =13 ||Fo| — |Fc|//Z|Fo|. P WR2 = [S[W(Fs2 — FAZ/=[W(Fe)?] V2
metal being located in the plane with no axial ligand present.

The phenyl rings are exactly perpendicular to the porphyrin core. Hence, for every local phenyl coordinate, there are four
plane. In thisDs, model system [M(TPP)] (idealized met- symmetry-adapted combinations in TPP. Because the inter-
alloporphyrin), the planar porphyrin core has 71 in-plane actions of the local vibrations of different phenyl rings are

modestoa small, the obtained splittings between the resulting four
combinations are also small (usually-50 cntt). Hence,
Lin prane= 9A14(R) + 8Ay (RR) + 9B, (R) + 9B,4(R) + the four resulting symmetry-adapted linear combinations are
18E,(IR) (1) also designated as a symmetry block because they are close

. o in energy. Because there are four different irreducible
In the NR Raman spectrum, 27 in-plane vibrations are representations i,, (the point group of bromobenzene),
therefore expected, 9 of them polarizedfand 18 of them  four different symmetry blocks exist:
depolarized (B; and Byg). The infrared spectrum shows a
maximum of 18 modes with Esymmetry. In addition, the  out-of-plane: B— B, (R) + A, (RR) + E, (IR)
porphyrin core of thé4, model system has 34 out-of-plane (r, 7', andx’") (3)

vibrations0a
out-of-plane: A—A,,+ B,,+ E4(R) (0, 0", ando”) (4)

I10th of plane= 3Alu + 6A2u (IR) + 4BZu + 5Blu + 8Eg (R) in_plane. % . Bl + p\2 (IR) +E (R) (1/) ,(/)I andl/)")
2) ' u e gt A
(5)
The eight § modes are Raman-active, and the six, A in-plane: A — A, (R) + B, (R) + E, (IR) (¢, ¢', andg¢'")
modes are infrared-active. Therefore, on the basis of a purely g g ©6)

statistical consideration, many more in-plane than out-of-
plane modes can be expected in the NR Raman and IRThe nomenclature (g, 1, ande) is taken from ref 10. To
spectra of metalloporphyrins. To classify the different classify the different porphyrin core and phenyl modes in
porphyrin core vibrations, the local coordinates defined by D,, symmetry, we used the idealized model [Zn(TPP)] and
Li et al.*? are used (cf. Figures S6 and S7) in the following calculated the vibrations of this model Bu, symmetry.
analysis of these spectra. [Zn(TPP)] has 169 normal modes (56 of them are degener-
Besides the porphyrin core modes, a large number of ate), where 44% are Raman- and 27% are |IR-active.

phenyl vibrations are also present in TPP complexes. B.2. NR Raman Spectrum and Assignment of 1The
Different approaches can be taken in the classification of experimental and calculated NR Raman spectrd @ire
these vibrations. For example, Stein et‘atlentified several shown in the top panel of Figure 4. Corresponding polarized
phenyl modes in [(FeTPEQ] using biphenyl as the model  data are included in the lower panel. The calculated spectrum
system?®® To give an intuitive assignment of the phenyl s, in general, shifted to a somewhat higher energy (the
modes of TPP, we use bromobenzene as the model. Table wverage deviation in vibrational energies is about 2 to 3%)
provides a complete list of all normal modes of bromo- compared to experiment, which is further evaluated in the
benzene together with calculated energies and assignmentgiscussion. Besides the good agreement in vibrational
using local coordinates. Figure 3 shows the important phenyl frequencies, very good agreement with experiment is ob-
vibrations in bromobenzene that are also observed in thetained for the calculated NR Raman intensities, as shown in
spectra ofLl—3. The TPP ligand itself has four phenyl groups  Figure 4 (top). This allows for a detailed assignment of the
that are bound to the meso carbon atoms of the porphyrindata. Importantly, additional information to support the

. . Raman assignments is available from polarization measure-
(34) ??Ytil.n' P.; Ulman, A.; Spiro, T. Gl. Phys. Chem1984, 88, 369— ments. The depolarization ratids defined a® = |perpendicuid:
(35) Zerbi, G.; Sandioni, SSpectrochim. Acta, Part A968,24, 511. Iparaiier 1N Dan Symmetry, one obtaifs
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Table 2. Calculated Vibrational Energies (crt) of Bromobenzene and Assignments Using Local Coordinates

frequencies frequencies
v(Ph) calcdt assignmerit sym¢e v(Ph) calcdt assignmerit sym¢e
1 167 y(Br) B 16 1082 r1(C—C) A1
2 242 o(C—C—Br) B, 17 1098 Vasym{C—C) + 6(C—C—H) B,
3 301 »(C—Br) A1 18 1206 Oasyn{C—C—H) B,
4 419 7(ringtwist) Az 19 1216 Osyr(C—C—H) A1
5 475 y1(C) B, 20 1344 O(C—C—H)+ v,(C—C) B,
6 627 01(C—C—C) B 21 1364 Vasym{C—C) B>
7 669 02(C—C—-C) A 22 1468 Vasym{C—C)+ 6(C—C—H) B,
8 712 y2(C) B 23 1499 0(C—C—H)+ vasym{C—C) A
9 773 y1(H) B, 24 1621 Vsym(C—C) A1
10 870 y2(H) Az 25 1629 v3(C—C) B>
11 952 y3a(H) B 26 3198 v(C—H) A1
12 1009 Jdsym(C—C—C) A 27 3209 v(C—H) B>
13 1014 71 Az 28 3224 v(C—H) A1
14 1032 VpreathindC—C) A 29 3235 v(C—H) B,
15 1038 72 B 30 3242 v(C—H) A1

a Calculated with B3LYP/LanL2DZ; see the Experimental sectfoAssignments using local coordinates; see FigureSimmetries in the point group
C21/-

(1) 0 < p < 0.75 for polarized bands ) vibrations), The NR Raman spectrum @&fin Figure 4 can be divided

(2) p = 0.75 for depolarized bands {Bor Byg vibrations), into four regions showing different kinds of vibrations. In
and the low-energy region between 200 and 500~ &mtwo

(3) p > 0.75 for anomalous polarized bandsg#ibrations phenyl out-of-plane vibrations, one porphyrin out-of-plane
(only RR spectroscopy)). deformation, and three in-plane porphyrin vibrations are

Hence,the polarized measurements allow for the deter- observed (cf. Table 3). The mode at 199 értcalcd: 202
mination of the symmetry of a particular mo#feThe cm™) corresponds to the FeN stetching vibration of B,

complete assignments obtained in this manner are listed insymmetry (1g) and is therefore depolarized. The mode at
Table 3. Additionally, theds isotope shifts available for a 390 cnm? (calcd: 388 cm?) is known to be oxidation-state-
number of bands from the RR measurem¥htwre used for  gensitive (band E(p¥) and was assigned previously to a
comparison with calculated isotope shifts to further confirm porphyrin core deformation modé!®However, on the basis
our assignments. For a better comparison with the literature, of the calculations and the fact that this mode shows strong
the notation established by Spiro and co-workers for goret resonance enhancement, it is assigned to the totally
_[Nl(TPP)] is used in Table 3. Qorrespondmgly, .the porphyrin SymmetricvyeanndFe—N) vibration @s). This is in agreement
in-plane modes (both stretching and deformation modes) areiih the assignments for [Ni(TPP)213The calculatedls
labeledv; and the porphyrin out-of-plane modes are desig- isotope shift for this mode of 8 crh is in very good
nated agy;.® The phenyl mode notation is on the basis of agreement with the experimental value of 10 éAf® The

the diffgrent symmet.r'y blocks (eqs-8). For the oxidaFion- weak band at 379 cm (calcd: 336 cm?) corresponds to
and _spln-sta'Fe _sensmve_ modes, the common notation fromthe Fe—Cl stretching vibration, which is strongly IR-active
the literature is included in Table 3, where bands A(p), B(dp), (vide infra). The very weak band at 257 ch(calcd: 251
C(ap), D(p), and E(pj" are observed in the RR spectra and cm™1) belongs to the Raman-forbidde(Pyr. tilting) vibra-

i 42
bands I, II, and Iil are found in the IR spectfa: tion of By, symmetry, which gains intensity through coupling

(36) Depolarization ratios for some of the weaker bands are difficult to with the Raman allowegr(Phenylrot.) phenyl vibration of

dhetermine frorrr; thg pollarized NR R_am?n Spsthrum in Figure 4. In  B; symmetry. Hence, the fact that this mode appears in the
these cases, the depolarization ratios from measurements were . L
used. For example, the band at 1364-éris strongly enhanced in Raman spectrq is a true effect of the symmetry Iowerlng in
Soret resonance, where the depolarized band at 1372 @mot 1. Correspondingly, the very weak feature at 247 tm
observed. Hence, from the Soret resonance spectrum, the depolarizatio . 1y i i
ratio of this band can be determined. "(c_:alcq. 24; cm?) is assigned Fo tha(thenyl_rot.) phenyl
(37) For the two weak bands at 1275 and 1467 §rdepolarization ratios vibration with Big symmetry, which is mixed with thg(Pyr.
that are slightly larger than 0.75 have been obtained. However, these tj|tin rohvrin core vibration with mmetr
bands are enhanced in Q ang f@sonance and are depolarized in tilt g) porphy core vibratio th A sy etry.
these spectra. In addition, anomalous polarized bang, herep In the energy range from 800 to 1050 cintwo weak
> 0.75, are forbidden in NR Raman. Hence, the bands at 1275 and bands are observed that are assigned to porphyrin core
1467 cm! are classified as dp. "
(38) Gouterman, M. InThe Porphyrins; Dolphin, D., Ed.; Academic modes. The feature at 994 ci(calcd: 1008 cm?)

Press: New York, 1979; Vol. 3, Part A, pp-156. i i i i
(39) According to group theory, /4 vibrations could also induce vibronic CorreSpondS tcv(Pyr. breathlng) with phenyl contribution

mixing. However, Aq modes are ineffective because they do not (ve, cf. Table 3), and the band at 886 chfcalcd: 898 cm?)

induce a distortion of the molecule. , _ corresponds to a totally symmetric in-plane deformation
(40) Czernuszewicz, R. S.; Spiro, T. G.lmorganic Electronic Structure de. This | ibrati iginall . d
and SpectroscopySolomon, E. I., Lever, A. B. P., Eds.; John Wiley =~ Mode. This latter vibration was originally assigned to a

( )&Sons: New YErk, 1999k; \r/]ol. 1, pp 3r?3441.h . phenyl vibrationt* which, based on our calculations is
41) Egawa, T.; Suzuki, N.; Dokoh, T.; Higuchi, T.; Shimada, H.; Kitagawa, - - .

T Ishimura, Y.J. Phys. Chem. 2004, 108, 568—577. described as a mlxeﬂyrf‘(Pyr. defor.mgtlon) and phgny! mpde
(42) Spiro, T. G.Curr. Sci.1998,74, 304—307. (v7). The calculatedls isotope shift is 5 cmt, which is in
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reassigned to a(Pyr. breathing) mod&. However, on the
basis of the calculated intensities, this band has to be assigned
to the mixed phenybs,(C—C—C) andv(Pyr. breathing)
porphyrin vibration (calcd: 1018 cm), which is more in
agreement with ref 20. The calculatdglisotope shift of 1

v(Ph),= 167 cm™ (B,); y(Br) v(Ph),= 4|9cm (A.); t(ring twist) cmtis in the correct range compared to the experimental

§ value of 6 cn1.140 The observed discrepancies indicate that

in this case the calculations underestimate the admixture of
v(Ph).= 475 cm™ (B); v(C)  v(Ph),= 669 cm” (A ); 8,(C-C-C)

the porphyrin core vibration (Discussion). Finally, a weak
._,/(:’ffr

band is found at 1030 cm (calcd: 1054 cm?), which
v(Ph),= 712 cm" (B,); 1,(C) v(Ph),= 773 cm" (B,); v,(H)

1%

corresponds to an in-plane phenyl vibration)(¢
The region between 1050 and 1550 ¢énecontains only
in-plane porphyrin core vibrations with the exception of the
highly intense band at 1495 ¢ which is of the in-plane
phenyl type ¢5') but also has some porphyrin<C stretching
character (g(Cyx—Cn)). With the exception of the totally
symmetric vibration at 1072 cm(calcd: 1124 cm?), which
is a G—H deformation mode), all of the other porphyrin
core vibrations are of the stretching type. The calculated
frequency ofvg is 52 cnt, 4.9% higher in energy compared
to the experimental value, which reflects the neglect of
anharmonicity in the calculation (Discussion). Two totally
symmetric vibrations in this region are known to be structure
sensitive. Thevs,(Pyr. half-ring) vibration at 1363 cm
(calcd: 1379 cm?) is both oxidation- and spin-state sensitive
(band A(p)*Y). The calculatedls isotope shift of 12 cmt
of this mode is in excellent agreement with experiment (13
cm 1).2P The polarized band at 1554 ctn(calcd: 1598
cm 1) is assigned to a combinedCs—Cs) + vsym(Ca—Cm)
+ dsym(Cs—H) spin-state-sensitive vibration (band D{).
The calculatedls isotope shift of 21 cm! is identical to the
experimental valué® These assignments are in agreement
with the literaturé®® One additional polarized (totally
symmetric) band is found at 1233 ch(calcd: 1260 cm?),
which is assigned to(Pyr. breathing)} v(C,—Ph) (1) with
a calculatedds isotope shift of 3 cm?, which is again in
excellent agreement with experiment (3 dy*® This
assignment is partially in agreement with the literature, where
this band was assigned to a pwm,,,—Ph)?° Finally, four
depolarized bands are observed in this region. Only the
vsymPyr. half-ring) 1) vibration at 1275 cmt (calcd: 1274
cmY) has By symmetry®” whereas the others at 1495, 1371,
and 1467 cm! have By symmetry. Detailed assignments
of these features are given in Table 3.
Finally, the two bands at the highest energy are both
v(Ph), = 1621 em” (A,);  v(Ph), = 1629 cm” (B,); v(C-C) assigned to purely symmetric C—C stretching modes of the
Van(C-C) phenyl rings. From the polarized measurements, these have
Figure 3. lllustration of the local coordinates of bromobenzene used for different symmetries: the band at 1597 ¢nfcalcd: 1650
classification of in-plane and out-of plane phenyl modes in compl&x&s cm™Y) is polarized (Ag and the feature at 1574 ci(calcd
(v(Br) = y(Phenylrot.)). 1649 cm?) is depolarized (B). The larger deviations
observed between the calculated and experimental frequen-
contrast to the experiment, where no shift was detetfed. cies for these modes (~4%) are partly due to an intrinsic
This indicates that the calculations overestimatedthgPyr. inaccuracy in the calculations (Discussion). The assignment
deformation) contribution to this mode (Discussion). The of the band at 1597 ciis in agreement with earlier work.
most intense band in this spectral region is located at 1006No dg isotope shift is calculated for these features. In
cm! (calcd: 1018 cm?). This feature is assigned to a comparison, the experimental value for the, Anode is 5
polarized (totally symmetric) phenyl in-plane vibratiat); cm™, 10 indicating the presence of a small admixture of
It was originally assigned to&(C,—Cy) vibrationt* and later porphyrin core modes.

Db
5 ah

v(Ph),,= 870 em” (A.); 1,(H) v(Ph),,= 1009 cm" (A,); 8,,(C-C-C)
F(/f(,

v(Ph),, = 1082 cm” (A,); v(C-C) v(Ph),,= 1216 em™ (A,); §,,,(C-C-H]

ooy

\

V(Ph)., = 1468 cm’ (B.); v(Ph),, = 1499 cm (A);
Vgual C-C) + 8(C-C-H)

3(C-C-H) + v,,,,(C-C)
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Figure 4. Comparison of the calculated and measured NR Raman spectréayf) and the polarization measurement in dichloromethane (bottom). The
low energy part (566180 cntl) of the calculated spectrum (top right) is enlarged in the Figure.

B.3. Infared Spectrum and Assignment of 1Figure 5 cm ! of this feature is in excellent agreement with the
shows the experimental and calculated IR spectra. &fs observed shifts for [Co(TPP)] and [{ Fe(TPED] of 16 and
in the NR Raman case, the calculated vibrational energies17 cnt.18b
are in good agreement and the IR intensities are in very good The second region between 500 and 810 tmmostly
agreement with the experimental data, reproducing the overallcomprises out-of-plane vibrations. The two features at 528
appearance of the experimental spectrum very well. The (calcd: 537) and 703 cm (calcd: 730 cm?) correspond
calculated frequencies for a number of modes are too highto out-of-plane phenyl modes with,Eymmetry (5" and
in energy, as analyzed below. The assignments of the infraredr,"’), whereas the phenyl mode at 661 ¢énfcalcd: 675
spectrum ofl are on the basis of the calculated energies cm™) is of the in-plane deformation type. Besides these
and intensities, and the results are summarized in Table 3.highly intense bands, a very weak feature is observed at 570
In addition, calculatedls isotope shifts for the structure- cm™ (calcd: 582 cm?) and assigned as shown in Table 3.
sensitive bands I, II, and 1ll can be compared to the experi- The four bands between 710 and 810 ¢érare all of the
mental dat&#® reported for [Co(TPP)] and{ Fe(TPP)}0]. out-of-plane type. The intense feature at 750 tifralcd:

The IR spectrum can be divided into five regions of different 790 cnr?) corresponds to a phenyl moders() of E,
types of vibrational modes. symmetry. Two out-of-plane porphyrin modes of,/Aym-

In the far-IR region between 350 and 450 &monly in- metry are found at 720 (calcd: 750 ciys) and 806 cm*
plane porphyrin core vibrations are observed. The only (calcd: 847 cm?; vs), the latter one being the oxidation-
exception is the strong band at 378 ¢rfcalcd: 336 cm?), state-sensitive band 1#® It was originally assigned to an
which corresponds to thg(Fe—Cl) stretching mode. More in-plane deformation mode with(Cs—H) charactet& on
importantly, the totally symmetric FeN breathing vibration the basis of an observed pyrradgisotope shift. However,
(ve) at 390 cm? (calcd: 388 cm?; vide supra) is also  from the calculations, this band is associated with the intense
observed in the IR spectrum as a weak band. This is anotheiband calculated at 847 crhthat corresponds to a(Hz) +
indication of the lowered symmetry ih because this band  ys(Pyr. folding) vibration. This mode shows a calculated-
is IR forbidden inDg4,. Two E, symmetric vibrations are  dg isotope shift of 40 cmt, which is in excellent agreement
observed in this region: the feature at 402 éigcalcd: 407 with the observed shift of 35 cm for [Co(TPP)]8 On the
cm 1) corresponds to a mixedFe—N) + o(Pyr. translation) basis of these results, band Il is reassigned. Finally, the very
(vso) mode, whereas the band at 434 ¢érftalcd: 444 cm?) weak band at 727 cm (calcd: 758 cm?) is assigned to an
is assigned to a Pyrrol rotatiah(Pyr. rotation) {49). This Eg vibration ()0, cf. Table 3), which gains in IR intensity
latter feature corresponds to the spin-state sensitive band Ill,via coupling with a phenyl vibration with symmetry. This
as defined by Oshio et & and was identified as a low- is another indication of the lowered symmetrylithecause
energy porphyrin core deformation moéf# in agreement  these two vibrations cannot mix iD4n. The deviations in
with our assignment. The calculatéglisotopic shift of 16 energy of about 4 to 5% between calculated and experimental
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Table 3. Assignment of the Infrared (IR), NR Ramaixf{: = 1064 nm), and Resonance Raman (Sofef: = 454.5 nm; Q: Aexe = 514.5 nm; Q:

