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Abstract

Nanotubes: Our approach towards the rational synthesis of nanotubes is based on the ring
enlargement metathesis reaction. The starting materials are compounds with at least two aromatic
“plates”, which are connected by at least two quinoid double bonds conjugated to the aromatic
units. Using ring enlargement metathesis larger cyclic oligomers are formed. In a second

independent step the tube walls are supposed to be closed by cyclodehydration.

1. Ring enlargement Metathesis reaction

e

— , —

Scheme: Our approach towards the synthesis of nanotubes.

Tetradehydrodianthracene (TDDA) 9 has been used as a building block for the ring enlargement
metathesis reactions. This study was aimed at the synthesis of tubes with a larger diameter and at
the extension of the short tubes in the prefabricated diameter and helicity. Furthermore, metal
complexation with the synthesized tubular molecules was successfully achieved and verified by X-

ray structure analysis.

Mobius aromatics: Our approach towards the synthesis of Mdbius aromatics is based on the
combination of inplane aromaticity and normal aromaticity which stabilize the Mdbius structures

and to facilitate their synthesis.
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Figure: Our approach towards synthesis of Mbius aromatics.



Kurzzusammenfassung

Nanorohren: Unser Ansatz zur rationalen Synthese von Nanordhren basiert auf der
Ringerweiterungsmetathese. Die Edukte weisen mindestens zwei aromatische Systeme auf, die
jeweils durch mindestens zwei chinoide Doppelbindungen miteinander verbunden sind. Durch die
Ringerweiterungsmetathese werden grofere cyclische Oligomere gebildet. In einem zweiten,

unabhingigen Schritt sollen die Rohrenwinde durch Cyclodehydrierung geschlossen werden.

1. Ring enlargement Metathesis reaction

e
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Schema: Unser Ansatz zur rationalen Synthese von Nanor6hren.

Tetradehydrodianthracen (TDDA) 9 wurde als Baustein fiir die Ringerweiterungsmetathese
eingesetzt. Das Ziel dieser Studie war die Herstellung rohrenformiger Systeme mit einem groferen
Durchmesser sowie die Verlangerung kiirzerer Rohren in definiertem Durchmesser und Helicitét.
Dartiiber hinaus wurde die Komplexierung von Metallkationen an die hergestellten rohrenférmigen

Systeme erfolgreich durch Rontgenstrukturen nachgewiesen.

Mobius-Aromaten: Unser Ansatz zur Synthese von Mobius-Aromaten basiert auf der Kombination
von ,,in-plane“- und normaler Aromatitzitdt, die die Mobius-Strukturen stabilisieren sowie ihre

Synthese erleichtern sollen.
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Abbildung: Unser Ansatz zur Synthese von Mdbius-Aromaten.
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INTRODUCTION

1 Introduction

Carbon occurs in nature in different allotropesahite and diamond are natural allotropes
which differ both chemically and physically becaudedifferent hybridization and chemical
structure. Since the discovery of fullerenes (alalbed as bucky balls) in 1985 by Kroto and
Smalley! different allotropes of carbon were discovered.ffildan and Kratschmer
evaporated graphite in the electrical arc in 198Qs enabling the chemical and physical
examination of fullerenes. Under similar conditidijigna®® observed in 1991 that not only
spherical nanoparticles and fullerenes but alsgdomarbon tubes are formed which consist
of several rolled graphite layers, which were lathrsignated as multi-walled carbon
nanotubes (MWNT). Soon after this discovery Ajayard Ebbesen published a large scale
synthesis of these compourtisThereafter many articles were published basedhenry,
synthesis, characterization, properties and agita

Nanotubes produced under these crude conditions @aca number of different structures,
different diameter, length, helicity etc. along lwiamorphous carbon. In the case of the
fullerenes efficient separation techniques madgogsible to isolate & and Go in larger
amounts with high purity, however, the purificatioh carbon nanotubes is still a distant
prospect (except on the molecular level by singtdecule manipulation in an AFM device).
The rational synthesis of carbon nanotubes whiehdcprovide uniform structures with well
defined physical properties is considered to beafrthe “holy grails” of nanotechnolody.

The present work is aimed at taking the first stepgard this ambitious goal.

1.1 Molecular Tubes and Belts

1.1.1 Types of Nanotubes and Related Structures

1.1.1.1 Multi Walled Nanotubes

Multi-walled nanotubes (MWNT) are made up of cortdencylinders placed around a
common central hollo®! MWNTs are either wrapped into multiple layers l&garchment
scroll or are constructed of multiple cylinderseanside the other. The interlayer distance in
multi-walled nanotubes is close to the distancewben graphene layers in graphite,
approximately 3.4 A.
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1.1.1.2 Single Walled Nanotubes

Single walled nano tubes (SWNT’s) are formed byingla graphite sheet into a seamless
cylinder® The tubes can be characterized by two integer eusm and m. Rolling along the
horizontal zig-zag line and superimposing the @ii®0) and (n,0) leads to a (n,0) zig-zag
nanotubes. If the zig-zag line and the rolling veatform an angle of 30° armchair tubes are
generated. For example superimposing (0,0) and @iyés an (7,7) armchair nanotube.
Rolling anglesx between 0° and 30° lead to chiral tubes withm and n, n¥ O.

—» armchair

chiral

00 10 20 30 40 50 60 70 80 90 100

Figure 1.1: Vector notation of belts and tubes. The structamescharacterized by integers n
and m. Rolling up the wire mesh from (0,0) to (namd superimposing these two points
leads to a (n,m) nanotube.
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1.1.1.3 Nanotori

1.1.1.4 Nanobuds

INTRODUCTION

Figure 1.2: Models of nanotubes with different helicity: (16j8no tube (zigzag, left) (5,5)
nanotube (armchair, middle) (9,2) Nanotube (chirght).

A Carbon nanotorus can be considered to be comstiucy bending a nanotube, then
connecting its two open ends. The radii of a nanstare typically ranged between 300 and
500 nm, much larger than their width (5-30 nm), allhinay be used as building blocks for
nanometer-scale electromagnetic devices. Propestieh as magnetic moment, thermal

stability, etc. vary widely depending on radiugtud torus and radius of the tubg.

Nanobuds are novel hybrid materials that combirkerfetnes and SWNT’s into a single
structure in which the fullerenes are covalentlydied to the outer surface of the SWRTs
(figure 1.3). This hybrid material has useful pmijgs of both fullerenesand carbon

nanotubes. In particular, they have been foundtexzeptionally good field emittefs.
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Figure 1.3: A stable nanobud structure.

1.1.2 Cyclacenes

One of the synthetic challenges is the synthesisyofacenes, i.e. the (n,0)-zigzag unit of
carbon nanotubes. Cofey? and Stoddaftf**** among other researchers, have tried to pick
up this challenge, but unfortunately, neither ores lachieved the aromatization of their
respective cyclic precursors. These fully hoop-shlagpyclophanes are of interest with respect
to their conjugation, their spectroscopic propsraed their cavities. Recently, Gleiter ét®al
developed a new synthesis strategy for foc§tlacenel as the first purely hydrocarbon
cyclacene by stepwise synthesis (scheme 1.1)theismallest and most strained member of

the [6.8]. series which consisted of annelated six- and efgdhbered rings.

Scheme 1.1Synthesis of [6.8]cyclacené'®
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1.1.3 Belt-like Benzoannulenes

All -Z-tribenzo[12]annulene 2] was synthesized by lyod4 and Vollhardi® by [2+2+2]
cycloreversion of tris (benzocyclobutadieno) bemzgtheme 1.2). Also, higher ring sizes of
benzoannulene with al-configurations were synthesized by same groupe Lokher -
spherand® forms 1:1 complexes with A@ and Cui 4 (figure 1.4%°.

Er

CE( Wi(FPh),
{JB- \

. 120:1680C _ %\ \ mﬁf;
7/ \ =X

e .
x >0 O~ D
N0

Scheme 1.2Synthesis oéill-Z-tribenzo [12]annulerié#,

Figure 1.4: Metal complexation properties afi-Z-tribenzo [12]annulene.

1.1.4 Cyclo[n]phenacenes

The synthesis of cyclo[n]phenacenes which alsoatordouble stranded systems has been
another target. Nakamura and Matseb al. succeeded in the first synthesis of a
cyclo[10]phenacene derivative by the site selectllg/lation/arylation of [60]fullerene as
shown in Scheme 1.3, where the cyclo[10]phenaceamestsicture embedded in the

[60]fullerene framework is highlighte#:?!
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Scheme 1.3Synthesis of a [10]cyclophenacene from C

1.1.5 Cyclic Paraphenylene Ethynylenes

Cyclic paraphenylene-ethynylenes are viewed as ithybof cyclic paraphenylenes and
cyclo[n]carbons. Hexameric and octameric cyclic parapleredethynylenes, R and
[2g]paracyclophyne$ and 6 respectively, were synthesized by Kawase and @d#. by
bromination/dehydrobromination of the correspondgagacyclophenes, which were in turn
obtained by the McMurry coupling giformylstyrene with a low-valent titanium reagét
(figure 1.5).

5n=1
6 n=2

Figure 1.5: Structures of [ and [2]paracyclophynes.

Because of the pyramidalization of the? sparbon atoms, the electron densities and
electrostatic potentials between the inner androstefaces of the cyclic paraphenylene-
ethynylenes are different. This property gives tsenique supramolecular behaviour of this
class of compounds (figure 1.6). Such molecule® leeen attracting interest as precursors of

carbon clusterg!
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Figure 1.6: Side view of the X-ray crystallographic structud the complex of

[26]paracyclophyné with a [60]fullerene derivativé?