Aexc = 568.2 nm) Spectra of [Fe(TPP)(CI)1 )¢

mode experimentd (cm™1)
yih assignmerit symmetry IR NR Re RRe caled"f(cm™1)
o vsym(C—C) Axg 1597 m (p) 1597 (Soret: 1598 w,p; 1650 s
Qv: 1595 vw,p;
Q: shoulder)
4" Vsym(C—C) Ey 1597 m 1649 m
oy Vsym(C—C) Bog 1574 w (dp) ~1572/1577 (Soret: -; 1649 m
Qv: 1571 m,dp/1576 s,dp;
Q: 1573 s,dp/1578 vs,dp)
Y3 v3(C—C)+ Aoy + Big 1574 vw 1618 vw
Vasym(cu_cm)
V2 v(Cp—Cp) + Axg 1554 vs (p) ~1556 (Soret: 1557 vs,p; 1598 vs
Vsym(ca_cm) + Qv: 15555s,p;
Osym(Cp—H) Q: 1557 s,p)
V19 Vasy(Ca—Cm) + Azg ~1522/1516 (Soret: 1560
Vasym(Coa—Cp) + 1523/1517 vw;
Oasyr(Cp—H) Qv: 1523/1517 w,ap;
Q: 1521/1515 m,ap)
¢s' o(C—C—H)+ Baog 1495 m (dp) ~1495 (Soret: 1494 vw,-; 1533 m
Vasym{C—C) + Qv: 1494 s,dp;
Vsym(Ca—Cm) Q: 1496 vs,dp)
@5’ o(C—C—H)+ Ey 1486 w 1521s
Vasymt(c_c) +
v(Cp—Cp) +
Vasyn'(Cu_Cm) +
Vsym(confcm)
Vog Vsym(Coa—Cm) + Baog 1467 vw (dp) 1467 (Soret: -; 1508 w
Vasym(PYr. half-ring) Q.: 1467 vw,dp;
Q: 1467 vw,dp)
V3 Vsym(Co—Cm) + Agg 1452 (Soret: 1452 m,p; 1489
v(Cs—Cp) Qv: 1450 vw,p; Q: -)
Ly Vasym{C—C) + Aoy 1440 m 1470 m
o(C—C—H)
V29 v(Pyr. quarter-ring) + B2g 1371 m (dp) ~1371 (Soret: -; 1398 m
v(Cm—Ph) Q.: 1370 s,dp;
Q: 1372 m,dp)
Va vsym(Pyr. half-ring) Axg 1363 w ~1363 (Soret: 1364 s,p; 1379 vw
Q.: 1361 m,p;
Q: 1365 m,p)
V20 v(Pyr. quarter-ring) + Azg ~1335 (Soret: -; 1373
Osym(Cp—H) + Qv: 1334 m,ap;
O0(C—C—H)+ v5(C-C) Q: 1336 m,ap)
Va1 0asym(Cp—H) + v(Cnn—Ph) + Ey 1340 m 1369 s
vsym(Pyr. half-ring) 1334 m
Vasym(Ca—Cp)
V12 vsym(Pyr. half-ring) Big 1275 w (dp) 1278 (Soret: 1278 vw,-; 1274 vw
Q.: 1278 w,dp;
Q: 1278 m,dp)
Vo7 v(Pyr. quarter-ring) + Bog ~1266 (Soret: 1266 vw,dp; 1286 vww
v(Cn—Ph) + Q.: 1265 w,dp;
11(C—C) Q: 1266 m,dp)
2 v(Pyr. breathing) + Aig 1233 m (p) ~1233 (Soret: 1235 m,p; 1260 m
v(Cm—Ph) Qv 1230 w,p;
Q: 1232 w,p)
V26 dasy(Cp—H) + Azg ~1225 (Soret: - 1248
vsym(Pyr. quarter-ring) Qv: 1225 w,ap;
Q: 1226 vw,ap)
V36 vsym(Pyr. half-ring) + Ey 1200 w 1250 w
v(Pyr. quarter-ring) +
v(Cm—Ph)
Vaa Oasyr(Cp—H) + Bog 1182 (Soret: -; 1226
Vasym(Coa—Cp) Q.: 1181 w,dp;
Q: 1182 w,dp)
2844 Inorganic Chemistry, Vol. 45, No. 7, 2006
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Table 3 (Continued)

mode experimentd (cm™1)
Vi assignmerit symmetry IR NR Re RRe caled'f(cm™1)
V51 v(Pyr. quarter-ring) + Ey 1175m 1236 m
v(Pyr. breathing)
o6’ Osym(C—C—H) Eu 1158 w 1223w
V17 Osym(Cp—H) Big 1080 (Soret: -; 1125
Q.: 1081 w,dp;
Q: 1080 m,dp)
Vg dsym(Cp—H) Axg 1072 vw ~1072 (Soret: 1073 m,p; 1124 vw
Qv: 1070 m,p;
Q: 1073 m,p)
g Vasym{C—C) + Azy 1106 m
6(C—C—H) 1070 m
V52 6s¥m(C@_H) Ey 1117w
b7 11(C—C) Axg 1030 vw ~1029 (Soret: -; 1054 w
Q: 1028 vw,p;
Q: 1030 vw,p)
V30 Vasym( Pyr. half-ring) Bag ~1017 (Soret: -; 1035
Q.:1015 w,dp;
V15 v(Pyr. breathing) Big Q:1018 s,dp) 1030
¢8 Osym(C—C—C)+ Axg 1006 m (p) 1006 (Soret: 1006 w,p; 1018 w
v(Pyr. breathing) Qy: 1006 w,p;
Q: 1006 m,p)
g Osym(C—C—C)+ = 1002 vs 1017 s
v(Pyr. breathing) +
Vasym(PYr. half-ring)
Va7 v(Pyr. breathing) + Ey 995 vs 1005 s
Oasym(Pyr. deformation) +
Vbreathin&C_C)
V6 v(Pyr. breathing) + Axg 994 vw (p) 994 (Soret: -; 1008 w
Voreathin§ C—C) Qu: 993 w,p;
Q: 994 m,p)
V7 Jdsym(Pyr. deformation) + y2(H) Axg 886 vw (p) 887 (Soret: 887 w,p; 898 w
Qu: 887 vw,p;
Q: 887 vw,p)
V32 dasym(Pyr. deformation) Baog 851 (Soret: -; 890
Qv: 850 vw,dp;
V16 Jdsym(Pyr. deformation) + y1(H) Big Q: 851 w,dp) 874
Vs Y(Hp) + ysym(Pyr. folding) Aoy 806 s 847 s
core overtone 390 cm Axg 779 (Soret: -
Qv 779 m,p;
Q: 778 vw,p)
a3’ y1(H) Ey 750 s 790 vs
73 y1(H) Big 744 (Soret: -; 781
Qv -; Q: 744 w,dp)
Axg 723 (Soret: 723 vw,p;
Qv 723 vw,p; Q: -)
720 Ysym(Pyr. folding) + Eg+ Eu 727 vw 758
Yasyn(Pyr. folding) +
v(Hp) + y1(H)
V8 ysym(Pyr. folding) + Azy 720 m 750
v(Hp) + ya(H)
s’ j/z(C) E, 703 s 730s
9" 0(C—C—-C)+ Eu 661 m 675 m
o(Pyr. rotation)
[or) 02(C—C—C) Axg 639 (Soret: 639 vw,p; R -; Q: -) 652
combination band Ay 572 (Soret: 572 vw,p;
(184+ 391 cn}) Qv 570 w,p; Q: -)
V7 Y(Ca—Cn) + Ay 570 vw 582 vw

Yasym(Pyr. folding) +
ysym(Pyr. folding)
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Table 3 (Continued)

mode experimenta (cm™1)
yih assignmerit symmetry IR NR Re RRe caled"f(cm™?)
s’ y1(C) + Ey 528 m 537 m
O(Pyr. translation)
Vag o(Pyr. rotation) Ey 434 s 444 m
013" 7(ring twist) Ey 407 vw 408 (Soret: -; 419 w
Qv -; Q: 408 vw,-)
V50 v(Fe—N)+ E, 402 m 407 m
O(Pyr. translation)
vg Vpreathing(F€—N) Axg 390 m 390 m (p) 391 (Soret: 392 s,p; 388w
Quv: 390 vs,p;
Q: 390 w,p)
Fe—Cl v(Fe—Cl) 378s 379w 336
Axg 257 (Soret: 258 vw,p;
Qv 257 w,p;
Q: 258 vw,p)
V16 y(Pyr. tilting) + Bou+ Big 257 vw 258 (Soret: -; Q -; 251 vw
y(Phenylrot.y Q: - Aexc= 647.1 nm:
258 vw,dp)
Ph y(Phenylrot.y + Big+ A2y 247 vw 247 (Soret: -; Q -; 241 vw
y(Pyr. tilting) Q: 247 vw, dp;
647.1 nm: 247 vw,dp)
porphyrin 203 (Soret: 204 vw,p; 200 vw
breathing Qv: 202 w,p; Q: 202 vw,p)
V18 v(Fe—N) Big 199 w (dp) 199 (Soret: -; @ -; 202 vw

Q: -;647.1 nm: 199 vw,dp)

aFor notations of in-plane and out-of-plane core modes see Li¢##cand Figures S6 and S7Assignment in local coordinates: see Table 2 and
Figure 3 for the phenyl coordinates and ref 10a and c (Figures S6 and S7) for the in-plane and out-of-plane porphyrin coordinates. Porphyrin coordinates
are printed in bold. Assignments for [Ni(TPP)] by Rush IIl et&hre underlinedS Effective D4, symmetry: see the Results and Analysis sectid@alculated
(DFT) and experimental intensity (s very strong, s= strong, m= middle, w= weak, and vw= very weak).® Depolarization ratio: p= polarized, dp
= depolarized and ag anomalous polarized bantdCalculated with B3LYP/LanL2DZ: see Experimental sectiop(Phenylrot.) corresponds tg¢Ph), =
y(Br) in bromobenzeng! Labeling used by Spiro and co-workers (cf. ref 13).
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Figure 5. IR spectrum ofl: the measured spectrum (top) and the calculated spectrum (bottom).
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frequencies observed for the phenyt B8 deformation ", are due to the neglect of anharmonicity in the calculations
7z andzs") and they(Hg) porphyrin vibrations in this region  (cf. Discussion).
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The third region between 990 and 1160 dnmostly man?® They are dominated by the two — z* transitions
comprises in-plane vibrations. The strong band at 995'cm from the a, and a, HOMOs to the g LUMO of the
(calcd: 1005 cm?) is assigned to a(Pyr. breathing)+ porphyrin dianion. Both resulting excited states haye E
Oasyn{Pyr. deformation) porphyrin core vibration with symmetry and show a strong configuration interaction (Cl).
vpreathind C—C) phenyl contributionifs7), whereas the intense  This leads to two well-separated bands in the absorption
feature at 1002 crt (calc.: 1017 cm?) corresponds to the  spectra, the intense Soret band (where the individual transi-
mixed dsym(C—C—C)+ v(Pyr. breathing} vasy«(Pyr. half- tion moments are additive), and the weak Q band (where
ring) mode with mostly phenyl characteps('). Both have they nearly cancel). In addition, a third band is observed on
E. symmetry. The assignment of the strong band at 1070 the higher energy side of Q. This band,, @ a result of
cm ! is not entirely clear. One possibility isdym(Cs—H) vibronic mixing between the Soret and the Q band. Because
core mode with Esymmetry, which is calculated at 1117 both excited states are of, Bymmetry, vibronic mixing is
cm ! (vsy). Alternatively, this feature could be identified as enabled by the vibrations of Big, and By symmetries?®
the vasym{C—C) + 0(C—C—H) phenyl vibration{g') with For the resonance Raman spectra of metalloporphyrins, A-,
A,, symmetry, calculated at 1106 cfa A dg isotope B-, and C-term enhancement mechanisms are impoftant.
substitution would be necessary to distinguish between theseA-term enhancement is caused by a displacement of the
possibilities. Finally, the band at 1158 chis assignedto a  excited state relative to the ground state and is in general

phenyl vibration as shown in Table 3. only relevant for totally symmetric modes. Because A-term

The following region between 1160 and 1350 ¢mostly intensity is proportional to the square of the electric dipole
consists of Esymmetric in-plane porphyrin vibrations. The transition moment of the excited electronic state, this
two bands at 1175 (calcd: 1236 cip and 1200 cm! mechanism is dominant in the region of the Soret transition.

(calcd: 1250 cm?) are both in-plane porphyrin stretching B-term enhancement is caused by the vibronic coupling
modes, which show deviations in energy of 4 to 5% between between the excited stateCand another excited statel]
calculation and experiment (cf. Discussion) and are assignedwhich leads to the resonance enhancement of the vibrations
as shown in Table 3. The band at 1340 ¢ér(calcd: 1369 that are effective in coupling these states. Hence, this
cm™Y) is assigned to a mixedasyn(Cs—H) + v(Cn—Ph) + mechanism applies to the Q band, where vibrations gf A
Vsym(PYr. half-ring)+ vasyn(Coa—Cp) vibration and is known By, and By symmetries are enhanced. Additional A-term
to be spin-state-sensitive (band?®). It appears split into  enhancement of 4 modes in the Q region is also expected.
two components irl, where a shoulder at 1334 cis Thus, resonance enhancement of nontotally symmetric modes
present. Previously, this band was assigned #¢CGa—C,) is therefore indicative of the presence of vibronic bands in
+ »(Cn—Ph) by Oshio et al® The calculatedds isotope the absorption spectra. HowevengBnd By enhancements
shift for this band of 19 cm' shows some deviation from could theoretically also be induced by a Jafireller
the experimental value (8 crf obtained for [Co(TPP)}&° distortion of the excited states with, Bymmetry*! Hence,
However, this is most probably due to the highly mixed the enhancement of;fAmodes is the most diagnostic for
nature of this mode, where, depending on the actual complex,the presence otibronic coupling. A,y modes are easily
changes in the contributions of individual local coordinates identified in the Raman spectra because of their anomalous
can be expected to occur. polarization (ap;p0 > %), which relates to the scattering
The region at the highest energy between 1400 and 1600tensor being antisymmetrf€-** Finally, C-term enhancement
cm™! consists only of phenyl-type vibrations, which are is observed upon the excitation to a vibronic sideband of a
assigned as shown in Table 3. Ry, the frequency is  forbidden or weakly allowed-60 electronic transitiof{ that
obtained 52 cmt! higher in energy compared to experiment. leads to the enhancement of overtones and combination
The reason for this is discussed in section B.2 for the modes. This applies to the ,Qegion of the absorption
corresponding modeg, andg,', which are combinations of ~ spectra. These different types of resonance enhancement are
the same local coordinate but with different symmetries (cf. indeed observed for complek, as shown in Figure S2.
Table 3). The weak band at 1574 ch{calcd: 1618 cm?) Figures 8—10 present the RR spectralofncluding the
corresponds to thes(C—C) phenyl vibration of A, sym- polarized data in Qlgxc = 568.2 Nm), Q (Aexc= 514.5 nm),
metry, which is mixed with the IR forbidderksyn{Co—Cnm) and Soret (& = 454.5 nm) resonance. Figure 7 shows the
porphyrin vibration with By symmetry. Hence, this is another ~absorption spectrum df indicating the different excitation
indication of the symmetry lowering ih. The band at 1486  wavelengths. The RR data in the Soret region are dominated
cm ! (calcd: 1521 cm?) is assigned to a strongly mixed by polarized (Ag bands, which can therefore easily be
in-plane vibration ¢s'') of the 6(C—C—H) + v35ym{C—C) identified from the Soret spectrum. The Q angddpectra of
phenyl andv(Cs—Cs) + vasyf{(Coa—Cm) + vsym(Ca—Cm) 1 contain depolarized, polarized, and anomalous polarized
porphyrin type. From the calculations, we have classified bands. The presence of4Vvibrations in the Q and {spectra
this band as a phenyl type mode, but the individual confirms well the presence of vibronic coupling as already
contributions might vary experimentally depending on the discussed. The QRR spectra also show overtones and
actual complex investigated.
B.4. Resonance Raman Spectra of 1 and Assignment, (43) Placzek, G. Irh-landbuch‘de_r Radiologie¥larx, E., Ed.; Akademische
The electronic spectra of metalloporphyrins have been () \é‘f)ri'r?)?sTgleé‘i"Ss‘i?eé}(fgs'j??g’r’ogle,r\,”;ﬁ"“/ch%?“s;c\i/lot'j.g'. ES?Z%S, 205.
explained on the basis of the four-orbital model of Gouter- 2622—2626.
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combination bands above 1600 chcorresponding to  symmetry. The split, anomalous polarized bdhdt 1522/
C-term enhancement, which confirms thatiQthe vibronic 1516 cm? (calcd: 1560 cm?) is assigned to the mixed
sideband of Q. Vasy{Coa—Cm) + Vasyr{Co—Cp) + Oasy(Cs—H) in-plane