1.1.6 Picotubes
Based upon a ring enlargement metathesis reactwgeset al.*”! were able to synthesize a
belt- and tube-like fully conjugated molecule. Td@mpound was termed picotuBdecause

it is a small and short substructure of the lacggbon nanotubes (scheme 1.4).
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Scheme 1.4Synthesis of a picotube.

In a similar approach, Kammerphasg® was synthesized as a fully conjugated tubular

compound (figure 1.7).
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Figure 1.7: Structure of Kammerpharg*!

1.2 Our Approach

Today, nanotechnology has found a great interesesearch areas of different scientific
fields. Indeed, nanoparticles and nanodevices é@xhidw and promising properties for a
number of applications. Chemistry is useful in threparation of such nanometer sized
systems because it allows a construction atomdi,atlso called "bottom up" approach.

Nanotubes are technically produced by vaporizatbdngraphite and chemical vapour
deposition (CVD) at very high temperatures. Undese rough conditions, the tubes are
generated with different lengths, diameters, hidisj and endcappings. For technical
applications, however, tubes with a uniform geogneind thus with well defined physical

properties are needed. A rational synthesis ofarartanotubes was therefore considered.

Our approach starts out from a strategy which seteon the ring enlargement metathesis
reaction. The starting material contains two srfgthphitic plates” which are connected by at
least two double bonds. Larger, cyclic oligomers produced by metathesis reaction. In a

further independent step the tube walls are clbsedy/clodehydration (scheme 1.5).
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1. Ring enlargement Metathesis reaction

===

2. Dehydrocycliziation
E Q

- - 000

Scheme 1.50ur approach towards rational synthesis of naresti

Tetradehydrodianthracene (TDDA9 has been used as a building block in the ring
enlargement metathesis reactions. A number of redtalike and tubular aromatic compounds
were constructed by metathesis of the highly reactjuinoid bridgehead double bond of
TDDA 9 with [n]Jannulenes or by the dimerization reactadriwo TDDA units (scheme 1.6 ).

Targets of this study are aimed at the synthesiloés with a larger diameter and at the

extension of the short tubes in the prefabricatacthdter and helicity.
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TETRADEHYDRODIANTHRACENE (TDDA)

2 9,97,10,10"-Tetradehydrodianthracene (TDDA)

2.1 Synthesis of TDDA

The synthesis of TDDA looks very simple at first sight but because & strained bridged
double bonds the synthesis is very difficult. Thenbination of anthracend0 to get
bromoanthracenell is followed by a [4+4] cycloaddition which yield®9,10
dibromodianthracend 2. Applequistet al.”® tried to synthesize TDDA on the basis of
elimination of HBr from the 9,10 dibromodianracel® They used organolithium reagents
but they ended up with compouni§,16 (scheme 2.1). With strong bases TDDA may be
formed as an intermediate, but it will react witke telimination reagent as soon as it is

formed.

Scheme 2.1Attempts to eliminate HBr from the dibromodiantteael2 (Applequistet al.).

In order to overcome these difficulties Grestial.*” used a sequence of formation, protection
and subsequent regeneration of the reactive doodshel. As shown in scheme 2.2, the
reactive double bonds were generated by dehydrgbaadion of 9,10 -dibromodianthracene
12 to TDDA 9 and capturedin situ with an excess of sodium azide by 1,3-dipolar
cycloadditions. In a second step the triazollil3awas converted to thid-aminotriazolinel4
by Carpino’s reagef 15. In the deprotection step oxidation of tNeamino triazolinel4

with lead tetraacetate yields TDDA
Because of the difficulties to reproduce the sysithg@rocedure of Greerat al. remained

unused for a long time. In 1993 Neumasial.*! optimized the synthesis of TDDA to obtain

in grams. The optimized synthesis is as followféste 2)

11



TETRADEHYDRODIANTHRACENE (TDDA)

H Br

Br, hv
—_— _—8
toluene
H H
10 11

1.t-BuOK,NaN,
DMS0,25-30T
2.H,0

PbOAC), N N, 1NaHDME N
N

\

B — B —

N
Benzotrifluoride  \

N
/

//N 2.Carpino’s  \
N reagent N

Scheme 2.2Synthesis of TDD.*!

Bromoanthracend 1 was prepared from anthraceh@ by direct bromination or treatment
with NBS. In both cases small amounts of anthrackhare left, but its presence will not
affect the following step. Dibromodianthracef2 is made from bromoanthracerdd by
photochemical [4+4] cycloaddition. Bromoanthracérss irradiated in toluene. Due to low
solubility, the formed dibromodianthracef@ precipitates and does not obstruct the surface
to further exposure of light. After monitoring dfet azide protection reaction NeumB#n
found that the reaction time should be changed f2aays to 2 weeks. In the oxidation step,
dichloromethane was replaced dy,a trifluoro toluene to prevent solvent addition tDDA

9 and finally ultrasonic irradiation improved thesld of the last two steps.

2.2 Synthesis ob-Mesitylenesulfonylhydroxylamine (Carpino’s Reagent15

An important and difficult step in the synthesis TWDA is the preparation of Carpino's
reagentl5. It is a multi step synthesis and time consumiBince crystalline Carpino's

reagentl5is explosive, it should be made freshly (scher3g. 2.

12



TETRADEHYDRODIANTHRACENE (TDDA)

O t-BUOH,CH,CI, O 0

NH,-NH
ph—o—ci ph—o— oy — HZN—HJJ—OtBu

Quinoline

1.MeCOOH
2.NaNO,

1.NH,CI-OH, NaOH
NEt,,Et,0 o) o HC

HO—NHJ'l_OtBU N

” OtBu

3

O o CF,COOH

—O—NH

@)
O=n=0

15
Scheme 2.3Synthesis of Carpino’s reaget.**!

2.3 Characterization of TDDA9
The structure of TDDA has some special featuresif@ 2.1).

(1) the bridgehead carbon-carbon double bond distéh85 A).
(2) the pyramidalization angle of bridgehead at¢8%s).

(3) the distance between the double bonds (2.4vAigh is considerably smaller than the

sum of the van der Waals radii of the correspondifigarbon atoms.

Figure 2.1: Structure of TDDAQ."
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TETRADEHYDRODIANTHRACENE (TDDA)

From simple MO considerations, the following asstioms can be made (scheme 2.4).
Through-space interaction leads to a splitting @INMD and LUMO each into a bonding
and antibondingt ~ combination. Through-bond interaction through Be®mzo bridge raises
the energy of the occupied and lowers the unoccupied orbitals®® Ther orbital remains
almost unchanged. Pyramidalization lowers the LUtt@siderably and raises the HONM®.
Thus, an enhanced reactivity towards electroplates particularly towards nucleophiles can
be expected. Consequently, in Diels-Alder reactibB®A 9 is more reactive as an electron
deficient dienophile than maleic anhydfideand therefore TDDA9 should react with

electron-rich and electron-poor dienes.

LUMO

( ik
A
56
) |
/I
|
Y
C

Q0

\ o &0
-\ % \_)g___’___'l
5@ % T+
- \‘—’
+

n O 5
iy

\
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A
\

—

T
through space through bond  pyramidalization

Scheme 2.4Qualitative MO diagram of the individual effects the olefeniar-orbitals of
TDDA.®!

2.4 Reactivity

2.4.1 Electrophilic addition to TDDA 9

TDDA 9 reacts with halogens to give transannulantij and ring openedsyn)

products. The addition of iodine exclusively githe transannulaanti product in all
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solvents. However, for bromine and chlorine thedpit ratio has a remarkable
dependence upon the solvent polarity. Solvents efliom polarity favour thenti
addition, whereasyn addition is observed with increasing and decrepgialarity
(scheme 2.553!

+-X

o, X |
-

anti

for X=Br
100% CH,CI,
0% CF,CH,OH

X

= CLC
Jo| o CC
N\__ 7/

L _ X

syn

for X=Br
0% CH,Cl,
100% CF,CH,OH
Scheme 2.5Electrophilic additions to TDDA?!

2.4.2 Nucleophilic Additions to TDDA 9

TDDA 9, due to its peculiar electronic structure reactth vaucleophiles such as MeLi.
Similar to electrophilic addition both transannu(anti) and ring openedsyn) products are
observed® The addition of lithium-complexing ligands suchaewn ethers and cryptands

favours the formation of the ring-opened produchésne 2.6).
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Scheme 2.6Nucleophilic additions to TDDA?!

2.4.3 Diels-Alder Reactions with Electron-Rich Dieas

TDDA 9 reacts with electron rich dierf&sunder ambient conditions. Only mono Diels-Alder
adducts were observed even when a large excessnafsdand drastic conditions were applied
(even though two strained and highly pyramidalizésuble bonds are available). The
reactivity change of TDDA compared to its mono Diels-Alder adduct is duéhothrough-
bond and through-space interaction of the two oiefilouble bonds (scheme 2.7).
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Scheme 2.7Diels-Alder reaction of TDDA with electron richates.

2.4.4 Diels-Alder Reaction with Electron-Poor Dieng

TDDA 9 also reacts with electron poor dienes in DielseAlteactions with inverse electron
demand. In [4+2] cycloaddition reactions of TDD®A with 1,2,4,5-tetrazinesl6® the
electronic effect of 3,6-substituents in tetrazire$ar outweighed by steric factors resulting

in an unexpected reactivity sequentéa> 16b =16c> 16d (scheme 2.8).