A number of new bands are observed in the RR spectraPorphyrin core vibration and is known to be spin-state
compared to the NR Raman spectra. The assignments of théensitive (band C(af)'®). It was originally assigned to only
RR data included in Table 3 are on the basis of the energies?(Ca—Cm).**" The predictedds isotope shift of this feature
of the bands in correlation to the DFT results as well as the iS 6 cnT*. All of these assignments are listed in Table 3.
symmetries determined from the polarized experiments. In  B.5. Effects of Symmetry Lowering. There are three
some cases, calculatéglisotope shifts forl in comparison major effects resulting from the symmetry lowering from
to experimental shifts obtained for [Ni(TPMjre used to  idealized D4 to the actual symmetry of [Fe(TPP)(CI)].
further confirm the assignments. Th€Fe—N) breathing  Because of the fact that the phenyl rings are no longer
mode at 390 cmt' is strongly enhanced in the,@egion of perpendicular to the porphyrin core, the coupling between
compoundl, which is surprising because this band hag A the core and the phenyl vibrations becomes stronger. The
symmetry; therefore, one would anticipate its maximum second effect is that modes with different symmetrieBin
enhancement in the Soret region (Figure $3)he band at appear mixed inl. Several examples are observed in the
639 cn1! (calcd: 652 cm?) in Soret resonance is assigned NR Raman and IR spectra as discussed above, where even
to an in-planed,(C—C—C) phenyl vibration ¢g) with A4 (g9) and odd (u) vibrations are combined. This applies, for
symmetry. This feature shows rd isotope shift in the example, to the NR Raman bands at 247 and 257 @nd
calculations and is in agreement with results for [Ni(TP®)].  the IR bands at 390, 727, and 1574 €mOf importance
The depolarized band at 744 cin(calcd: 781 cmb?) though is the fact that all of these symmetry-breaking modes
observed in Q resonance corresponds to an out-of-planeobtain only very small intensities because of this intensity-
y1(H) phenyl vibration () with B;g sSymmetry. The calcu-  stealing mechanism. This together with the observation of
lated dg isotope shift of 10 cmt for this mode is in good ~ polarized, depolarized, and anomalous polarized bands
agreement with the value of 7 chobserved for [Ni(TPP)}3 clearly shows that the [Fe(TPP)tore of1 still behaves as
Two new depolarized bands are observed at 851 and 1017f it has D4y symmetry. The third effect of symmetry lowering
cmlin Q and Q resonances, respectively. In both cases, beyondCy, in 1 is that degenerate &ibrations appear to
two possible features with;Band By symmetries are present  be split in the IR spectra. However, the observed splittings
in the calculations as well as in the RR spectra of [Ni(TPP)]. are very small (about 5 cm). Hence, this again indicates
Hence, no assignments of these bands are possible. Théhat an effectiveDa, symmetry is present if.
depolarized band at 1080 ctfnobserved in Q and Q C. Vibrational Spectra and Assignments of Compounds
resonances is assigned as shown in Table 3. The depolarize@& and 3 in Comparison with Those of 1.The crystal as
band observed at 1182 cimin Q, and Q resonances well as the DFT optimized structures of completes3 are
corresponds to either the calculated vibration at 1226'cm very similar overall, as discussed in section A. Correspond-
(8 Oasyr(Cp—H) + vasyn{Co—Cp) core mode) or the feature ingly, the averaged metahitrogen distances are similar and
predicted at 1222 cn (a phenyl vibration); both have.B increase in the order of Co (1.985 A)Mn (2.019 A) < Fe
symmetry. In [Ni(TPP)}.® a band at 1190 cnt with a small (2.049 A). The most pronounced difference amang, and
phenyl-do shift is observed and assigned to th;—H) 3 occurs for the metal—chloride bond distances, which
vibration calculated at 1226 crh Because a larged,, increase in the order of Co (2.145 A)Fe (2.192 A)< Mn
isotope shift is expected for the phenyl vibration, the band (2.389 A). Another important difference is observed for the
at 1182 cm? is tentatively assigned to this feature. The out-of-plane displacement of the metal atom from the N
modes at 744 cnt (phenyl vibration),v,7, and vs4 (both plane of the porphyrin, which increases in the order of Co
Cs—H in-plane porphyrin vibrations) show larger deviations (0.05 A) < Mn (0.258 A) < Fe (0.383 A). On the basis of
in energy between calculation and experiment compared tothe large structural similarities of complexgs 3, it can be
those of the other porphyrin modes, which are due to the expected that the overall vibrational properties of the
neglect of anharmonicity (Discussion). The weak, anomalous corresponding [M(TPP)] units are quite similar. The only

polarized bands at 1225 and 1335 ¢nin Q and Q exception is the metal—chloride stretching vibration, where
resonances are assigned as shown in Table 3. The depolarizeldrger differences should be observed.

band at 1266 cmt (calcd: 1286 cm?) is observed in all Figure 6 shows the NR Raman data 2fogether with

RR spectra. It is assigned to a mixe@Pyr. quarter-ringj- the calculated spectrum. In this case, exceptional agreement
v(Cm—Ph) porphyrin core vibration with phenyl contribu- is obtained between theory and experiment. The correspond-
tion (vi(C—C)) with By symmetry ¢.7). The calculatedls ing spectra of3 are presented in Figure S1. The agreement

isotope shift of 2 cm! is in very good agreement with between the calculated and experimental data is also very
experiment (1 cmt for [Ni(TPP)['®). The band at 1452 cm good in this case. As already discussedffpsmall shifts of

in Soret and Qresonances is assigned to the mixed in-plane certain bands to higher energy (average deviation in energy
Vsym(Coa—Cnm) + v(Cs—Cp) porphyrin vibration (&) with Ayg of about 2 to 3%) are also observed in the calculations for

(45) The excitation profile is a plot of the Raman intensity versus the Raman (46) The origin of the splitting is not known. It might relate to the fact
excitation energy. that the spectrum was recorded in a KBr disk.
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Table 4. Comparison of Metal—Chloride Stretching Frequencies ®@mand QCC-NCA as well as Calculated (DFT) Force Constéis-Cl)
(mdyn/A) for [M(TPP)CI] (1, 2, and3) and Model Systems [M(P*)Cl]i&, 2a, and3a)

»(M—Cl) »(M—Cl) f(M—ClI)
compound calcf exptF lit. model PEDAf calcd QCC-NCA
1 263/336 378 360 3647 ¢ ia 225 (9%)/33986%) 1.419 1.796
2 263/319 296 2997¢e 2a 235 (39%)/31874%) 1.160 0.932
3 286/398 397 3a 262 (40%)/39682%) 1.704 1.717

apPED = potential energy distribution; the numbers in parentheses correspond to the % contribution of @eddrdinate to this modé.Calculated
with B3LYP/LanL2DZ; see Experimental sectiohExperimental infrared frequenciesDetermined from Raman data of [Fe(OEP)(CfHPetermined from
Raman data’. The v(M—CI) vibration is mixed with a porphyrin mode, and hence there are two vibrations thatwdryCl) contributions. As shown in
the PED, the mode at higher energy has more®ll stretching character.

2 and 3 (Discussion). Because of the structural similarities corresponding spectra & are presented in Figure S1. A
of 1-3, it is not surprising that the NR Raman spectra of good agreement between theory and experiment is also
these compounds show large similarities as evidenced by aachieved in this case. The IR spectra of all three compounds
comparison of Figures 4, 6, and S1. Hence, the assignmentd —3 basically show the same normal modes. Correspond-
of the NR Raman spectra @fand3 listed in Tables S1 and  ingly, the appearances of the MIR spectra are very similar.
S2, respectively, largely parallel the assignmentd f@nly However, the far-IR spectra look clearly different because
a few differences are observed. The band at 1574¢m the metat-chloride and the metalnitrogen stretching vibra-
the experimental NR Raman spectrumlaf not observed  tions are located in this region, which show the strongest
in the spectra of compoun@&sand3. This band corresponds metal sensitivity (cf. section E).
to the phenyl in-plane vibrations,(C—C) (¢s') with Byg D. Metal—Chloride Bonding. For compoundd and 3,
symmetry. However, comple3 shows an additional small  the experimental frequency of the metahloride stretching
band at 1540 crt that could not be unambiguously assigned. vibration is similar withv(Fe—Cl)= 378 cmt* andv(Co—
The metal—chloride stretching vibration only appears in the Cl) = 397 cm! (cf. Table 4). In contrast, the MnCl
NR Raman spectrum df. Otherwise, the same vibrations stretching vibration of 296 cnt is located at a significantly
are observed in the NR Raman spectralef3. Some of lower energy. This trend is in agreement with the metal
them show small characteristic shifts, which are discussedchloride distances witB (2.145 A)< 1 (2.192 A)< 2 (2.389
in section E. A). As mentioned in section A, the metal—chloride bond
Figure 6 shows the IR data d@ together with the lengths are overestimated in the calculations, especially for
calculated spectrum. Again, in this case, the most exceptionalcompound1. Correspondingly, the calculated frequency
agreement is obtained between theory and experiment. Theobtained forl of 336 cn1! is significantly lower than the
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experimental value, whereas far(319 cnt) and 3 (398 26% iron dz and 60% chloro porbital contributions, which
cm ) a very good agreement is observed. To compare thecorresponds to a strongbond. Additionalr bonds between
M—CI bond strengths in these compounds rigorously, the d, and d, orbitals of iron and the jpand g orbitals of
accurate M—CI force constants are necessary and require ahe chloro ligand, respectively, are also present. The corre-
normal coordinate analysis (NCA). For this purpose, simple sponding bonding combinations have about 10% metal and
model systems [Fe(P)(CN]1), [Mn(P)(CD] (2), and about 45% chloride character indicative of a medium-strength
[Co(P)(CI)] (3 P = porphine) were fully optimized, and the  interaction. Therefore, complekformally has one-half of
force constants were calculated as listed in Table 4. In thea ¢ bond and oner bond. Compared t8, theo bond is
next step, a mass of 77 was used for the meso hydrogens ofeduced by 50%, whereas an additionabond is present.
these models corresponding to the phenyl groups. This leadsThese effects seem to cancel, giving almost identicaldV

to modelsia, 2a, and3a, which accurately reproduce the force constants in these complexes.

M—Cl frequencies of full model systenis-3 applying TPP Compound is a high-spin éicomplex withS= 2 ground

(cf. Table 4). This is an important result because it shows state and a [¢.d,»d.,d2]* electron configuration. Compared
that the simple porphine ligand is a good approximation for to complexl, thea-de_2 orbital is unoccupied and therefore,
TPP when only the properties of the centrat-Kl unitare  similar M—Cl interactions would be expected inand 2.
considered. Finally, using the QCC-NCA procedtir¢he However, the force constants show that this is not the case.
M—CI force constants were fitted to reproduce the experi- The Mn—Cl o bond betweengand the porbital of chloride
mental M—ClI stretching frequencies. In this way, experi- is somewhat weaker compared to thailias evidenced by
mental force constants for compourid®?, and3 of 1.796, the 16% metal g and 57% chloro p character of the
0.932, and 1.717 mdyn/A, respectively, were obtained. The corresponding bonding combination. The largest difference
NCA force constants show that the-=€l and Co-Cl bonds occurs for the M—Clz bond. The corresponding bonding
are twice as strong as the M| bond. The reason for this  combinations between,dand ¢, of Mn(lll) and p, and g
rather surprising result is evidenced by an analysis of the of chloride only have about 2% metal and 75% chloro
MO diagrams of these complexes. For this purpose, modelscharacter, respectively, which corresponds to a very weak
1—3 were used because porphine has proven to be a goodnteraction. Therefore, the M—CI bond in compl&xorre-
model for TPP, considering the presence of the®Glbond.  sponds only to half & bond. This is the reason for the much
The coordinate system is chosen such that zhexis is smaller M—ClI force constant of only 0.932 mdyn/A it
aligned with the M—CI bond, whereas thieandy axes are compared to 1.796 mdyn/A fdt.

oriented along the M—N bonds of the porphyrin ligand. g \Metal-Sensitive Bands in the Raman and IR Spectra
Hence, the d 2 orbital of the metal undergoes a stromg  of 1—-3. Boucher and Kat® measured the IR spectra of
bond with the pyrrole nitrogens of the porphyrin, whereas geyeral divalent metal complexes of protoporphyrin IX and
dyy is partially nonbonding. However, the metadhlorideo hematoporphyrin IX dimethyl ester and identified three
bond is mediated by the orbitakdwhereas d and g, are  metal-sensitive bands at 920—980, 500—525, and 350—365
potentially involved iz bonds with the chloride ligand. Note  ¢cmy2 put no definitive assignments could be made. The
that the principal bonding scheme of [Fe(TPP)(CI)] has been gkeletal stretching and breathing modes were found to only
analyzed before; however, the main focus was the metal have small shifts within the experimental uncertainty. Na-
porphyrin interactiorf? kamoto and co-workers assigned the metafrogen stretch-
[Co(TPP)(CI)] (3 has the simplest electronic structure due ing bands of a series of OEP and TPP complexes on an
to the low-spin 8 configuration of Co(lll) § = 0), which empirical basi§®8aThe observed shifts were attributed to
corresponds to a fgd,,0y]° = [t2]° configuration of the  the variable occupation of the-antibonding ¢-, orbital
metal. Hence, the unoccupieg drbital undergoes a strong  in these complexes. Hence, vibrations that contain a direct
o bond with the filled p orbital of the chloro ligand, where  contribution of the M—N stretching coordinate should be
the corresponding bonding combination has 29%d 58%  the most affected. However, the oxidation- and spin-state

chloro p character. Because the,@nd d, orbitals of the  sensitive IR bands I-Ill and Raman bands A, C, D, and E
metal are fully occupied, no bond with the pand g orbitals ~ (band B is characteristic for penta coordination) as described
of chloride is possible. In summary, the metéll bond in in the Introduction should also be sensitive to the metation.

3 can be described as a strong (puréjond. In comparison,  The frequency shifts of bands | and Il were correlated to
compoundl is a high-spin & complex withS= *, ground  the metal—porphyrinato nitrogen distantsn agreement
state. In the spin-unrestricted scheme, this means thatdll  with Nakamoto’s analysis.

orbitals are fully occupied and hence, do not contribute t0 |5 the IR and NR Raman spectrabf50 and 36% of the
the bonding witho- or 7-donor ligands. Therefore, all metal observed modes, respectively, are of the phenyl type, which
ligand bonding comprises unoccupigdl orbitals. The Fe show no shifts or show only small frequency shfftdn

Cl o bond is mediated by the interaction of dnd pofthe  contrast, frequency shifts are observed for most porphyrin
chloro ligand. The corresponding bonding combination has

(49) Boucher, L. J.; Katz, J. J. Am. Chem. S0d.967,89, 1340—1345.

(47) Chottard, G.; Battioni, P.; Battioni, J.-P.; Lange, M.; Mansuyiriorg. (50) Ogoshi, H.; Masai, N.; Yoshida, Z.; Takemoto, J.; Nakamotdul.
Chem.1981,20, 1718—1722. Chem. Soc. Jprll971,44, 49.

(48) Cheng, R.-J.; Chen, P.-Y.; Lovell, T.; Liu, T.; Noodleman, L.; Case, (51) Very small shifts of some of these bands that were observed can be
D. A. J. Am. Chem. So®003,125, 6774—6783. traced back to small admixtures of porphyrin core vibrations.
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Table 5. Metal-Sensitive Bands (Also Oxidation- and Spin-State-Sensitive) in the Infrared, NR Raman, and RR Spkea of

FeTPPCI (1) MnTPPCI (2) CoTPPCI (3)
experimental calcd experimental calcd experimental calcd
M—N (A), averaged 2.049 2.09 2.019 1.99 1.985 1.99
|R18b band I, spin (cm?) 1340/1334 1369 1342 1377 1351 1387
band 11, ox. (cn?) 806 847 804 849 795 848
band 11, spin (cm?) 434 444 451 462 465 475
R18b band A, ox., and spin (cm) 1363 1379 1365 1390 1359 1393
band B (cm™1) 1371 1398 1373 1406 1372 1408
band C, spin (cm?) 1522/1516 1560 1538/1532 1588 1588
band D, spin (cm?) 1554 1598 1557 1612 1563 1626
band E, ox. (cm?) 390 388 393 392 403 390
IR v(M—CI) 378 336 296 319 397 399
vso (cm™1) 402 407 410/405 411 ? 411
R vig(cm™Y) 199 202 223 218 2557 238

aFrequencies are given in crh P Calculated with B3LYP/LanL2DZ¢ Band B is a marker band for five-coordinate porphyrin compléxé%

Table 6. Selected Crystallographic Distances (A) for Compoun@f. Ref 28),2 (This Article), and3 (cf. Ref 33) that are Important for the
Structure-Sensitive Bantls

compound d(M—N) d(Cn—Ph) d(Cs—Cp) d(Ca—Cp) d(Ce-N) d(M—Ct) d(Ca—Cn)
[Fe(TPP)(CI)] (1) 2.04(9) 1.50(8) 1.38(0) 1.44(6) 1.38(4) 0.383 1.39(9)
[MNn(TPP)(CI)] (2) 2.019 1.496 1.357 1.440 1.385 0.258 1.399
[Co(TPP)(CI)] (3) 1.985 1.518 1.360 1.446 1.372 0.05 1.391

aDistances are averaged over chemically equivalent bonds.

core vibrations in the [M(TPP)(CI)] complexes, but only a the totally symmetria/yreatnindM—N) vibration (band Eys),
few of them are of considerable size as already correctly which increases in the order of 390 chiFe) < 393 cn?
stated by Boucher and Katz. The bands with large shifts are(Mn) < 403 cnm? (Co) in agreement with this trend. The
mostly vibrations with a large MN stretching contribution ~ v(M—N) vibrations with By symmetry (zg) observed in the
as proposed befofé>° Hence, frequency shifts are mostly NR Raman spectra df—3 also strongly follows this trend
expected for bands below 500 cin Table 5 lists the as shown in Table 5. Finally, thg M—N) vibrations with
experimental and calculated frequencies of the eight spin- E, symmetry (o) observed in the IR spectra dfand2 are
and oxidation-state-sensitive bands known from the literature mixed with thed(Pyr. translation) porphyrin deformation
for complexesl—3. In the IR spectra, the three porphyrin mode. Nevertheless, the correlation also applies here where
vibrations I—-Ill show metal sensitivity. In the NR Raman this feature appears at 402 chin 1 and at 410/405 crt
spectra, three modes show significant shifts for complexesin 2. The fact that this band is split i reflects a small
1-3 (band A, D, and E). Hence, only six of the eight degree of symmetry lowering from ideBl, symmetry (cf.
structurally sensitive bands from the literature are metal- section B.5).
sensitive in the [M(TPP)(CI)] series studied here. Three Bands A, C, and D in the Raman and band | in the IR
additional metal sensitive bands are identified here. Thesespectra ofL—3 correspond to in-plane porphyrin stretching
arevig (from NR Raman)ysg (IR), and the M€l stretching vibrations (cf. Table 3); therefore, their frequencies can be
vibration as discussed in section D (cf. Table 4). Corre- correlated with G-C, C—N, and M—N distances as observed
sponding to the relatively small frequency shifts observed in the crystal structures o1—3 (cf. Table 6). Band A
for 1—3 as shown in Table 5, the underlying differences in corresponds to the in-planey(Pyr. half-ring) porphyrin
complex geometries must be small. Therefore, to analyzevibration. Hence, the frequency of this mode relates to
the reasons for the appearance of the shifts, detailedchanges in the metahitrogen, the G—Cs and the G—N
assignments of the corresponding vibrations as obtained indistances. However, because the observed frequency shifts
this study are necessary. For the stretching vibrations, theare very small, a quantitative interpretation of the observed
differences in the vibrational frequencies can be correlated behavior of this mode is not possible. For band C, the
with the differences in bond lengths. However, the interpre- observed frequency is larger for the Mn than for the Fe
tation of the metal sensitivity of the deformation modes is complex. This mode has considerablg,{C,—Cm) char-
not straightforward. acter; however, the &-Cy, distance is comparable in the
Vibrations with a considerable M—N contribution are two complexes, as shown in Table 6. However, this mode
observed in the low-energy region of the spectra. The metal also has some &-Cg contribution, and the corresponding
nitrogen distances decrease in the order of Fe (2.048 A) C,—C; distance is slightly larger fat compared to that for
Mn (2.019 A) > Co (1.985 A), and hence the frequencies 2, which is consistent with the observed trend in frequencies
of vibrations withv(M—N) character are expected to increase (cf. Table 5). The totally symmetric metal-sensitive band D,
in the order of Fe< Mn < Co. There are three vibrations which is assigned to &(Cs—Cp) + vsym(Co—Cnm) porphyrin
with a pure or mostly M-N stretching contribution observed  vibration with a small amount afasyr{Cs—H) contribution,
in complexesl—3. The most intense band corresponds to is observed in both the NR Raman and RR spectra-—€3.
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The frequency of this mode increases in the ordet ef 2

< 3, as shown in Table 5. This can be traced back to
differences in the €C bond lengths of the porphyrin core.
First, the G—C; distances are almost identical Brand3,
whereas they are elongatedlinHowever, complexesand

Paulat et al.