R H CH CO,CH; CkK
a b C d

Scheme 2.8Diels-Alder reactions of TDDA with electron-poor dienes.
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2.4.5 Photochemically Induced Metathesis Reactiord TDDA

2.4.5.1 Photochemical Reaction with Cycloalkenes

TDDA 9 undergoes photochemical reactions. With cyclidimgeit forms cyclophane-like

bridged bianthraquinodimethanes. In the first sgmwtochemical [2+2] cycloadditions
yielded short-lived cyclobutane intermediates, Wwhimdergo [2+2] cycloreversions to give
the final metathesis product (scheme 2.9). Thisceph of two-step (photochemical and

thermal) metathesis can be used to synthesize isalyerdeformed, polycyclic aromatic

hydrocarbong®
SN =4 E
7 =7
(1 o] TL
;= X A7
n Yield %
3 cyclopentene 11
4 cyclohexene 0
5 cycloheptene 29
6 cyclooctene 60
8 cyclodecene 26

Scheme 2.9Photochemical reactions of TDDA with cycloalkenes.

2.4.5.2 Photodimerization of TDDA

TDDA 9 dimerizes when the suspension in benzene is atedliwith a high pressure mercury

lamp in a quartz apparaftis(scheme 2.10).
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Scheme 2.10Photodimerization of TDDA."!

2.4.5.3 Synthesis of Kammerphane 8

Under photochemical conditions TDDA reacts with bleubonds like in the cyclophane
bridge of17 to form kammerphang&®® (scheme 2.11).

Scheme 2.11Formation of kammerpharg*!

2.5 Conclusion

TDDA 9 due to its peculiar electronic structure is reactowards electrophiles, nucleophiles,
in Diels-Alder reactions with different dienes, aado in photochemically induced metathesis

reactions. Thus, TDDA is well suitable for the $ysgis of tubular compounds.
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39,9,97,10,10",10"-Hexadehydrotrianthracene (Trimer 19)
3.1 General

Several research groups were trying to make thdleshasingle-walled nanotubes. The

metallic properties of these small nanotubes depapdn the helicity. Even super

conductivity was observed in 4A nanotulfsSo far the smallest nanotubes with diameters
of 0.71% 0.5*" and 0.4 nf¥**¥ were synthesizefigure 3.1).

Figure 3.1: High-resolution transmission electron microscopages of small single walled
nanotube&?*3!

Our approach to synthesize the smallest singleedialbnotube follows the rational synthesis
of the dehydrocyclization of 9,9’,9”,10,10’,10”dxadehydrotrianthracene (trim&®) (figure
3.2). Moreover, the trimell9 is an interesting building block for the synthesislarger
tubular aromatic compounds (e.g. pentamer, hexaootamer etc.), which possibly can be
achieved by using the photochemically induced eniargement metathesis reaction.

Figure 3.2: Hypothetical rational synthesis of 4A nanotube @hytirocyclization of the
trimer 19.%
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Ajami et al. ** tried to synthesize the trimé® by the Diels-Alder reaction of TDDA with
9,10-dihaloanthracene and anthracéollowed by oxidation (scheme 3.1).

Scheme 3.1Attempted trimer synthesis strategy based on DMder reactior*®!

But all of their attempts failed most probably besa of the steric hindrance between

the four hydrogens of the anthracdreand four hydrogens of TDDA (figure 3.3).

Figure 3.3: Sterical hindrance of four hydrogen atoms of TDB®ith four hydrogen atoms
of anthracene during Diels-Alder reactith.
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In order to overcome the effect of steric hindratiegy tried to synthesize the trimer stepwise,
initially adding half anthracene and in the secst&p converting the formed semitringk to

trimer 19 through a double Heck reaction.

Br Br
Br 70°C N\
— +
Br Nal /DMF _—
Br Br

52 51

Scheme 3.2Synthesis of semitrimeél and attempted Heck reaction

Unfortunately, the conversion of the semitrir2érto the trimerl9 with 1,2- diiodobenzene

under Heck reaction conditions was not success@ligme 3.2).

3.2 Bromination of the Semitrimer 21

Another way to form the trimet9 from the semitrimeR1 is to replace the olefinic hydrogen
atoms by bromine and to bridge the two double bomitls a benzene ring. This could be
achieved by treatment with butyl lithium followed/ lquenching with 1,2-diiodobenzene
(scheme 3.3).
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22

Scheme 3.3Retrosynthetic strategy to prepare the trid@from semitrime21 by

bromination, dehydrobromination, lithiation, couqgiwith 1,2 diiodobenzene.

The semitrimer was treated with bromine in carbetrathloride at 0 °C. This reaction
yielded many products. The separation of all compsuvas difficult, but a product with the
mass of the dibromo semitrim22 was separated by HPLC using a normal phase cobymn
eluting with hexane and dichloromethane (4:1) ae thobile phase. The remaining
compounds were separated with reversed phase HBIbG acetonitrile and water (90:10) as
the mobile phase. The NMR of the compound withrtfass of the dibromo semitrim2e is

shown below (figure 3.5).

[— <400
300/
[— 200/

N L Al ok J\MJ

T T T T T
o (r1) 8-50 8.00 7.50 7.00 6.50

Figure 3.5 NMR of the compound with the mass of dibromo gamer.

In the'H-NMR spectra, the singlet corresponding to thdimie protons of the semitrimezl
disappeared, but a doubled signal set is obsensdad. Hence this could be a mixture of
syn 22 andanti 23 dibromo semitrimer. Thanti dibromo semitrimer ha€, symmetry and
Mdobius topology. To assign the NMR peaks &yn and anti isomers, calculations were
performed at the B3LYP/6-31G* level theory. Thecc#hted values of the NMR shifts are as

follows for theCs isomer and th€, isomer (figure 3.6).
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7.0698 70402

7.3952

7.0536

6.7364 6.6639 6.7019 7349

Figure 3.6: The calculatedH-NMR shift values ofyn (left) andanti (right) isomers of the

expected dibromo semitrimer.

The difference in the calculated and observed NMRes could be caused by the large spin
orbit coupling of bromine which has a stronger @ffen the neighbouring atoms, including
those which are not directly connected to bromiti@o(gh-space). Unfortunately, the
methods for treating these effects on an adeqea& of theory are extremely expensive and

not yet implemented in standard quantum chemiaajnams.

But the gas chromatography, reversed phase HPLOhandal phase HPLC analysis were
giving evidence that it is one pure compound. Taderstand the structure, crystals were
grown from a mixture of acetonitrile and carborutfide (figure 3.7).

Figure 3.7 Two views of the X-ray structure of the dibromenstrimer24 formed upon the

treatment of the semitrimerl with bromine.
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The structure of the observed compound was contpldifferent from the expected one.
Instead of ayn-like addition on the bridged double bonds of samigr 21, bromine attacked
the sterically hindered strained double bond of gkeitrimer21 in an anti-like fashion.

Mechanistic details for the formation of this comapd 24 are unclear, but the following

mechanism seems plausible (scheme 3.4):

-HBr

Scheme 3.4A possible mechanism of the addition of brominé®semitrimer.

Obviously, bromine attacked the semitrinil in an anti like addition. Close survey of
literaturé®! shows the fact thanti addition is favourable in non-polar solvents wiplaar
solvents favour theyn addition. Consequently, the bromination was cdradet in the highly

polar solvent trifluoroethanol. However, no additioroduct was observed.
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3.3 lodination of the Semitrimer 21

Since iodine has a larger atomic radius than breminis might prevent the attack to the
sterically hindered strained double bond of theisemer 21 that was observed with bromine.
lodination of the semitrime2l was carried out in carbon tetrachloride underurefl
conditions. The observed conversion was very lote Tesulting products were separated
with reversed phase HPLC using acetonitrile andewé®0:10) as the mobile phasehe
HPLC chromatogram is as follows (figure 3.8):

2500
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Figure 3.8: The HPLC chromatogram of the reaction of semitrimith iodine

The substance at 7.9 minutes retention time hastlgxhe mass of the monoiodo semitrimer
and the following*H-NMR (figure 3.9). The NMR spectra of the compouedd to the
following structure propositions (figure 3.10).
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Figure 3.9 The NMR spectrum of the compound with the exaetssnof the monoiodo

semitrimer.

Figure 3.1Q The proposed structures for the monoiodo semnirim

The exact structure determination is only posdilylX-ray structure analysis. Attempts to get

crystals are still in progress.

The peak at ten minutes retention time can be iitlthtas unreacted semitrim@d. The

product at 24 minutes retention time has one magsnore than the monoiodo semitrimer.
Attempts to get suitable crystals were not sucoésdihe substances with 8.9 and 10.6
minutes retention time are oxidized forms of seimigr“! The peak at 3.9 minutes retention

could be assigned to anthraquinone.

Since iodine is less reactive compared to bromirgigd not react with semitrimer to give the

required diiodo semitrimer.
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3.4 Diels-Alder Reaction of TDDA 9 with Phthalazine

TDDA 9 reacts with the electron poor died&sThe dibromo semitrimer could be directly
prepared by the Diels-Alder reaction of the TDDAtwi,4-dihalophthalaziff@ 25 (scheme
3.5).

NN n-Buli
I
ZN 1,2-diiodobenzene
X
X = Br, Cl

Scheme 3.5Retrosynthetic route to prepare the trirh®by Diels-Alder reaction of TDDA
with dihalophthalazine25, then coupling the dihalosemitrimer with 1,2-dob@&nzene
through lithiation or by Suzuki coupling.

TDDA 9 was treated with 1,4-dibromophthalazi2® in dichloromethane, tetrahydrofuran,
benzene, toluene, xylene and in 1,2-dichlorobenzam®om temperature and under reflux
conditions. Unfortunately, only bianthracene wasewleed which forms by the ring opening
of TDDA and no other addition product was obser{gatheme 3.6).