IR spectra ofl were identified and classified, but no further
analysis was performed:8 The assignments obtained in
this study are in general consistent with recent work by Rush
[l et al., who assigned the RR and IR spectra of [Ni(TPP)]
based on a DFT-SQM analysis.In some cases, large

2 have almost identical &-Cr, distances, whereas this bond deviations in vibrational frequencies (for example, is
is shorter in comple8. These trends are consistent, leading located at 1554 cnt in 1 and at 1572 cmt in [Ni(TPP)])
to the observed frequency shifts of this band. Finally, band are observed. In addition, because of very good agreement
| corresponds to the mixedasyn{Cs—H) + v(Cn—Ph) + between the calculated and experimental NR Raman and IR
Vsym(Pyr. half-ring) + vasyn(Ca—Cp) in-plane porphyrin spectra obtained here, more sophisticated assignments of the
vibration. The frequency shift of this band cannot be analyzed observed vibrations were possible in this study, as indicated
because of a large number of different contributions. For in Table 3. The complete analysis of the vibrational spectra
example, the G—Ph distances behave inversely to the-NI of 1 performed here also leads to the reassignment of a
distances. Besides these stretching vibrations, two deforma-number of bands. These include features at 1233, 1006, and
tion modes (bands Il and lII; cf. Table 5) are also found to 886 cnt? in the Raman spectra df (cf. Table 3). The
be metal-sensitive. Band Il corresponds to the out-of-plane prominent band at 390 criy, which is one of the structure-
y(Hp) + ysyn(Pyr. folding) porphyrin deformation mode and  sensitive bands identified by Burke et P js reassigned to
hence, the frequency shift of this vibration is difficult to the totally symmetria/yeanindFe—N) vibration on the basis
interpret. The energy increases in the order of<€dn < of the calculated NR Raman spectra and the excellent
Fe. The frequency shift of band Ill, which is an in-plane agreement between its calculated and experimental pyrrole-
O(Pyr. rotation) porphyrin deformation mode, seems to be dg isotope shift. This is in agreement with the assignments
correlated to the out-of-plane displacement of the metal, for [Ni(TPP)].1°213The IR spectra of complekare assigned
which increases in the order of GoMn < Fe. Correspond-  here for the first time with the exception of structure-sensitive
ingly, the observed trend in the vibrational energies issCo  bands I-I1ll. However, band Il at 806 crhis reassigned in
Mn > Fe. this work to the out-of-plane/(Hg) + ysym(Pyr. folding)
porphyrin core vibration on the basis of the calculated IR
spectra and the excellent agreement between its calculated
In this study, the vibrational properties of the five- and experimental pyrrolesdisotope shift. In addition, a
coordinate porphyrin complexes [M(TPP)(CI)] @¢¥Fe, Mn, number of new bands are assigned in this study. These
and Co) are analyzed in detail. For complex [Fe(TPP)(CI)] include the important bands at 402 chin the IR (1) and
(1), nonresonance Raman (NR Raman) spectra including199 cnt! in the Raman spectrunv{g) of 1, which cor-
polarized data are presented for the first time. Resonancerespond to the Fe—N stretching vibrations withdhd Byg
Raman (RR) spectra of this compound are also reported,Symmetries. These modes have not been assigned yet. Similar
including Soret, Q, and Qresonance data together with to the corresponding 4 mode at 390 crr, these are also
polarized measurements. In addition, MIR and FIR spectra strongly metal-sensitive and probably oxidation- and spin-
of 1 are presented. Hence, a complete vibrational data setstate-sensitive.
for complex1 is obtained in this study. These data are then A general shift of the vibrational frequencies bf3 to
assigned in detail using calculated vibrational energies assomewhat higher energy (average deviation: about 2 to 3%)
well as calculated NR Raman and IR intensities, which show is observed in the calculations compared to experiment.
very good agreement with experiment overall (vide infra). However, in some cases, larger deviations (up to 5%) are
Additional information that assists in assigning the spectra observed. These can be traced back to different effects
is available from (a) the polarized measurements that allow depending on the nature of the respective modes. First, large
for the determination of the symmetries of the different shifts (about 5%) are observed for the three combinations
vibrations and (b)s isotope data reported in the literature of the vs,(C—C) stretching mode of the phenyl rings.(
for a number of complexég14185The assignments are based ¢4, ¢4 in Table 3), which occur just below 1600 cfa In
on an idealized model system [M(TPP)] with, symmetry. this case, the deviations are partly due to an intrinsic
For the phenyl mode assignment, local internal coordinatesinaccuracy of the B3LYP/LanL2DZ method. This is evident
derived from bromobenzene are used. On the basis of allfrom frequency calculations on benzene. As shown in Table
this information, a complete and consistent assignment of S7, vs,(C—C) is calculated at 1641 and observed at 1594
all of the spectroscopic data obtained fIdras been achieved. cm™ (average), which corresponds to a deviation of 2.9%.
So far, no detailed vibrational assignments for five-coordinate Interestingly, using the much more time consuming B3LYP/
porphyrin complexes such as [Fe(TPP)(CI)] are available TZVP method does not lead to an improvement for this
from the literature, where most of the research has beenmode. The second class of vibrations in which larger
focused on four-coordinate complexes. For compdyrahly deviations of the frequencies are observed correspond to in-
a small number of totally symmetric modes from the Soret plane and out-of-plane €H deformation modes. This
RR spectrumAex. = 457.9 nm) have been assigned befSre, especially includes thé(Cs—H) andy(Hg) core vibrations
on the basis of a simple comparison of the obtained spectraand thed(C—C—H) bends of the phenyl rings. (See, for
with those of [Ni(TPP)]. Additional bands in the Raman and example ¢(Cs—H) at about 1100 cm, y(Hg) at about 800
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cm 1, anddé(C—C—H) at about 1100 c, as listed in Table 280000 T
3.) These deviations are due to the neglect of anharmonicity [Mn(TPPHCI)]
effects in the theoretical treatment. Calculations on benzene ~ 2°®1 —fcurericn i
show that C—H vibrations usually show significant degrees
of anharmonicity (cf. Table S7). These calculations indicate
that vsyn(C—C) is also affected by deviations due to _Ij
anharmonicity. Finally, differences are observed for the 2
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amount of mixing between phenyl and porphyrin core =
vibrations, which applies to a small number of modes £
(Results and Analysis). This is evident from a comparison “ | I
of calculated and experimentdy isotope shifts, which reflect 40000 B
the porphyrin core mode contribution. In the casel pthe ]
calculated structure shows smaller dihedral angles betweer E I e o ——=
the phenyl substituents and the porphyrin core compared to 300 400 500 600 o0 800
the crystal structure. Hence, this rotation of the phenyl rings wavelength (nm)

toward the porphyrin plane introduces changes in mode Figure 7. Solution absorption spectra of compouh@rown) measured
in chloroform, of compoun@ (green) in a 1/1 mixture of butyronitrile and

mixing of phe”)/' and porphyrin Core_ Vi_brations' This most propionitrile, and of compound (red) in methanol. The spectra are scaled
probably explains the observed deviations. with absorption coefficients taken from the literatf$&9.33

. Three major effects of symmetry lowering from the Table 7. Absorption Bands Observed in the BWis Absorption
idealizedD.n symmetry of the [M(TPP)] core are observed  spectra of Complexes—3 (in nm)

for complexesl—3. Compared to four-coordinate [Ni(TPP)]
and corresponding systems, the chloro complexes studied
here show the additional complexity of having open shells,
a larger distortion of the porphyrin core, and axial ligands.

o wavelength (nm)
@
3

514.5

80000 -

[Fe(TPP)CI] (1) [Mn(TPP)(CI)] (2) [Co(TPP)(CI)] (3)
position  assignment  position assignment position assignment
379 Cl—MCT 390 Soret

Lo L 417  Soret 476 P-MCT 426 Soret
From vibrational spectra, these deviations frdda, are 510 Q 530 7 540 Q
manifested in (i) enhanced coupling between porphyrin core 578 2 583 Q 574 Q

654 P—MCT 620 Q

and phenyl vibrations, (ii) the combination of even (g) and 690  P—MGCT?

odd (u) vibrations, and (iii) small splittings of the degenerate
E. vibrations. However, these effects are very small and Scheme 2
therefore, together with the observation of polarized, de- [M(TPP)(CD)]

polarized, and anomalous polarized bands in the Raman gxo“(MfFe(m)’ MnditD)
spectra, this clearly shows that the [M(TPPgpres of1l—3 g LUMO_ ¢ (P)
still behave as if they hav®,, symmetry. As discussed ° ao@ ’
above, the assignments of the vibrational spectra of com- o
plexes 1-3 are therefore carried out in an effective A“m e(d,)
Dsn symmetry. The overall vibrational properties of the - d,
[M(TPP)]" units in complexed—3 are quite similar, which 5 hd

relates to the large structural similarities of the metallo- = =g, (P)
porphyrin cores of these systems. The largest differences are

observed in the low-energy region of the spectra, where the Ltcl (m)
M—CI and the M—N stretching vibrations are observed.On | ___ forbidden transition

the basis of our analysis, it is possible to give more precise

assignments of the metal-sensitive modes than before, asvhich applies to bands B, andvis. These occur in the
inferred by Oshio et af®in 1984: “In order to understand  low-energy region of the spectra. Bands I, A, C, and D
the structure-sensitivity of these bands on a quantitative basiscorrespond to porphyrin core stretching modes. In this
it is necessary to carry out theoretical calculations [...].” Not Article, we have developed a model where the shifts of these
surprisingly, it is found that modes with mostly phenyl bands are interpreted on the basis of differences in the
character do not show noticeable shifts. In the case of porphyrin C—C and C—N and the metal—N distances. The
porphyrin core vibrations, frequency shifts are in general interpretation of the frequency shifts of remaining vibrations
observed for most vibrations; however, only a few of them | and Il is not straightforward because of the fact that these
are of considerable size. Of the eight oxidation and spin- are deformation modes.

state-sensitive bands known from the literattfréive are Besides the analysis of the metal-sensitive modes, we have
found to be metal-sensitive in the [M(TPP)(CI)] series studied investigated the strength of the metahloride interaction
here. These are bands A, D, and E (RR) and bands | in complexes1—3. To this end, the MCI stretching

(IR). In addition, two more metal-sensitive porphyrin core vibrations have been assigned, and from normal coordinate
vibrations are identified heredy andvyg, vide supra). Bands  analysis (NCA), M-CI force constants of 1.796 (F&l),

with large M—N stretching contributions are sensitive 0.932 (Mn—Cl), and 1.717 mdyn/A (CGeCl) have been
because of the differences in the- bond lengths il—3, determined. These large differences in-Rl bond strengths
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Figure 8. Resonance Raman spectralgfexcited at 568.2 nm (Q resonance). The RR spectra were measured with potassium sulfate as the internal

standard (top). The polarized measurement is shown on the bottom.

are reflected by the MCI bond distances of 2.192 A i,
2.389 Ain2 and 2.145 A in3. For2, this value is obtained

tion spectrum of compound$—3, investigated here (cf.
Figure 7). In this case, the Soret transition is located at 426

from a new crystal structure presented here. An analysis ofnm (cf. Table 7). At lower energy, the band at 540 nm is

the MO diagrams ofl—3 allows for a determination of the

assigned to Qand the shoulder at 574 nm to the Q band,

electronic structural reasons for these differences. In the caseavhich is in agreement with the assignments for [Co(TPP)]

of compoundl, the Fe-Cl bond can roughly be classified
as one-half of @ bond and oner bond. In comparison, the
Co—Cl bond in3 corresponds to one bond. The similar
M—CI force constants obtained farand3 indicate that the
enhanced and the reduced interaction in3 compared to

from the literaturé® These assignments are further confirmed
using RR spectroscopy. Excitation at 514.5 and 568.2 nm
leads to the enhancement of the anomalous polarized
vibrationv,g at 1335 cm? (cf. Table S2). This indicates that
the band at 540 nm is the,@and and the shoulder at about

those inl seem to compensate and lead to comparable bond574 nm must then correspond to Q. The separation of these

strengths. The strongly reduced-N| bond strength ir2
compared to that id (and3) is mostly due to a lack of the
M~—CI s bond in this complex. Correspondingly, the Mn
Cl bond only corresponds to halfsebond in agreement with
the observed reduction of the force constant by halRin
(0.932 mdyn/A) compared to that ih(1.796 mdyn/A).

Besides its use for the determination of vibrational

features of about 1100 crhsupports this assignmef#tThe
fact that no other bands are observed in the absorption
spectrum of3 relates to the low-spinfalectron configuration
of the metal, which prohibits low-energy porphyrin metal
or chloride— metal charge-transfer transitions.

The absorption spectrum of compouhdis more compli-
cated and shows at least six bands at 379, 417, 510, 578,

energies, RR spectroscopy offers detailed insight into the 654, and 690 nm (cf. Table 7). Because of the high-spin d
nature of electronically excited states. This relates to the configuration of iron in this complex, porphyrin to metal
mechanism of resonance enhancement and the actual natureharge-transfer (P~ M CT) transitions can now occur (cf.
of enhanced vibrations. For metalloporphyrins, A-, B- and Scheme 2). Thesa§r), ax(r) — gy(d,) CT transitions have

C-term enhancements are import#ras described in section

been assigned to bands near 600 nm for high-spifh Fe

B.4. The A-term mechanism is dominant in the region of porphyrin complexe&?Because the corresponding excited
the intense Soret transition and leads to the enhancement oftates have Esymmetry in idealizedD4, Ssymmetry, strong
totally symmetric modes. B-term enhancement is found in CI mixing with the nearby Q excited state might also occur.

the region of Q and (bands and relates to vibronic coupling,

In addition, chloro to iron charge-transfer transitions (€l

which is manifested in the enhancement of anomalous M CT) might also be present in the spectra. The Soret band

polarized Ay modes. Comple8 shows the simplest absorp-

2854 Inorganic Chemistry, Vol. 45, No. 7, 2006

in complex1 appears split with its components located at
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Figure 9. Resonance Raman spectralgfexcited at 514.5 nm (Qresonance). The RR spectra were measured with potassium sulfate as the internal
standard (top). The polarized measurement is shown on the bottom. In the perpendicular measurement, thé @@@ddm cut off because of its large
intensity.

about 379 and 417 nm (cf. Figure 7). Further insight into excited at 647.1 nm (cf. Figure S5), shows not only the
these band assignments can be gained from RR measuredsually observed porphyrin f modes at 1335 and 1522
ments. The RR spectrum df excited at 454.5 nm shows cm™® but also the low-energy anomalous polarized bands
mostly totally symmetric vibrations (cf. Figure 10); therefore, (Figure S5) that are not observed at any other excitation
the absorption band at 417 nm is assigned to the Soret bandwavelength. These low-energy bands correspond to in-plane
From the literature, the 379 nm band has been assigned to gorphyrin deformation modes with some phenyl out-of-plane
chloride— Fe" charge-transfer transitic®:>*However, the mode contribution. Hence, the band at 654 nm shows a
large intensity of this band indicates that the corresponding completely different excitation behavior than the usual Q
excited state might steal some intensity from the Soret band.and Q band enhancements. This indicates that the band at
The remaining four absorption bands are located in the Q 654 nm might correspond to the-P Fe CT transition in
region of1. The RR spectrum df, excited at 568.2 nm (cf.  agreement with the prediction from the literatd®ecause
Figure 8) shows a weak band, and the data obtained at 514.5his transition leads to two excited states withsgmmetries

nm (cf. Figure 9) show medium-intensity anomalous polar- (cf. Scheme 2), the second component could correspond to
ized bands, indicating vibronic coupling (anomalous polar- the band at 690 nm, but this is only speculative.

ized bands that are typically observed are located at about |n the case o2, the absorption spectrum shows two strong
1520 and 1335 cnt). In addition, overtones are enhanced bands in the Soret region at 476 (ban&)vand 390 nm
with excitation into the absorption band at 510 nm (cf. Figure (band VIf® (cf. Table 7). This has been attributed to a ClI
S2), which indicates that this band is actually thel@nd mixing of the Soret excited state with the porphyrin to metal
(see Section B.4). Hence, a possible assignment might beg, (x7), a(1) — e,(d) charge-transfer states with, Bym-

that Q and Qcorrespond to the bands at about 578 and 510 metry?® (cf. Scheme 2). Note that this requires a shift of the
nm, respectively. However, the separation of these absorptionP — M CT states from the visible to the UV region compared
bands of about 2350 crhis too large. It should only be  to that in1. Because of the stronger RR enhancement of
about 1250 cm?, as determined by Goutermé&ttence, the  |ow-energy vibrations observed, including Mn—X (X =
Q band is probably weak ifh and masked by the feature at  halide) and Ma-N stretching modes in the region of band
578 nm, the nature of which is not known. The RR spectrum, V in [Mn(ETP)(CI)] (ETP = etioporphyrin I), this feature

(52) Spiro, T. G.; Li, X.-Y. InResonance Raman Spectra of Heme and (54) Boucher, L. JCoord. Chem. Re:1972,7, 289—329.

Metalloproteins;Spiro, T. G., Ed.; Wiley: New York, 1988; pp-137. (55) Parthasarathi, N.; Hansen, C.; Yamaguchi, S.; Spiro, TJ.Gm.
(53) Hendrickson, D. N.; Kinnaird, M. G.; Suslick, K. 3. Am. Chem. Chem. Soc1987,109, 3865—3871. (b) Gaughan, R. R.; Shriver, D.
S0c.1987,109, 1243—1244. F.; Boucher, L. JProc. Natl. Acad. Sci. U.S.A975,72, 433.
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Figure 10. Resonance Raman spectralofexcited at 454.5 nm (Soret resonance). The RR spectra were measured with potassium sulfate as the internal
standard (top). The polarized measurement is shown on the bottom.

has been assigned to the predominant CT transifibiate anomalous polarized bands that indicate vibronic coupling.
that Soret excitation in general leads to the enhancement ofTherefore, the band at about 583 nm is assigned to the
higher-energy porphyrin core vibrations. A stronger enhance- vibronic band, @ and the band at 620 nm to Q (cf. Table
ment of the low-energy bands in the RR spectrum upon 7). The separation of these bands of about 1020'dmin
excitation at 488 nm is also found for compouthdompared  agreement with this assignment. In addition, corresponding
to that in the Soret RR spectra tfand 3, indicating that bands at 560 and 592 nm in [Mn(ETP)(CI)] have also been
this analysis is correct. It is important to note that the most attributed to these featuré&Finally, the nature of the band
intense band in this spectrum is the feature at 393 cm, at about 530 nm is not clear. Anomalous polarized bands
which corresponds to the totally symmethigeatnindMn— are present in the RR spectra but only with low intensity
N) vibration. The RR excitation profiles of this mode differ upon excitation at 514.5 nm.

significantly for compound® and1, as shown in Figures

S3 and S4. For compleg, the maximum enhancement Acknowledgment. We gratefully acknowledge the finan-
appears in Qresonance, whereas complé&xshows the cial support provided by the Deutsche Forschungsgemein-
maximum upon excitation into band V. More importantly, schaft (DFG; grant LE 1393/1). F.P. acknowledges the Fonds
the RR spectrum d?, excited at 454.5 nm shows anomalous der Chemischen Industrie (FCI) for a Chemiefonds-fellow-
polarized bands indicating the vibronic character of band VI, ship. We acknowledge Mrs. U. Cornelissen for recording
which is centered around 390 nm. This has also beenthe Raman spectra of compountis3.

observed by Parthasarathi et %l.who obtained two . ) .

anomalous polarized bands at 1339 and 1529capon Supporting Informapon_ Avallaple: IR and Raman spectra of
excitation at 406.7 nm i2. This indicates that the simple 3 RR spectra of, excitation profiles obpreanindM—N) for 1and -
hyperporphyrin model by Gouterm#&nmight not be suf- 2, and illustrations of the local coordinates used for the classification

. . . of in- and out-of-plane porphyrin core modes by Li et al.
ficient to explain the occurrence of bands V and VI in Assignments of the vibrational data of complexzand 3, and

[Mn(_TPP)(CI)]. In the I_ower-energy region, the RR spectrum details of the crystal structure determinatior2ofncluding atomic
obtained at an excitation wavelength of 568 nm again shows . ginates, anisotropic displacement parameters, and geometric

(56) Asher, S.; Sauer, KI. Chem. Phys1976.64, 4115—4125 parameters. Coordinates of the DFT fully optimized structures of
(57) Kitagawa, T.; Abe, M.; Ky(')gok)(J Y.; Ogoshi, H.; Watanabe, E.; 1—3are alsoincluded. This material is available free of charge via

Yoshida, Z.J. Phys. Chem1976,80, 1181—1186. the Internet at http://pubs.acs.org.
(58) Browett, W. R.; Fucaloro, A. F.; Morgan, T. V.; Stephens, PJ.J.

Am. Chem. Sod 983,105, 1868—1872.
(59) Mu, X. H.; Schultz, F. Alnorg. Chem.1992,31, 3351—-3357. 1C0510866

2856 Inorganic Chemistry, Vol. 45, No. 7, 2006
212



7.5 Structural and Spectroscopic Characterization of
Mononuclear Copper(I) Nitrosyl Complexes: End-on versus
Side-on Coordination of NO to Copper(I)

Kiyoshi Fujisawa,* Akira Tateda, Yoshitaro Miyashita, Ken-ichi Okamoto,
Florian Paulat, V. K. K. Praneeth, Anna Merkle, and Nicolai Lehnert*

Accepted for Publication: J. Am. Chem. Soc. 2007.

213



BATCH:

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

28

29
30
31
32
33
34
35
36

jalc23 USER: sst29 DIV: @xyv04/datal/CLS_pj/GRP_ja/JOB_i03/DIV_ja075071d DATE: December 3, 2007

A\C\S

ARTICLES

Published on Web 00/00/0000

Structural and Spectroscopic Characterization of
Mononuclear Copper(l) Nitrosyl Complexes: End-on versus
Side-on Coordination of NO to Copper(l)
Kiyoshi Fujisawa,*' Akira Tateda,’ Yoshitaro Miyashita,” Ken-ichi Okamoto,’
Florian Paulat,* V. K. K. Praneeth,* Anna Merkle,* and Nicolai Lehnert**

Graduate School of Pure and Applied Sciences,/drsity of Tsukuba, Tsukuba 305-8571,
Japan, and Department of Chemistry, uaisity of Michigan, Ann Arbor, Michigan 48109

Received July 9, 2007; E-mail: kiyoshif@chem.tsukuba.ac.jp; lehnertn@umich.edu

Abstract: Two crystal structures of the mononuclear copper(l)—nitrosyl complexes [Cu(L3)(NO)] (1) and
[Cu(L3")(NO)](CIO,) (2) with the related coligands L3~ (hydrotris(3-tert-butyl-5-isopropyl-1-pyrazolyl)borate)
and L3' (tris(3-tert-butyl-5-isopropyl-1-pyrazolyl)methane) are presented. These compounds are then
investigated in detail using a variety of spectroscopic methods. Vibrational spectra show »(N—O) at 1698
cm~! and »(Cu—NO) split at 365/338 cm™ for 1, which translates to force constants of 12.53 (N—0O) and
1.31 mdyn/A (Cu—NO), respectively. The weak Cu—NO force constant is in agreement with the observed
instability of the Cu—NO bond. Interestingly, complex 2 with the neutral coligand L3’ shows a stronger
N—O bond, evident from »(N—0O) at 1742 cm*. This difference is attributed to a true second coordination
sphere effect, where the covalency of the Cu(l)=NO bond is not altered. The EPR spectrum of 1 is in
agreement with the Cu(l)—NO(radical) electronic structure of the complexes, as obtained from density
functional theory (DFT) calculations. In addition, an interesting trend between gi(g,) and the Cu—N—0O
angle is established. Finally, high-quality MCD spectra of 1 are presented and assigned using TD-DFT
calculations. Based on the in-depth spectroscopic characterization of end-on bound NO to copper(l)
presented in this work, it is possible to determine the binding mode of the Cu—NO intermediate of Cu
nitrite reductase studied by Scholes and co-workers (Usov, O. M.; Sun, Y.; Grigoryants, V. M.; Shapleigh,
J. P.; Scholes, C. P., J. Am. Chem. Soc. 2006, 128, 13102—13111) in solution as strongly bent (~135°)
but likely not side-on.

1. Introduction large number of CuNIR’s have been determined, which shew
great similarities for the enzymes obtained from differest
organisms. CuNIR’s are homotrimers where each subunib
contains one copper type 1 center for electron transfer. &he
catalytically active type 2 centers are located at the respective
interfaces of two subunits of the enzyme. In oxidized CuNIR;
the type 2 centers are tetrahedrally coordinated by these
histidines and a water molecule, where two histidines awe
provided by one subunit, whereas the third one comes from ihe
adjacent subunt~15 The observed coordination mode of nitrites
T University of Tsukuba to the oxidize_d active site is asymm_eFrj%—_0,0 corrgsponding 47
* University of Michigan, to the formation of a copper(ll)—nitrito intermediae!316.17 45

(1) In the Enemark Feltham notatiof,the number of d electrons of the metal ~ This binding mode is also observed in a large number f
plus the unpaired electron of NO are added up and then used as a superscript
(here: 11). This allows for a classification of transition metal nitrosyls, in
the case of which the assignment of metal and NO oxidation states is (9) Suzuki, S.; Kataoka, K.; Yamaguchi, Kcc. Chem. Ref000,33, 728—
sometimes very difficult. 738.

The copper(B)-nitrosyl { CUNG} 1! adduct?is a very impor-
tant intermediate in the general reactions of copper proteins with
biologically available nitrogen monoxide (commonly referred
to as nitric oxide, NO¥:* For example, NO is believed to be a
mediator of copper protein activftyand might also play a role
in neurodegenerative disea$és.particular, Cu nitrite reductase
(CuNIR) is involved in the generation (and presumably degra-
dation) of NO in denitrifying bacteri&a8 Crystal structures of a

(2) Enemark, J. H.; Feltham, R. [@oord. Chem. Re:1974,13, 339—406. (10) Godden, J. W.; Turley, S.; Teller, D. C.; Adman, E. T.; Liu, M. Y.; Payne,

(3) Shiva, S; Wang, X.; Ringwood, L. A.; Xu, X.; Yuditskaya, S.; Annava- W. J.; LeGall, JSClence1991 253, 438—442.
jihala, V.; Miyajima, H.; Hogg, N.; Harris, Z. L.; Gladwin, M. TNat. (11) Adaman, E. T.; Godden, J. W.; Turley, &.Biol. Chem1995,270, 27458—
Chem. Biol.2006,2, 486—493. 27474.

(4) Bryan, N. S.; Fernandez, B. O.; Bauer, S. M.; Garcia-Saura, M. F.; Milsom, (12) Murphy, M. E. P.; Turley, S.; Kukimoto, M.; Nishiyama, M.; Horinouchi,
A. B.; Rassaf, T.; Maloney, R. E.; Bharti, A.; Rodriguez, J.; Feelisch, M. S.; Sasaki,H.; Tanokura, M.; Adman, E.Biochemistryl995 34, 12107
Nature Chem. Biol2005,1, 290—297. 12117.

(5) Torres, J.; Svinstunenko, D.; Karlsson, B.; Cooper, C. E.; Wilson, M. T. (13) Murphy, M. E. P.; Turley, S.; Adman, E. T. Biol. Chem.1997, 45,
Am. Chem. So2002,124, 963—967. 28455—28460.

(6) Sorenson, J. R. J. Inorg. Biochem2001,87, 125—127. (14) Dodd, F. E.; Van Beeumen, J.; Eady, R. R.; Hasnain, S. Blol. Biol.

(7) Averill, B. A. Chem. Rev1996,96, 2951—2964. 1998,282, 369—382.

(8) Wasser, I. M.; de Vries, S.; Moénne-Loccoz, P.; Schrdder, |.; Karlin, K.  (15) Inoue, T.; Gotowda, M.; Deligeer; Kataoka, M.; Yamaguchi, K.; Suzuki,
D., Chem. Re»2002,102, 1201—-1234. S.; Watanabe, H.; Gohow, M.; Kai, Y. Biochem1998,124, 876—879.
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Scheme 1. Different Binding Modes of NO to Copper addition, density function theory (DFT) calculations clearlgs
o) indicate that the side-oflCuNO}!! intermediate should have a5
1 /O Cu(l)-NO(radical) electronic structufé:?” Independent of thesess
N N N=0 studies, Scholes and co-workers have shown by EPR and
| | \ / electron-nuclear double resonance (ENDOR) spectroscopy tkat
a { CuNO}!! species can in fact be generated for CuNIR &
Cu Cu Cu solution by using fully reduced enzyme in the presence sf
linear bent _ limited amounts of NG&® From these studies, however, it i91
end-on end-on side-on not cIea}r whether th.e obtainddCuNO}!! species shows end-o2
on or side-on coordinated NO. Based on the crystal structese
50 corresponding model complex&&® After completion of the of a corresponding model complex (vide infra), some researchars
51 catalytic cycle, NO (presumably coordinated to copper(ll)) and favor the end-on binding mode of NO for this specie©n 95
52 water are generated. The exact mechanism for this conversionthe other hand, the CuNIR crystal structure by Murphy and es-
53 is still under discussiof®!® Interestingly, under anaerobic  workers points toward a side-on coordination of RfOThe 97
54 conditions with limited reductant and nitrite present, CuNIR is question of whether a side-on boufluNO}!! species can existos
55 also able to act as an NO reductase by converting NO to is therefore of high significance for the understanding of the
56 N,0,20213 reaction that has also been observed for correspond-NO reductase activity of CuNIR but also of fundamental interasb
57 ing model complexe# In this latter function, a{ CUNO}'* for the coordination chemistry of copper(l) and NO. 101
58 complex is most likely the catalytically active species. In light of this biological and medicinal significance ofio2
59 In a recent study by Murphy and co-workers, a Ca({)O copper-nitrosyls, it is surprising that the biomimetic coordinatos
60 intermediate of CuNIR, which was generated by exposing tion chemistry of copper and NO and the investigation of thes
61 crystals of fully reduced CuNIR to NO saturated buffer, has properties of these systems are not very developed. In fact, anby
62 been structurally characterizétSurprisingly, this species shows one crystal structure of a mononuclear copper nitrosyl modes
63 an unprecedented side-on coordination of nitric oxide to copper- complex has been reported so far by Tolman and co-workans,
64 (1) (cf. Scheme 1, right), which corresponds to a new intermedi- using [HB(3iBupz)]~ (Tpt™BY) as coligand® Key spectroscopic 108
65 ate in the biological chemistry of NO. Additional crystal data of this complex including the NO stretch, EPR param-109
66 structures that have just appeared in the literature confirm this eters, and electronic spectra were reported. Based on theseidata
67 result?* The authors also tried to generate this species in solution and unrestricted Hartree—Fock (UHF) calculations, the elact
68 by treatment of ascorbate reduced CuNIR with NO under tronic structure of copper(l) NO complexes was describedas
69 anaerobic conditions. From electron paramagnetic resonanceCu(l)—NO(radical). Besides this, a dinuclear coppeitrosyl 113
70 (EPR) measurements on these solutions, the crystallograpicallyhas been synthesized by Karlin and co-workérs. 114
71 obtained{ CUNO}! species was proposed to have a Cufll) In this work, two mononuclear copper nitrosyl complexass
72 NO~ electronic structure. These spectacular results, and inwith anionic [HB(3{Bu-5-iPrpz}]~ (L37)83031 and neutral 116
73 particular the unusual binding mode of nitric oxide to the copper- [HC(3-tBu-5-iPrpz)] (L3')3! coligands have been synthesizeti7
74 (I) active site of CuNIR, have sparked interest in the coordina- and structurally and spectroscopically characterized in detaib
75 tion chemistry of copper(l) and NO and the spectroscopic For this purpose, vibrational (IR), UWis absorption, EPR, 119
76 properties of corresponding specf€s?’ Recently, Scholesand  and magnetic circular dichroism (MCD) spectroscopies hawue
77 Solomon and co-workers have demonstrated spectroscopicallybeen applied. In correlation to DFT calculations, these data are
78 that the solution species obtained by Murphy and co-workers analyzed in detail, and key insight about the nitrosyl binding tee
79 is in fact a Cu(ll)>NO,~ complex?! Based on these results, copper(l) is obtained. In addition, the effect of the total chargss
80 these authors concluded that the crystallographically observedof the coligands on the properties of the Cufjtrosyls is 124
81 side-on{ CUNO}!! species is most likely not relevant for the discussed. Based on the detailed spectroscopic signature of exsd-
82 catalytic cycle of the enzyme, because it is only generated in on bound NO to copper(l) (cf. Scheme 1) elaborated here, the
83 the crystal but not in solution in the presence of excess NO. In spectroscopic data obtained by Scholes and co-workers foritive
) Cu(l)-NO complex of CuNIR in solution can be used toes
O e P . it B e~ et Gt aiol 2065 5. " determine the binding mode of NO in this case. The conclusians
287-292. drawn this way are further supported by DFT calculations. 130
17) Howes, B. D.; Abrah{;\m, Z. H. L.; Lowe, D. J.; Bruser, T.; Eady, R. R;;
(18) E«renhltr?ertDNE%gms{lglsségﬂagélN%%s%lE C:)S%(?)?T Noguchi, Y.; Okamoto, 2. Experimental Section 131
K.; Fujisawa, K.Inorg. Chem.2007,46, 3916—3933. . . .
(19) Kataoka, K.: Furusawa, H.; Takagi, K., Yamaguchi, K.; SuzukiJS. 2.1. Materials. Preparation and handling of all complexes wars2
Biochem.2000,127, 345—350. _ performed under an argon atmosphere using standard Schlenk ti3be
(20) zcggglgasiis%ﬁafé‘;'gh"]‘ P.; Toffanin, A.; BasagliaBichem. Soc. Trans.  achniques or in an inert atmosphere glovebox. Anhydrous dichia4
(21) Ghosh, S.; Dey, A; Usov, O. M.; Sun, Y.; Grigoryants, V. M.; Scholes, romethane and chloroform were purchased from Aldrich Chemical Gas
22) %uzg;i Srg"ogogi ;E(':;‘:figr,n's.Clt\}le.};m'l"oslr?gg%\'/.125969113%.18;;21?1ﬁit. £q  andstoredin a gloveboX5N!80 gas was obtained from Shoko Co.136
Engl. 1994, 33, 895—897.
(23) Tocheva, E. I.; Rosell, F. I.; Mauk, A. G.; Murphy, M. E.$tience004, (28) Ruggiero, C. E.; Carrier, S. M.; Antholine, W. E.; Whittaker, J. W.; Cramer,
304, 867—870. C. J.; Tolman, W. BJ. Am. Chem. S0d.993,115, 11285—11298.
(24) Tocheva, E. |.; Rosell, F. I.; Mauk, A. G.; Murphy, M. E.Blochemistry (29) Paul, P. P.; Tyeklar, Z.; Farooq, A.; Karlin, K. D.; Liu, S.; Zubieta).J.
2007,46, 12366—12374. Am. Chem. S0d990,112, 2430—2432
(25) Antonyuk, S. V.; Strange, R. W.; Sawers, G.; Eady, R. R.; Hasnain, S. S. (30) Fujisawa, K.; Kobayashi, T.; Fujita, K.; Kitajima, N.; Moro-oka, Y.;
Proc. Natl. Acad. Sci. U.S.£2005,102, 12041—-12046. Miyashita, Y.; Yamada, Y.; Okamoto, KBull. Chem. Soc. Jpr2000,73,
(26) Usov, O. M.; Sun, Y.; Grigoryants, V. M.; Shapleigh, J. P.; Scholes, C. P. 1797—-1804.
J. Am. Chem. So@006,128, 13102—13111. (31) Fujisawa, K.; Ono, T.; Ishikawa, Y.; Amir, N.; Miyashita, Y.; Okamoto,
(27) Wasbotten, I. H.; Ghosh, AJ, Am. Chem. So@005,127, 15384—15385. K.; Lehnert, N.Inorg. Chem 2006,45, 1698—1713
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Figure 1. ORTEP view of [Cu(L3)(NO)] 1) showing 50% thermal

ellipsoids and the atom labeling scheme. For clarity, hydrogen atoms were Figure 2. ORTEP view of the cation of [Cu(LENO)](CIO,) (2) showing

omitted. Selected bond distances (A) and angles (deg):—G41 1.779-
(4), Cul—N11 2.053(2), CuiN21 2.064(3), CutN31 2.051(3), N41+
041 1.083(7), BL—N12 1.557(5), B1—N22 1.540(5), BL—N32 1.541(4);
Cul—N41-041 171.9(5), N41—Cul—N11 123.66(17), N41—Cul—N21
122.81(18), N4+ Cul-N31 122.32(17), N1£Cul-N21 91.85(12), N1t
Cul—N31 92.28(13), N22Cul—N31 95.61(14), N12B1—-N22 108.9-
(3), N12—B1—N32 109.8(3), N22—B1—N32 110.9(2).