Since 1,4-dichlorophthalazine is more reactive tthenbromine derivative, the reaction with
TDDA 9 was also probed in all solvents similar to dibrogieoivative but no addition product

was observed.

g
e 999

X=Br,ClI
Scheme 3.6 The Diels-Alder reaction of TDDA with 1,4-dihalophthalazin@5 yields

bianthryl in various solvents.
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In an another attempt a solid mixture of TD@And 1,4-dihalophthalazirs was exposed
directly to 220°C for 30 min. Under these condifonany products were formed. Attempts to
separate them were not successful because of Hwulmlity of the products and the
difficulties in the chromatographic separation. dting to the mass spectra one product can
be interpreted as bianthryl and some others arfaviaur of a radical addition product of
TDDA to TDDA (scheme 3.7).

§ob~88
<> [ > (2

(> $=> <
1575253
o> (2 <>

Scheme 3.7Solid state reaction of TDDA with 1,4-dihalo pathzines.

To avoid the radical formation, the reaction wagied out in the presence of the radical
guenchettert-butyl catechol at 220 °C. As anticipated, someitamidproduct was observed
between TDDA9 and dihalophthalazing5. The ESI spectra of the reaction mixture before
workup show a product which exhibits a similar ggot pattern to the required dihalo
semitrimer but has 10 units less in mass. The MA&ws that a product which has 33 units
less in mass. The observed product in the ESI gspeatan be interpreted as the product mass
observed in the MALDI spectrum with additional sadi (figure 3.11, 3.12).
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Figure 3.11 Observed (left) and theoretical (right) ESI spatt of the solid state Diels-
Alder reaction of TDDA with 1,4-dichloro phthalagn
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Figure 3.12 Observed (left) and theoretical (right) ESI spect of the solid state
Diels-Alder reaction of TDDA with 1,4-dibromo philazine.

The products with m/z=513 and 602 were not obseargdmore after passing the mixture
through a short column of alumina or silica. Prdpdbe product rearranged or decomposed
on the column. The reason for the failure of the step synthesis of the trimer via a Diels-
Alder reaction of 1,4-dihalophthalazir2®s with TDDA 9 could be the sterical hindrance of
the two halogens and the two hydrogens of 1,4-dipathalazine5 and the four hydrogens
of TDDA 9 (figure 3.13).
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Since the semitrimeRl is an interesting precursor for the trimer formatiand for metal

complexations, it was important to scale up andifgnthe formation of the semitrime.

TDDA was mixed with phthalazin26 in toluene at room temperature and reflux condgio
Unfortunately, no evidence of the reaction was ioleth However, solid state exposure of
TDDA and phthalazine in the presence of the radica&nchetert-butyl catechol yielded the
semitrimer21 in lower yields (17%) than in the reaction of TDDAwith tetrabromos-

xylené*! (scheme 3.8).

Scheme 3.8Successful Diels-Alder reaction of TDDRwith phthalazin€6.

The lower yields again can be accounted for onlthgis of the steric hindrance of two

hydrogens of phthalazine and the four hydrogeneDidA (figure 3.13).

Since the reaction of TDDA with dihalophthalazine25 and phthalazin26 is a Diels-Alder
reaction with inverse electron demand, the expeceattivity order would be dichloro
phthalazine >dibromo phthalazine > phthalazine. elv, the observed order was dichloro
phthalazine = dibromo phthalazine < phthalazines fiédason for this behaviour again can be

explained on the basis of steric hindrance (fiife3).
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” X=H, CI, Br

Figure 3.13 Sterical hindrance of four hydrogens of TDDA witto hydrogens of

phthalazine during Diels-Alder reaction.

3.5 Treatment with Schlosser's Base

Schlosser's bak® is a combination ofh-butyl lithium and potassiuntert-butoxide (super
base). In solutionp-butyl lithium exists as four or six-membered agateg, which are
kinetically slow to react. The tertiary alcoholatrves forms a complex with the lithium ion,
which breaks th&-butyl lithium clusters. This makes butyl lithiunmnktically more reactive
(figure 3.14).

Figure 3.14 An example for the abstraction of a proton by $iehlosser’s bad#.

The trimer19 also could be formed from semitrim2t by replacing the olefinic hydrogens
with potassium by treatment with Schlosser's baseé eoupling the salt with thertho-

diiodobenzene (scheme 3.9).

1,2-diiodo-

Base benzene

Scheme 3.9Proposed synthetic route for the conversion efsémitrimer21 to the trimerl9

by deprotonation with Schlosser's base followeddypling with 1,2-diiodobenzene.
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At first, the semitrime21 was treated witim-butyl lithium at O °C in THF. The colour of the
solution immediately changed to green. Upon slowmiuag up to room temperature the
colour changed to yellow. After quenching withthe only isolated substance was the
semitrimer21l. The same results were obtained when the reatas carried out at room

temperature.