Ltd and Aldrich Chemical Co. Other reagents are commercially
available and were used without further purification. {E€B(3-tBu-
5-iPrpz}} (NCMe)] ([Cu(L3)(NCMe)]) and [CHHC(3-Bu-5-iPrpz)} -
(OCIOs)] ([Cu(L3")(OCIO,)]) were prepared according to published
methods! Caution: Although we hae not encountered any problems,
it is noted that the perchlorate salts of metal complexes with organic
ligands are potentially explose and should be handled only in small
guantities with appropriate precaution¥he elemental analyses (C,
H, N) were performed by the Department of Chemistry at the University
of Tsukuba.

2.2. Complex Syntheses. 2.2.1. [Cu(L3)(NO)] (1)[Cu(L3)-
(NCMe)J** (0.0616 g, 0.127 mmol) was dissolved in dichloromethane
(2.0 mL) in a glovebox. The solution was cooled-t@8 °C under an

50% thermal ellipsoids and the atom labeling scheme. For clarity, hydrogen
atoms were omitted. Selected bond distances (A) and angles (deg): Cul
N41 1.786(5), CutN11 2.070(3), Cu¥N21 2.058(4), N4+ 041 1.035-

(8), C1—N12 1.451(4), C1—N22 1.448(7); Cul—N41-041 176.4(10),
N41—Cul—N11 125.09(14), N41—Cul—N21 125.2(2), N11—Cul—N21
90.68(12), N1+Cul—N11 89.16(12), N12-C1-N22 112.2(2), N12C1—

N12' 111.3(3). Symmetry codex, —y + Y5, z.

given in Table S1. Complete atomic labels are shown in Figures 5%
and S2. The diffraction data were measured on a Rigaku/MSC MercLsy
CCD system with graphite monochromated Ma K. = 0.710 69 A) 181
radiation at low temperature. All crystals were mounted on glass fihee
using epoxy glue. The unit cell parameters of each crystal were obtained
using Rigaku Daemon software and refined using CrystalClear oniak
observed reflection¥. Data using 0.5 intervals in¢ and w for 35 185
s/frame (1) and for 30 s/frame) were collected with a maximum186
resolution of 0.77 A (744 oscillation images). The highly redundarg?
data sets were reduced using CrystalClear and corrected for Loreagz
and polarization effects. An empirical absorption correction was applisd
for each complex334 Structures were solved by direct methods usinigo
the programSIR92%° The position of the metal atoms and their firsto1

argon atmosphere, and argon was then replaced by NO. The solutioncoordination sphere were located from a direct metBemiap; other 192

was stirred for 1 h at-50 °C. The solution was kept at30 °C for 1
day. The solution was then cooled down &0 °C again. Crystal-
lization from dichloromethane at50 °C yielded red crystals (Figure
1). Elemental analysis (%) calcd fogdEls,N/,BCuOCH.Cl,: C, 54.27;
H, 7.93; N, 14.29. Found: C, 54.87; H, 8.14; N, 14.19. IR (KBr; &m

2965v(CH), 2564v(BH), 1698v(24N160), [1(*N180) = 1627]. UV—
vis A/nm (e/mol* dm? cm™?%) (dichloromethane), 506(960).

2.2.2. [Cu(L3)(NO)](CIO4) (2). [Cu(L3)(OCIO3)]% (0.1290 g, 0.192
mmol) was dissolved in chloroform (8.0 mL) in a glovebox. The
solution was cooled te-50 °C under an argon atmosphere, and argon
was then replaced by NO. The solution was stirred for 1 h allowing
the temperature to reach aboutt °C. The solution was further kept
at —30 °C for 1 day. The solution was then cooled teb0 °C.
Crystallization from chloroform at-50 °C yielded orange crystals
(Figure 2). Elemental analysis (%) calcd fog:85,N7;CuGOsCI'CHCl:

C, 46.81; H, 6.51; N, 11.94. Found: C, 47.18; H, 6.46; N, 11.48. IR
(KBr, cm™%): 2970v(CH), 1742v(2N60), [»(**N*80) = 1710/1666].
UV—vis A/Inm (e/mol* dm® cm™) (chloroform), 458(1140).

Labeled nitrosyl complexes, [Cu(L3)K*0)] and [Cu(L3)(**N8O)]-
(ClOs), were synthesized by usifgN'®O in the same manner as that
for complexesl and 2, respectively.

We did not perform detailed decomposition kinetic measurements.
The »(N—O) peak of2 had almost disappeared 15 h after MIR
measurements in solid KBr disks (exposed to air for 15 h), whereas
that of 1 just became somewhat weaker (Figure S5). Therefore, the
stability of 1 is clearly much larger than that &f

2.3. Crystal Structure Determination. The detailed crystal data,
data collection, and structural refinement parameterslfand 2 are

non-hydrogen atoms were found in alternating difference Fouries
synthese¥ and least-squares refinement cycles. These were refined
anisotropically during the final cycles (CrystalStructui&¥:Hydrogen 195
atoms were placed in calculated positions. HigReand GOF values 196
are due to one disordered dichloromethanelfand disordered methyl 197
carbons of the isopropyl groups of L3 as well as disordered chloroforas
and perchlorate molecules f@rin the unit cell. The O atoms (041)199
and N atoms (N41) of the NO molecules in both structures shaao
somewhat large thermal ellipsoids. This phenomenon has also kman
observed in Tolman’s structure reported befr&his is probably due 202
to the fact that, even at low temperature, the low-energy motions208
NO (rotation, etc.) are not fully frozen, giving rise to thermal motiogo4
or slight disorder. Moreover, we observed these problems in Cu(365
CO complexes even at low temperatét&herefore, this is a common206
observation for Cat X —0O complexes with tris(pyrazolyl)borate and tris207
(pyrazolyl)methane coligands. Crystallographic data and structeoes
refinement parameters including the final discrepand®sndR,) are 209
listed in Table S1. Crystallographic data have been deposited at2te

(32) Pflugrath, J. W. CrystalClear Ver. 1&cta Crystallogr.1999 D55, 1718-
1725.

(33) CrystalStructure 3.70: Crystal Structure Analysis Packagesion 3.70;
Rigaku and Rigaku/MSC: 2005.

(34) Watkin, D. J.; Prout, C. K.; Carruthers, J. R.; W., Bystal Issue 10;
Chemical Crystallography Laboratory: Oxford, U.K., 1996.

(35) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A.; Burla, M.;
Polidori, G.; Camalli, M. SIR 92J. Appl. Crystallogr.1994,27, 435.

(36) Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.; de Gelder,
R.; Israel, R.; Smits, J. M. MThe DIRDIF-99 program system; Technical
Report of the Crystallography Laboratory, University of Nijmegen: The
Netherlands, 1999.
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CCDC, 12 Union Road, Cambridge CB2 1EZ, U.K., and copies can
be obtained on request, free of charge, by quoting the publication
citation and the deposition numbers: CCDC-615640lfand CCDC-
615641 for2.

2.4. Spectroscopic MeasurementdJV—vis absorption data were
recorded with an Ostuka Electronics MCPD-2000 system with an optical
fiber attachment in the 3661100 nm region at low temperature. The
magnetic circular dichroism (MCD) setup consists of a JASCO J-810
spectropolarimeter and an Oxford Instruments SPECTROMAG SM4000
magnetocryostat. Samples for MCD were recorded in silicone oil (DC
200) mulls. EPR spectra were recorded on a Bruker EMX EPR
spectrometer in frozen solution (GEl/{ CH,Cl}, (1:1)) in quartz tubes
(diameter 5 mm) at-510 K with an Oxford Instruments liquid helium
cryostat in the 20004200 G region. The spectrum bshown in Figure
3 in red was measured at a frequency of 9.341 GHz and a microwave
power of 20 mW. IR data were obtained with a JASCO FT/IR-550
spectrometer in the 4060400 cn* region for MIR (middle infrared)
and 650—150 cmt' for FIR (far-infrared) measurements.

2.5. Normal Coordinate Analysis.Normal coordinate calculations
were performed using the QCPE computer program 576 by M.R.

Peterson and D.F. MclIntosh. The calculations are based on a general

valence force field; force constants are refined with a nonlinear simplex
algorithm. The simplex optimization was used to refine csdjected

force constants according to the quantum-chemical centered normal

coordinate analysis (QCC-NCA) schefieHere, a force field from
DFT calculations is used as a starting point to generate initial force
constants, and a subset of these is fit to reproduce the known

experimental frequencies. Force constants are extracted from the

Gaussian output using a modified version of the program Redong
(QCPE 62858

For the QCC-NCA treatment, the BP86/TZVP optimized structure
of model system [Cu(LO)(NO)] (see DFT part) has been used, but the
Cu—N-0 angle has been adjusted to 18&% simplification, which is
very close to the experimentally determined value of °17Phe
calculated force field for [Cu(LO)(NO)] (BP86/TZVP) has been applied.
For the QCC-NCA, the CaNO and N—O force constants as well as
the Cu—NO/N—O nondiagonal element have been fitted to reproduce
the experimentally observed vibrational energies of the 8¢ O unit.
Importantly, the QCC-NCA treatment reproduces the split appearance
of the Cu—NO stretch. In order to refine the vibrational energies of
the two split components, the diagonal elements of theCECH;
bending coordinates of the pyrazolyl rings have been slightly adjusted
(lowered by 0.04 mdyn/A) compared to the DFT-predicted values. From
these results, the Cu—NO stretch is mixed with a [Cu(L3)] skeletal
bending mode, which is shown in Figure S8. This mode is predicted at
350 cnT? in the calculations. The mixing between this core bending
mode and/(Cu—NO) is reproduced accurately in the QCC-NCA, which
means that the [Cu(L3)] core modes are well described in the
calculation. In the QCC-NCA fit, the component at lower energy has
more Cu-NO character (from the potential energy distribution (PED))
and, correspondingly, a larg&N®0 isotope shift. Experimentally, this
trend is reversed, as apparent from the inverse trend in the isotope shifts
The Cu-N—0O bends are found in the 26@50 cnm* region, with small
isotope shifts of 24 cmt. They are strongly mixed with [Cu(L3)]
skeletal modes.

2.6. Density Functional Theory (DFT) Calculations.The structures
of the model complexes [Cu(LO)(NO)] (L& hydrotris(3,5-dimethyl-
1-pyrazolyl)borate) and [Cu(LIYNO)]* (LO" = tris(3,5-dimethyl-1-
pyrazolyl)methane) were fully optimized with BP86/TZVP using the
program package Gaussian9%or these calculations, the TZVP basis
set®has been applied as implemented in GO3. For method calibration,

(37) Praneeth, V. K. K.; Néther, C.; Peters, G.; Lehnertindrg. Chem2006,
45, 2795—-2811.

(38) Allouche, A.; Pourcin, JSpectrochim. Actd993,49A, 571-580.

(39) Frisch, M. J. et alGaussian 03; Gaussian, Inc.: Pittsburgh, PA, 2003.

(40) Schéfer, A.; Horn, H.; Ahlrichs, R.. Chem. Physl992,97, 2571—-2577.
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Figure 3. EPR spectrum of at 5 K (red) including simulations (green).
Top: for this simulation, the Cu hyperfine values determined by Tolman
and co-workers (see ref 26 and 28) were used(= 187 MHz; “uA, =
320 MHz). However, the central region of the spectrum could not be fit
this way. Bottom: alternative simulation, where the Cu hyperfine was
allowed to vary stronger. Fitgy, = 1.962,g, = 1.972,g, = 1.8; CYA, =
100 MHz, C¥A, = 105 MHz, YA, = 270 MHz; ¥N hyperfine (NO): NA
= 98 MHz,NA, = 19 MHz,NA, = 17 MHz. Note thag;, could not exactly
be determined due to lack of spectral resolution. The valu® sfaround
1.79-1.80.

the structures of these models have also been fully optimized using
B3LYP/LanL2DZ, which applies Becke’s three-parameter hybrixf3
functional with the correlation functional of Lee, Yang, and Pagr4
(B3LYP).443The LanL2DZ basis set consists of Dunning/Huzinagas
full double¢ (D95) basis functiorf$ on first row and Los Alamos 276

(41) Becke, A. D.Phys. Rev. A 19888, 3098—3100.
(42) Becke, A. D.J. Chem. Phys1993,98, 1372—1377.
(43) Becke, A. D.J. Chem. Phys1993,98, 5648—5652.
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effective core potentials plus DZ functions on all other atdnis.
However, the obtained structures are in general inferior to the ones
calculated with BP86/TZVP. In order to investigate whether B3LYP
calculations can help improving the deviations in the-Gl+O angle
between the calculation and experiment, model [Cu(LO)(NO)] has also
been fully optimized with B3LYP/TZVP and B3LYP/6-311G*. How-
ever, no improvement is observed as shown in Table S2. Calculated
vibrational frequencies for all these geometry optimizations included
in Table S2 show no imaginary modes, which shows that true energy
minima have been obtained in all cases. Relative energies in Table 3
were either taken from BP86/TZVP calculations (“BP86”) or from
B3LYP/TZVP calculations (“B3LYP”) on the BP86/TZVP optimized
structures. EPR parameter (BP86/TZVP) and TD-DFT (B3LYP/TZVP)
calculations were performed using the program package OREAr
Figure 4, the BP86/TZVP optimized structure of model [Cu(LO)(NO)]
was used, and the GIN—O angle was adjusted correspondingly. For
the geometry optimization of CuNIR models (cf. Figure 7), the crystal
structure with bound NO (PDB:1SNR) from ref 23 was used together
with the BP86/TZVP method. The histidines were fixed in space by
freezing their anchor C atoms of the protein backbone, which where
transformed into Ckligroups for the calculations.

2.7. EPR Spectral SimulationsEPR spectra were simulated using
the program SpinCount (version 2.2.40), written by Prof. Michael
Hendrich, Carnegie Mellon University. EPR parameters are listed in
the caption of Figure 3. The best fit is obtained witharound 1.79—
1.80. The error bars for the hyperfine values are larger, arotid%.

3. Results and Discussion

3.1. Synthesis and Structural Characterization.The ni-
trosyl complexes [Cu(L3)(NO)]1) and [Cu(L3")(NO)](CIQ)
(2) were obtained from the reaction of [Cu(L3)(NCMe)] and
[Cu(L3")(OCIGy)1%t with NO in good yield as shown in eq 1.

NN, L A NN, &
ﬁ;{%ﬁr@wwe N0 ZRENeSu—NO
‘N_N \;U\f
\,/‘\)\\( 1
.
ﬁg\f%%ﬁmu—ocm NO HE NN"mICu—NO| (CIOy)
i W:E;;\f
2

Detailed procedures are given in the Experimental Section.
Complex2 is very unstable toward NO loss (Figure S5). The
structures ofl and 2 determined by X-ray crystallography
indicate that both complexes are mononuclear. As mentioned
above, these compounds constitute only the second and thir
examples for mononuclear CUINO model complex structures
ever obtained in the literature. The perspective drawings of their
structures are shown in Figures 1 and 2, respectively. In the
copper nitrosyl complexed and 2, the copper ions have
distorted tetrahedral coordination geometries—QI® distances
of 1 (1.779(4) A) and2 (1.7836(5) A) are similar and
comparable to Tolman’s compound [Cu{TH)(NO)] (3, 1.759-

(44) Dunning, T. H., Jr.; Hay, P. J.; Schaefer, H. F., Modern Theoretical
Chemistry; Plenum: New York, 1976.

(45) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985,82, 270—283 and 299—310.

(46) Wadt, W. R.; Hay, P. 2. Chem. Phys1985,82, 284—290.

(47) Neese, FORCA version 2.2; Max-Planck Institut fiir Bioanorganische
Chemie: Milheim/Ruhr, Germany, 2004.
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Figure 4. Calculatedg values (BP86/TZVP) as a function of the €u

N—O angle. Indicated are the predictgd/alues for3.

1.825

1800 3

(6) A; cf. Table 1). On the other hand, the-D distance ofL 320
(1.083(7) A) is distinctively longer than that 8f(1.035(8) A), 321
indicating potential differences in backbonding (vide infra). 322
Because of the difference in the total charge of the ligands:(L323

anion, L3'": neutral), it is expected from previous work thats4
m-backdonation inl is stronger than that i&,3! which would 325
be in agreement with the experimental trend. The copper ices
are almost linearly ligated by NO in both cases {@i—0O angle 327
= 171.9(5)°for 1 and 176.4(10)or 2). Although electronic 32s
effects usually predominate among the factors that induee
nitrosyl bending?® the possibility that there are steric influenceso
on the Cu-N—0O angle is suggested by the observed orientatign
of the nitrosyl oxygen atom away from one of ttest-butyl 332
groups and toward the open space between two pyrazebyl
substituents ir3. In this complex, the CaN—O angle is 163.4- 334
(6)°,28 which is different from1 and 2 reported here. 335

3.2 Vibrational Spectroscopy and Normal Coordinate 336
Analysis. Tolman and co-workers reported the-® stretching 337
vibrationsv(N—O) for a number of [Cu(Tp)(NO)] type com-33s8
plexes (Tp = substituted hydrotris(pyrazolyl)borat€)?®but 339
the critical Cu—NO stretclr(Cu—NO) could not be identified. 340
Clearly, the instability of the complexes renders the deterrgi1
nation of high-quality vibrational data difficult. Figures S3 angh2
S6 show the IR data df, which showy(N—O) at 1698 cm?! 343
andv(Cu—NO) at 365 and 338 cri. These bands shift to 1627 344
358, and 332 cmt upon 15N180 substitution (cf. Table 1), 345
respectively. To determine quantitative measures for th€©N 346
and Cu—NO bond strengths and to explore the reason for te

Osplit appearance aof(Cu—NO), a quantum-chemistry-centereghs

normal-coordinate analysis (QCC-NCGA)was performed. As 349
shown in Table 2, excellent agreement with experiment has begn
achieved, and the [Cu(L3)] skeletal mode that interacts with
r(Cu—NO) has been identified (see Figure S8). Obtained fosze
constants are 12.53 (ND) and 1.31 mdyn/A (Ct#NO), where 353
the latter value corresponds to a weak NO bond in 354
agreement with the labile attachment of NO. In compari®nsgss
exhibits ¥(N—0O) at 1742 cm?, andv(Cu—NO) is tentatively 356
assigned to the bands at 369 and 344 tfuof. Figures S4 and 357
S7). Due to the poor quality of the far-infrared (FIR) data afs

(48) Schneider, J. L.; Carrier, S. M.; Ruggiero, C. E.; Young, V. G., Jr.; Tolman,
W. B. J. Am. Chem. S0d.998,120, 11408—11418.
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Table 1. Comparison of Experimental and Calculated Properties of Cu(l)—NO Complexes

geometric parameters [A]

vibrations [cm~1] force constants ©

complex Cu-NO N-O Cu-N-02 (N-0) v(Cu-NO) fIN-O) fiCu-NO)
[Cu(Tp~BY(NO)]° 1.759(6) 1.108(7) 163.4(6) 1712
[Cu(L3)(NO)] 1.779(4) 1.083(7) 171.9(5) 1698 365/(338) 12.53 1.31
[Cu(L3")(NO)](CIOs) 1.786(5) 1.035(8) 176.4(10) 1742 369/(344)
A(L3'-L3) 0.007 —0.048 45 44 4

BP86/TZVP: full opt

[Cu(LO)(NO)] 1.812 1.188 148 1707 456/(458) 12.72 2.22
[Cu(LO)(NO)* 1.818 1.178 147 1758 453 13.56 2.14
A(LO'-LO) 0.006 —0.010 -1 51 -3 0.84 —0.07

a|n degrees® In [mdyn/A]. ¢ Reference 28.

Table 2. Comparison of Experimental and QCC-NCA Vibrational
Frequencies [cm~1] and of QCC-NCA and Calculated (DFT) Force
Constants [mdyn/A]

expt QCC-NCA force constants f
mode nai?  BN®O  nai? N8O  QCC-NCA calculated®
[Cu(L3)(NO)T (1)
v(N—0) 1698 1627 1700 1625 12.530 12.72
(Cu—NOY¥ 365 358 366 363 1.310 2.22
338 332 335 330

an.a.i. = natural abundance isotopd@<Calculated with BP86/TZVP.
¢ The Cu—NO stretch is mixed with a [Cu(L3)] core bending mode; see
Experimental Section. Free NOz(N—O) = 1876 cml; fy—o = 15.49
mdyn/A52

this very labile complex, a QCC-NCA was not attempted. In
previous studies of Cu(carbonyl complexes, we determined
that anionic “borate” type ligands like C3ead to more electron-
rich copper centers compared to analogous neutral “methane”
ligands like L3.31 Hence, the borate complexes give rise to
distinctively strongersz-backbonding interactions with CO,
which is reflected by stronger GtCO and weaker €0 bonds.
CO is therefore the perfect probe to measure the electronic
properties of Cu(I$148 This trend is not followed by NOas
evident from the vibrational data dhand2, and calculations
on corresponding models as shown in Table 1, there is only a
slight increase in the strength of the backbond icompared
to 2. Correspondingly, the difference in (calculated)-NO
force constants is<0.1 mdyn/A, andv(Cu—NO) are similar.
This small change in backbonding can only account for part of
the observed large difference in the-® bond strengths of
and2. The further weakening of the N—O bondirns actually
due to a stronger polarization of theorbitals of NO and, hence,
a true second coordination sphere effect in the cade dfie to
the presence of the extra negative charge on the ligand.
This is evident from an inspection of the corresponding
molecular orbitals from the DFT calculations (vide infra).
Importantly, the calculations reproduce the difference in vibra-
tional properties very well (compa(L3'—L3) and A(LO'—
LO) in Table 1). Interestingly, the experimental trendviN—
0) itself, [HB(3-CF-5-CHgpz)s] ~ = L3' > [HB(3,5-Phpz)s]~
> [HB(3-t-Bupz)]~ > L3, is similar to the trend observed
for v(C—0) in the carbonyl complex&&:A8

3.3. EPR Spectroscopy and Electronic StructureCopper-
nitrosyl { CUNO}!! adducts afford ai$ = /, ground state with
characteristic EPR spectra: compl@exhibitsg; = 1.99 and
g1 = 1.83 and a largé*N hyperfine coupling'A; = 81 MHz
as published by Tolman and co-worké?sn comparison,1
showsg, = 1.79—1.80, an&d!A; = 98 MHz as shown in Figure
3.49 Comparison with the calculategvalues in Table 3 reveals
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Table 3. Calculated and Observed EPR Parameters of Cu(l)—NO
Adducts

EPR parameters AE [kcal/mol]
Cu-N-0
complex 9o o angle BP86  B3LYP

CU—NO in CuNIR? 2.046 1.926 ?
1.998

[Cu(Tp—BY(NO)I° 1.99 1.83 163.4(6)

[Cu(L3)(NO)] ~1.97 ~1.80 171.9(5)

[Cu(LO)(NO)] - calcd 2.019 1.902 154 0 0
2.012

[Cu(LO)(NO)] - 172°¢ 2.019 1.783 172 +0.8 +2.7
1.999

[Cu(LO")(NO)]* - calcd 2.015 1.907 155 0 0
2.012

[Cu(LO)(NO)]T - 174°¢  2.016 1.786 174 +0.8 +0.7
1.998

aReference 26° Reference 28 Obtained from the fully optimized
structure (BP86/TZVP) by changing the €N—O0O angle as indicated.

gz
Imid

Imax

Figure 5. Calculatedy tensor orientation for [Cu(LO)(NO)] with the Cu
N—O angle set to 172(BP86/TZVP). In this caseg, (g)) equalsgmin
exactly, whereagmia and gmax approximately correspond tg and gy in
the coordinate system shown in Scheme 2, top. Notegthiatcollinear to
the Cu—N bond.

an interesting trend for thg values of Cu(l)-nitrosyls, whereso4
0; = gy (zpoints along the CaN(O) bond as indicated in Figuresss
5) is very sensitive to the CtN—O angle. In order to 39
investigate this furtheg values were calculated for model [Cusg7
(LO)(NO)] varying the Ca-N—O angle, and these results areos
shown in Figure 4. Using the known €IN—O angle of 163 399
for 3, g, = 1.833 is predicted from Figure 4, which is in excellerbo
agreement with the experimental value of 1.83 for this coavt
pound. In comparison, the CuftNO adduct of CuNIR shows 402
very differentg values as listed in Table %8,indicative of a 403

(49) Unfortunately, we did not obtain good EPR dataZaiue to decomposition.
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Scheme 2 @ plane), is unoccupied and undergoes further backbondiag
interactions. The corresponding antibonding combinations shaw

. ‘, _ _ about 15-20% d admixture, which corresponds to a quite stroagp
> A T B-spin| g9, n* interaction. However, comparison of the calculated-GlD 434
o 10% Cu(d)} force constant of 2.215 mdyn/A with the experimental value ofs
e — ) X ny_dy, 1.310 mdyn/A shows that the strength of this interaction 4ss
B [ -SPin | [ ,._ clearly overestimated in the calculations, which is not unuSuaks7
. LUM EV:dY’* The z*,—dy, backbond shows small spin-polarization effectss
TUMO “v—dyz* {?2‘;: E‘:{d)} (where thep-spin interaction is stronger), which somewhas9
{74% m, lowers the total spin density on copper. This effect depends
18% Cu(d)} strongly on the applied DFT functional, which makes the1
prediction of very accurate total spin densities difficult. Thig2
HOMO i d, bonding scheme is in agreement with the observed, légg) 443
—— {?hw_x o value and also explains the observed strong dependenge a@fi4
19%2 Cl?(d) on the Cu—N—0 angle (cf. Figure 4). This relates to the spins
3% Cu(s.p)} orbit coupling matrix elementiZa*_ok,|l,l7*y_d,ZAE in the 446
L____1 D theoretical equation for thg shifts from perturbation theolp, 447
0= MCD _H_ /
= el ” (W o| L[ W W | Ly W o]
T . — —
E E- —H— dey: 5 nZD E,—E
L¥]
5000 which maximizes at 180when z*y_d,, and 7*,_d,, become 448
almost degenerate (AE 0). 449
—H— dxy 3.3. Electronic Spectra.n previous worké® UV —vis absorp- 450
tion and MCD data above 300 nm have been presented,foss1
10000 == but no detailed analysis of the data has been provided. Ebe
| _H_ d, characteristic absorption band at 494 nm3dras been loosely 453
T assigned to a Cu(l)-d to N@* transition, but no further details 454
+ dy are provided. As shown in Figure S9, this feature is observed
at 506 nm ¢ = 960 M~ cm™) for 1 and at 458 nmd = 1140 456

a Frontier orbitals of the fully optimized model [Cu(LO)(NO)] obtained  p—1 Cmfl) for 2. We have reinvestigated Comp@)using low- 457
from BP86/TZVP (upper part, spin unrestricted). The relative d-orbital P ;
energies are obtained from MCD (lower part, paired electrons). temperature MCD SpeCtr_OSCOpy I_n silicone mulls, which allowss
for the measurement of high-quality data. Based on the spectasm
obtained shown in Figure 6, five electronic transitions caso
actually be identified in the electronic spectra of the Cu(l)461
o N ) NO complex (bands -26), and an additional weak feature ig62
Iarge_ and indicateignificant radical chara_cte_r on the bound identified at 810 nm. These transitions can be assigned for ke
NO ligand. Scheme 2, top shows the binding schemelfor g ime with the help of TD-DFT calculations. Applicationsss

obtaineql frcln_? the DF'II' calculations. For the theoretical trt'eat- of B3LYP/TZVP and the experimental GIN—O angle of 172 465
ment, simplified model systems [Cu(LO)(NO)] and [Cu(LO')- reproduces the general shape of the electronic spectra well 4bgit

(NO)].(CIO‘,‘) have begn applied fql and.2, respecti\{ely, as all transitions appear shifted to lower energy 4000 cnm® 467
described in the Experimental Section. Different functional/basis (cf. Figure 6). This is due to the fact that all bands observedsin
set combinations have been used for the geometry optimizations.the visible region correspond to CT transitions of type-dr*, 469

as IisFed in Table S2. In general, goo_d agre(_ament With the which are usually obtained too low in energy by TD-DFT. Theo
experimental structures has been obtained, with exception Oftentative assignments as shown in Figure 6 are further supported
the Cu—N—0 angle. In fact, none of the methods applied was by the appearance of pseudaerm signals in the spectra (paira7z

?blito (rje_produ_ce thre] e’é‘;egg?_fzn\% valuel for this pa(;amfe'E?rb 'lzorof bands 2-3 and 4-5/6; see Table S3), which are in agreemeumts
urther discussion, the results are used (cf. Ta €Swith the calculated polarizations of these transitions. In ordes

1~3). As indicated in Scheme 2, the singly occupigcbrbital for a pseuddA term to arise, two electronic transitions with7s

of NO (a—7"p) is located in the CuN—O plane. Due to the ;4,461 electric transition dipole moments are needed, which
fact that all copper(l) d orbitals are fully occupied, the overlap are coupled by spinorbit coupling. These requirements arer?

of this orbital with d is actually repulsive foo-spin. This is fulfilled by the given assignment (see Table S3). Based on these
corr_lpensated by the backpond betw_eﬁm_dd the emp_tﬁ—n h results, the medium strong absorption band of the GNP 479
orbital. The strength of this interaction is best estimated from complexes in the visible region around 500 nm is due te d 480
the corresponding antibonding combinatifin_dc, which has m*\ type CT transitions into the unoccupied, orbital of NO 481

10% metal d character. Altogether, this leads to a spin density (bands 2-5, cf. Figure 6). The observed transition energies allase

d|§tr|but|pn 0f+0.9 on NO andt0.1 on COpper, In agreement ¢ the determination of the relative energies of the correspoagh
with earlier calculations? Hence, the calculations clearly favor

the Cu(l)-NO(radical) over the Cu(IlyNO~ electronic descrip- (50) Lever, A. B. P.; Solomon, E. I. Ligand Field Theory and the Properties of

different coordination geometry (see Discussion). The obtained
hyperfine parameter¥A-x > 80 MHz for 1 and 3 are very

o i ; ida i Transition Metal Complexes. Innorganic Electronic Structure and
tionin agree_ment with EPR and MCD_ (vide infra) results. The Spectroscopy. Solomon. E. 1. Lever. A B. P.. Eds.: Wiley: New York,
other* orbital, 7*, (located perpendicular to the Cu—N—O 1999; Vol. 1.
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ARTICLES Fujisawa et al.
2000 4 r100 N—O bond due to a second coordination sphere effect. The ERR
500 [Cu(L3)NO)] oo spectrum of [Cu(L3)(NO)] is indicative of the Cu@NO- 511
(radical) electronic structure of the complexes in agreement with
1600 ] the DFT results. Interestingly, thg value correlates very well 513
1400 4 with the geometric structure of the €N—0O unit and decreasess14
-7’_“‘1 calc upon increase of the Cu—N—O angle. Finally, high-qualitis
g 2004 B3Lvp _ MCD spectra of [Cu(L3)(NO)] are presented and assigned using
'.-E 10004 shift: 4000 cm” TD-DFT calculations. These results provide the first in-deptlm
5 8004 assignment of the electronic spectra of the end-GonNO}! 518
species. In particular, the observed CT absorption band in she
600 visible region is due to & 7*, type transitions. Based on thez20
400 MCD results, an approximate determination of the d-orbitah
200 1 energy scheme for [Cu(L3)(NO)] is possible. Importantly, trse2
lack of intense low-energy d—d bands in the MCD spectra is@&
0+ further indication that copper has &alectron configuration, 524
in agreement with the Cu)NO(radical) description of the 525
S complexes. 526
100 - / 6 In summary, based on the experimentally calibrated electrosic
structure description of end-on CuINO complexes elaborateds2s
?;‘ 0 here, and in agreement with results published previotisiit 529
5 is therefore now demonstrated that the Ca()O unit has to 530
E -1004 be described as Cu(l)—NO(radical). 531
% The detailed spectroscopic characterization of end-on boupzl
-200+ Cu(l)—NO complexes provided in this work allows us to drawss
further conclusions about the CuINO intermediate observedss4
-300+ -300 by Scholes and co-workers for CuNIR in solut#rom their 535

. T . T EPR and ENDOR results, it is not clear whether this speciss
40000 35000 30000 25000 20000 15000 10000 . ;
P has end-on or side-on coordinated NO. Although the crystat
wavenumbers (cm™ ") structure of Murphy and co-workers shows side-on bounc?NQs3s
Figure 6. UV—vis (top) and MCD spectrum (bottom) df including others have speculated that this structure is an “artifact” obsersad
Gaussians obtained from a correlated fit and TD-DFT based assignments.; i indi ot &
The TD-DFT calculated spectrum is shown in orange (shifted by 4008 cm n lth? Crysht_al bl.Jt.tha.t this bmdlg% mode does no? ei(ls.t 50
to higher energy). solution. This opinion is supported by recent DFT calculationst

on the CuNIR active site, which predict that the end-on geometty
ing four d orbitals of highest energy, as included in Scheme 2, is more stable by about 7 kcal/mol compared to the side-an
bottom. The fifth d orbital, g, is probably located at lowest ~bound specied. These contradictory findings pose the importarsts
energy in these complexes, due to a strong interaction with the question whether the side-on coordination mode of NO to Cus
singly occupiedr*, orbital of NO. Since the corresponding CT (1) is feasible or not. As we have demonstrated in this papess
transition is of d— z*, type (band 6, cf. Figure 6), the relative the EPRg; value of the Cu(l)=NO species shows a strorg7
energy of this orbital cannot exactly be scaled to the other four correlation with the CetN—O angle. Hencepur EPR results 548
d-orbitals as indicated in Scheme 2. Importanthye lack of in comparison with the data obtained by Scholes and co-workers
intense (low-energy) d—d bands in the MCD spectrd @ a for the Cu(I}-NO complex of CuNIR (cf. Figure 4) do in factso
further indication that copper has a®electron configuration, ~ support a strongly bent or even side-on coordination of NO 581
in agreement with the Cu@NO(radical) description of the end-  the enzyme. As shown in Table 3, the end-on bound €u(ks2
on coordinated CuNO}! complexeglaborated above. Thisis ~NO model complexes shog around 1.83, whereas, in the casess
further supported by the TD-DFT results. Note that band 1 in of CuNIR, g; is found at 1.93. Based on this, we believe that4
Figure 6 corresponds to an impurity of [t{u3)(ONO)], which the Cu(l-NO intermediate of CuNIR generated in the presensss
shows a very intense MCD transition in this atéahe obser- of low concentrations of NO does in fact show a strongly besss
vation of a very small amount of Cu(ll) impurity is in agreement to side-on binding mode of NO. How is it possible, thoughs7
with corresponding, very weak features in the EPR spectra thatthat the enzyme behaves so differently than the model complessss
account for about 5% of the total copper concentration. studied so far? A first indication as to why this is in fact possitdes
comes from recent DFT results of Wasbotten ef%aiyhich 560
show that the type of coligand bound to copper actually hassa
In this paper, two new crystal structures of mononuclear end- large influence on the relative energies of the end-on and siske-
on Cu(I)-NO complexes are presented, and the first detailed on coordinated species. In order to further investigate this poass
spectroscopic analyses (vibrational and electronic) of this type we have performed DFT geometry optimizations on the CuN$Bx
of complexes are provided. Experimental force constants for active site with bound NO, where the three histidines are hetd
[Cu(L3)(NO)] are 12.53 mdyn/A (NO) and 1.31 mdyn/A in position by fixing their anchor C atoms (of the @groups) 566
(Cu—NO); the latter value is in agreement with the very labile in space. For these calculations, the BP86/TZVP method hews
Cu—NO bond in these systems. In comparison, the correspond-been applied again, which produces reasonable structuresder
ing complex with a tris(pyrazolyl)methane ligand has a stronger the model complexes. As shown in Figure 7, the obtained Ges

Discussion
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X-Ray AE = 10.8 keal/mol
g-values: 1.985
1.989
2.002
-
Cu-N-O = 67° o9 JJ
Cu-N=2123 A
Cu-0=1.998 A
Full Opt g-values: 1.952 End-on . AE = 1.75 kcal/mol
2.007 g-values: 1.812
2.034 1.999
9 ¢ 9 2020

Cu-N-O = 136" Cu-N-O =170°
Cu-N=1.882 A Cu-N=1.836A
Figure 7. Geometry optimized (BP86/TZVP) structures of Cu{ljO species in CuNIR. For these calculations, the anchor atoms (C atoms of the artificial
CHs groups) of the three histidines were frozen at their crystallographic positions. Top: optimized structure with frozBR-@uangle at the
crystallographically determined val@&Bottom, left: fully optimized structure. Bottom, right: optimized structure with frozer-8t-O angle at a value

typical for the model complexes. Listed are relative energies with respect to the fully optimized structure and cajcugdtied for the three structures
(BP86/TZVP).

(I)—NO geometry from this calculation shows a-€N—O angle In summary, the geometry of the CufINO subunit in 600
of 136°(cf. Figure 7, bottom left), which is intermediate between proteins and model complexes has a much larger flexibility dou
end-on (>160°; from the model complexes) and side-ori;(71 terms of the coordination mode of NO and the QN—O angle 602
from Murphy’s structure). We have further generated end-on than previously anticipated from model complex studies. These
and side-on bound structures for CuNIR by fixing the-Cu  results are also in agreement with the crystal structure of M@
N—O angle at 170and 67°, respectively, and reoptimization bound amine oxidase, which shows a Cta{)—O angle of 117 605
of the structures. The resulting geometries are shown in Figure (assuming that this species corresponds to a EMO complex, 606
7 top and bottom right. To test whether these three structureswhich, however, is somewhat unclear in this c&de). 607
also follow the trend irg, values as described above, we have
then calculated they tensors for the three binding modes.
Importantly, as shown in Figure the general trend in galues
is in fact followed by the CuNIR modeBased on these results,
two important conclusions can be drawn:

(a) the side-on coordination of NO to copper(l) is reasonable

Acknowledgment. In memory of Swiatoslaw (Jerry) Trofi- 608
menko, the pioneer of scorpionate ligands. This work we®
supported by the Grant-in-Aid for Scientific Research (B) (Ne1o
17350043) from the Japan Society of the Promotion of Sciersae
(to K.F.) and the Fonds der Chemischen Industrie (FCI) (to Fef2

and depends on the coligand(s) bound to copper; and N.L.). 613

(b) the EPR parameters of the Cu{§O species of CuNIR Supporting Information Available: Complete ref 39, crystal- 614
as determined by Scholes and co-worked® in fact reflect a lographic data (Table S1), complete atomic labels (Figures 64
strongly bent or side-on coordination of NO to copper(l). and S2), vibrational (IR) and electronic absorption spectra fas

Comparison of the calculategl tensors with theg values 1 and2 (Figures S3-S7, S9), table of DFT geometry optimized17
obtained by Scholes and co-workers shows in fact the beststructures and vibrational frequencies for modelslaind 2 618
agreement between the fully optimized structure {Git+-O using different combinations of functionals and basis sets (see
angle= 136°; cf. Figure 7, bottom left) and the experimental Experimental Section) (Table S2), table of the results of TBzo
data. However, the calculated differencegivalues between  DFT calculations forl (Table S3). This material is availables21
this structure and the side-on bound species is relatively small,free of charge via the Internet at http:/pubs.acs.org. 622
so it would be unjustified to claim that the fully optimized
structure exactly reflects the CUINO geometry present in JAO75071D
the enzymatic species detected in solution. Nevertheless, the
results clearly indicate that the CufIN—O unit is strongly bent (51) Wilmot, C. M.; Hajdu, J.; McPherson, M. J.; Knowles, P. F.; Phillips, S.

623

i i i i ika i E. V. Sciencel999,286, 1724—1728.
in the enzyme in solution and not linear like in the model (52) Fadini, A.; Schnepel, F.-MSchwingungsspektroskopie; Thieme Verlag:
complexes. Stuttgart, 1985.
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Chapter 8

Summary

In this thesis, the syntheses of iron-porphyrin NO complexes as models for NO bound heme
proteins are presented. Their spectroscopic properties, electronic structures, and reactivities
are investigated in detail using spectroscopic methods correlated to quantum-chemical
calculations. The overall work done in this thesis gives further insight into the active site
structures, properties and mechanisms of heme proteins present in biological systems such as
bacterial NOR, P450nor, soluble guanylate cyclase, nitric oxide synthase, and nitrophorins.

The results obtained in these studies are summarized in the following.

The electronic structures of five-coordinate (5C) [Fe'(TPP)(NO)] and six-coordinate (6C)
[Fe''(TPP)(MI)(NO)] ferrous heme nitrosyl complexes are explored using MCD spectroscopy
coupled to DFT calculations. In the 5C case, the MCD spectrum is dominated by the
paramagnetic C-term contributions. This indicates that a significant amount of spin density
of the unpaired electron is located on the formally low spin iron(II) center. On the other hand,
in the 6C case, the spectrum is dominated by the temperature independent A and B terms.
This shows that the unpaired electron spin density is mostly located on the NO unit in the 6C
case, which leads to the temperature-independent MCD spectrum of diamagnetic low-spin
Fe(Il)-porphyrins. DFT calculations show a strong Fe-NO ¢ bond mediated by the singly
occupied 7* orbital of NO and the empty d,2 orbital of low-spin Fe(Il) in the 5C. This leads
to a large transfer of spin density from the NO ligand to Fe(II) corresponding to an electronic
structure with noticeable Fe(I)-NO" character. In the six-coordinate complex, on the other
hand, the spin density is pushed back from the iron toward the NO ligand resulting in an
Fe(II)-NO(radical) type electronic structure. The MCD and DFT results are also useful for
evaluating the EPR spectra of five- and six-coordinate Fe(II)-porphyrin NO adducts, which
are characteristically different.

Axial ligation experiments show very weak binding of N-donor ligands to five-
coordinate [Fe(TPP*)(NO)] complexes. Corresponding free binding energies AG° range
between -1 and -5 kcal/mol. We have further investigated the binding of N-donor ligands to
[Fe(TPP*)(NO)] complexes by 'H NMR titrations. In this way, the 'H NMR spectra of 5C
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and 6C iron(II) porphyrin NO adducts are assigned for the first time. These results provide a
direct evidence that the addition of larger amounts of N-donor ligands to the 5C complexes
[Fe(TPP*)(NO)] not only leads to the formation of the 6C complex [Fe(TPP*)(L)(NO)], but
also facilitates the formation of the diamagnetic complexes [Fe(TPP*)(L),]. Importantly, this
indicates that binding of an N-donor ligand weakens the Fe-NO bond. This is further
confirmed by vibrational spectroscopy coupled to normal coordinate analysis (QCC-NCA),
which allows for the determination of force constants of the Fe-NO subunit. The obtained
force constants for the Fe-NO subunit are 12.53 (N-O) and 2.98 mdyn/A (Fe-NO) for the
five-coordinate compared to 11.55 (N-O) and 2.55 mdyn/A (Fe-NO) for the six-coordinate
complex. This is in agreement with the MCD result that indicates a distinct decrease of the
spin density on iron in the six-coordinate case, which corresponds to a decrease of the Fe-NO
covalency and hence, bond strength. The increased spin density on NO in the six-coordinate

complex is advantageous for the proposed N-N bi-radical coupling mechanism of NorBC.

We have also experimentally and computationally investigated the properties of the
ferric heme nitrosyls. In this study, the mechanism and energetics of NO binding to ferric
hemes and the possible variation in electronic structure of the formed complexes is
investigated in detail using model systems and DFT calculations. The six-coordinate model
system [Fe'"(TPP)(MI)(NO)](BE4) (1; TPP = tetraphenylporphyrin, MI = 1-methylimidazole)
has been synthesized and characterized using vibrational spectroscopy coupled to isotope
substitution. The electronic structure of the ferric six-coordinate complex 1 is analyzed in this
study using the model [Fe(P)(MI)(NO)]" (P = porphine ligand). The Fe-NO interaction is
dominated by © backbonding between two d; orbitals of the metal and two empty n* orbitals
of NO". The calculated formation energy of the ferric heme NO adduct is about -4 kcal/mol.
This value is relatively low, but in agreement with the experimentally determined complex
formation constants in the 10° to 10° M™ range, and the observed tendency of these
complexes to lose NO. In comparison, a complex formation energy of
-11.4 kcal/mol is obtained in the ferrous case. These calculations show that the formation of
nitrosyl complexes is energetically more favorable for ferrous compared to ferric hemes by
~7.5 kcal/mol. This number is equivalent to a difference in binding constant by a factor of 3
x 10°. This is in excellent agreement with the experimentally determined trend in dissociation

rate constants: for ferric heme systems, dissociation rate constants range from 0.65 to 40 s™,
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leading to a relatively small binding constant for NO (K¢q = 10° to 10° M™). In contrast,
Fe(Il) systems display dissociation rate constants that are in the order of 10 s™, leading to
very large binding constants for NO (Kq = 10" to 10" M™). However, this result contradicts
the Fe-NO bond force constant, which is larger for the Fe(III)-NO complex compared to
Fe(II)-NO, indicating a stronger Fe-NO bond in the ferric systems. This contradiction is
explained based on the calculated complex formation energies. Since the ferric nitrosyl
complex is low-spin, the force constant is a measure for the steepness of the low-spin
potential energy surface, where the formation energy of the NO complex is -9.5 kcal/mol,
corresponding to a strong bond. However, the actual binding of the NO ligand to the iron
center is accompanied by a spin transition, since the initial five-coordinate reactant complex

is actually high-spin. Thus the binding constant is related to the energy of the high-spin state.

NO bound ferrous and ferric heme centers with axial thiolate coordination are of
extraordinary biological importance since they are present in the active sites of fungal nitric
oxide reductase (P450nor), nitric oxide synthase (NOS) and Cimex nitrophorins. Despite
their importance, only two bioinorganic synthetic model complexes are available in the
literature for these enzymes to date. The reason is attributed to the high reactivity of the
thiolates towards the Fe-NO center, and also to the general unstabilty of the thiolate ligated
Fe-NO complexes. In order to obtain more insight into the vibrational properties and
electronic structures of these enzyme active sites, we have synthesized a series of six-
coordinate Fe(I)-NO adducts [Fe(TPP)(SR)(NO)]” (TPP = tetraphenylporphyrin) with
substituted thiophenolates and tetrahydrothiophene as models. These were investigated in
solution using electron paramagnetic resonance (EPR) spectroscopy. From the obtained g
values and '*N hyperfine pattern of the NO ligand, it is concluded that the coordination of
thiophenolates to the Fe(Il) center is weak in comparison to the corresponding 1-
methylimidazole adduct and ferrous NO adducts of P450nor and P450cam. The interaction of
the Fe(I[)-NO center with different thiolate ligands, SR, has also been explored
computationally. The six-coordinate model complex [Fe(P)(SR)(NO)] (P = porphine ligand)
has an interesting electronic structure where NO acts as a medium strong ¢ donor and =
acceptor ligand. DFT calculations show the axial alkyl thiolates have an even stronger effect
on the Fe-NO bond than N-donors, leading to a further weaking of the Fe-NO bond, and thus

a further increase in spin density on the coordinated NO. The observed spin density of larger
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than 1 on NO can be interpreted as an admixture of Fe(II[)-NO™ character into the Fe(IIl)-
NO(radical) ground state of these complexes.

Correspondingly, the coordination behavior of thiolates with Fe(III)-NO centers has
been explored using UV-vis, vibrational, and NMR spectroscopy. For this study, we have
synthesized the precursor complex [Fe(TPP)(SPhF,)], and allowed it to react at low
temperature with one equivalent of NO. The progress of the reaction was monitored by in-
situ ' UV-vis absorption spectroscopy. The Soret band of the precursor complex
[Fe(TPP)(SPhF,)] at 414 nm decreases in intensity with the concomitant appearance of a
new Soret band at 439 nm. In addition, bands at 380 nm and 515 nm of the starting material
decrease in intensity, whereas a new band is observed at 556 nm. This corresponds to the
formation of the six-coordinate NO adduct [Fe™(TPP)(SPhF,)(NO)], as can be seen by
comparison with absorption data of the Suzuki complex [Fe(SR)(NO)]. Moreover,
isosbestic points at 426, 463 and 545 nm suggest a clean conversion of the starting material
to the product without further intermediates. However, a complete conversion to the product
is not achieved here in contrast to the Suzuki complex. The initially formed NO complex
[Fe"(TPP)(SPhF,)(NO)] undergoes either spontaneous or NO-assisted decomposition to the
iron(IIT) nitro-nitrosyl complex, [Fe(TPP)(NO)(NO,)]. Our experiments indicate that the
former process is slow, while the latter occurs much faster. In the course of the reaction, the
nitro-nitrosyl complex is formed by reaction of the intermediate [Fe(TPP)(NO)] with higher
NOy species either present as impurities in the NO gas or generated by addition of small

quantities of air. Subsequent decomposition of [Fe(TPP)(NO)(NO,)] ultimately leads to the

nitrate complex [Fe"(TPP)(NOs)]. Using carefully purified NO gas and very inert reaction
conditions, we were able to isolate a thiolate coordinated ferric porphyrin NO complex.
However, the yield of the product is small, and it is only obtained as an impure solid. The
NO stretching frequency of this complex is observed at 1823 cm™. Thus, the isolation of the
six-coordinate complex [Fe™(TPP)(SPhF,)(NO)] as a pure solid is extremely challenging and
could not be achieved under these conditions.

In addition, we have started to design and synthesize a complete model for the NorBC
active site by employing an iron(II)-porphyrin covalently attached to a non-heme iron(II)
complex. However, a complete functional modeling of the NorBC active site is challenging

due to the following reasons: Firstly, the axial N-donor ligand is weakly bound to the heme-

NO center. Hence, a large amount of N-donor ligand is necessary to drive the reaction to
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form the corresponding six-coordinate complex in solution. Secondly, addition of excess
base causes denitrosylation. The base promoted loss of NO from the complex, leads to the
formation of [Fe'(TPP*)(L),]. These issues have been investigated in detail using UV-vis
and NMR binding experiments on substituted iron porphyrin NO complexes with pyridine
and 1-methylimidazole as N-donor ligands. Therefore, a complete NorBC model first
requires optimization of the heme portion. In order to obtain a stable 6C complex in solution
without excess base present, we have synthesized a series of iron-porphyrin NO compounds
with covalently attached axial N-donor ligands [Fe"(TPP*)(NO)(L)] (L = pyridine or
imidazole linker), and investigated the properties of these compounds using several
spectroscopic methods. These covalently attached N-donor linkers are supposed to “increase
the local base concentration” and this way, facilitate binding to the Fe(II)-NO center.
Pyridine and imidazole tailed linkers with varying chain lengths and design have been
synthesized to delineate the effect of chain length and rigidity on the base binding properties
to the Fe(II)-NO center. This allows to compare directly the binding affinity of different
linkers with different carbon chains (number or design), and to obtain a better model for the
six-coordinate species in solution. The EPR and FT-IR spectrum of [Fe(TMP-mPy)(NO)]
(TMP-mPy = meta-pyridyl ligand attached to mesityl porphyrin) show features identical to
those observed for the 5C [Fe(TPP)(NO)] complex. These observations indicate that the
pyridyl arm is in fact not coordinated to the Fe-NO unit. These results are also in agreement
with the very weak binding affinity of pyridine to Fe-NO observed in the axial ligation
titration experiments, as monitored by UV-vis spectroscopy. We concluded that the
covalently attached pyridine linker leads to the formation of only 5C species in solution,
which suggests a dominant base-off reaction upon NO binding. On the other hand, the Cs
chain imidazole linker, [Fe(To-F,PP-C;IM)(NO)], shows weak binding of the linker to the
Fe-NO center. In order to determine the influence of the carbon chain length on the base
binding properties of the imidazole linked porphyrins NO complexes, we have synthesized
the H,To-F,PP-C4IM ligand. This ligand contains one more alkyl carbon (CH,) group
compared to the Cs; linker. However, the NO complex [Fe(To-F,PP-C4IM)(NO)] shows
similar spectroscopic behavior as the Cs linker complex, demonstrating that the length of the
alkyl chain in the C; linker [Fe(To-F,PP-C;IM)(NO)] is not the reason for the weak binding
of the IM ligand. Finally, in an effort to construct a more rigidly linked porphyrin system, we
have synthesized the porphyrin H,To-F,PP-BzIM. This ligand design is based on a
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fluorosubstituted porphyrin with an attached benzyl imidazolyl arm. The UV-vis spectrum of
the corresponding metallated NO complex [Fe(To-F,PP-BzIM)(NO)] shows the Soret
maximum band at 427 nm in DMSO. The EPR spectrum shows the characteristic nine line
hyperfine splitting, corresponding to the coordination of the axial benzyl imidazole linker to
the Fe(I1)-NO center. In addition, the v(NO) band is observed at 1644 cm™ in the FT-IR
spectrum. Interestingly, this value is higher in energy compared to six-coordinate compounds
formed with free 1-methylimidazole, where v(NO) appears at 1625 cm™. This indirectly
reflects the strength of the Fe-L bond (L = axial ligand) showing that the covalently attached
benzyl imidazolyl linker still cannot bind as strongly to the Fe(II)-NO unit as free imidazole.
Thus, the concept of the “increased local concentration” of the attached axial ligand is not
valid at all in this case. In fact, the binding of the linked imidazole is always weaker
compared to free M1.

Lastly, we have synthesized a sophisticated model (heme/non-heme) for NorBC by the
coupling of a fluorosubstituted porphyrin to the tridentate chelate dipyridylmethylamine
(PBMPA, N-(propionic acid)-N,N-bis-(dipyridylmethyl)amine). The synthesized ligand
[H,To-F,PP-PBMPA] was characterized using UV-vis and mass spectrometry. The
corresponding diiron-dinitrosyl complex [Fey(To-F,PP-PBMPA)(NO);] has been synthesized
and characterized using UV-vis and FT-IR spectroscopy. The UV-vis spectrum shows the
Soret band maximum at 407 nm. The stretching frequencies of NO are observed at 1683 cm’™
and 1816 cm™ . These bands are assigned to v(NO) of the ferrous heme NO and ferrous non-
heme NO component, respectively. Based on FT-IR spectroscopy, it is concluded that the
heme and the non-heme centers bind one molecule of NO each. This compound is stable
under an inert atmosphere at room temperature. Importantly, the NO reduction was not
observed with [Fe;(To-F,PP-PBMPA)(NO);]. Further reactions of carboxylic acids with
[Fex(To-F,PP-PBMPA)(NO),] are being carried out in order to drive the N-N bond
formation. In addition, the coordination chemistry of non-heme iron complexes with NO is
also investigated using TPA and MPBMPA ligands. Furthermore, to investigate the
importance of the sixth ligand of the heme NO unit for the NorBC activity, we are currently
synthesizing a six-coordinate heme with attached non-heme iron ligand. The precursor
ligand, dinitroporphyrin, has been synthesized and characterized in this work using several

spectroscopic methods.
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