In one more attempt a mixture of potassiten-butoxide and semitrime2l was treated with
n-butyl lithium in hexane at -76 °C and then slowmgarmed up to 0 °C.The colour of the
solution changed from light pink to dark pink dgithe temperature rise but after quenching
with methyl iodide, only the reactant could be remred. A number of different conditions
were applied. In all cases the colour changed theit guenching the analysis shows only the

semitrimer21.

The semitrime®1 has a cavity of 4.2 A in diameter, probably it htigncorporate water and
dichloromethane, which might hinder the reaction. i& order to remove the water and
dichloromethane sublimation of the semitrir@érwas carried out using a high vacuum pump.
The semitrimer sublimated at 250 °C and 5.3 Xribar. The sublimation yielded the
semitrimer21 free of dichloromethane and water. However, 40%hef semitrimer21 was
decomposed. Upon treatment of the sublimated semeitrwith Schlosser's base, again the

colour changed but after quenching no new prodoaiicbe observed.

To understand the reasons for the colour changanmle of the semitrime2l in THF-d
(figure 3.15) was treated with-butyl lithium at room temperature in an NMR tubedar
nitrogen. The colour changed immediately to dadegrand a number of new signals were
observed in the NMR spectra (figure 3.16). Uponosxpe of the NMR tube to air the colour
disappeared and the compound reverted back tceth@rsner21. Probably,n-butyl lithium

is reducing the semitrimél to its di-anior27 (scheme 3.10).
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Figure 3.15:The NMR spectrum of semitrimed in THF-d;,
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Figure 3.16 Treatment of the semitrim@d in THF-d; in an NMR tube witm-butyl lithium.

— _2_

21 27

Scheme 3.10Expected reduction of the semitrinik to its dianion27.

35



HeXADEHYDROTRIANTHRACENE ( TRIMER)

The dianion derivative of the semitrim@&7 is an interesting precursor for the metal
complexations with transition metals. Systemataucion of the semitrime21 to its dianion

27 with lithium wire in an NMR tube under vacuum ik is under progress. Since it is very
difficult to abstract a proton from a pure hydrduar, the reaction with Schlosser's base

probably failed.

3.6 N-Bromo Succinimide Treatment of theo-Chinodimethane adduct

The dibromo semitrime22 can also be prepared by the reaction-chinodimethane addt
28 with N-bromo succinimide (NBS) followed by treatment wahdium iodide in dimethyl
formamide (scheme 3.11).

Scheme 3.11Synthetic route to the dibromo semitrin® by reacting th@-chinodimethane
adduct28 with NBS, followed by treatment with sodium iodide

The NBS treatment of the chinodimethane addu8 yielded a large amount of compounds.
These compounds were separated using reversed ptRISE. Two compounds can be
characterized. One of them could be identifiednessemitrimer21. A possible mechanism

for its formation is shown in scheme 3.12.
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Scheme 3.12Mechanism for the formation of the semitrin®dr from the NBS treatment of
the o-chinodimethane produés.

The second product could be identified as the gamoéuct obtained by the treatment of the
semitrimer 21 with bromine (figure 3.8). Mechanistic details fdre formation of this
compound are unclear. To understand the mechatmsemitrimer21 was treated with
NBS. A number of products were observed, one oimtltan be recognized as the same
product obtained by the reaction of bromine with slemitrimer21 (figure 3.8). Probably, the
first step could be the reaction of tbechinodimethane addu@8 with NBS to form the

semitrimer21 (scheme 3.12)

3.7 Diels-Alder Reaction of TDDA 9 witho-Chloranil and Tetrachlorothiopene
dioxide 32.

The dichloro semitrimer could be also be preparednf TDDA 9 by first converting the
TDDA 9 to its tetrachloro €adduct29 and coupling the middle two chlorines with 1,4-
dichlorobutadiene (scheme 3.13).

n-BulLi
T
1,4-dichloro-
butadiene
Cl

9 29

Scheme 3.13Synthetic route to the dichloro semitrimer from TD@Avia the tetrachloro £

adduct29.
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To prepare the tetrachloro,-@dduct, TDDA9 was reacted witlo-chloranil 30 in toluene at
room temperature. Howeveo-chloranil 30 underwent the Diels-Alder reaction using its
carbonyl oxygens instead of the carbon diene sygsehreme 3.14). A possible explanation is

steric hindrance and the advantage of aromatie#@ydrmed product.

Cl

Cl

Cl

31
Scheme 3.14Diels-Alder reaction of TDDA with o-chloranil 30

In another attempt TDDA was treated with terachlorothiophene diox@#°°52*3in solid
state at 220 °C for 30 min in presence of the eddijcienchetert-butyl catechol, but there
was no evidence for the formation of the requirestipct. The characterization of the formed

product is in progress (scheme 3.15).

ulliii!ﬂ"liii SO

O cl &_Cl
A\

32

???7?

Scheme 3.15Diels-Alder reaction of TDDA with tetrachlorothiophene dioxic&2
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3.8 Conclusion

9,9',97,10,10",10"-Hexadehydrotrianthracene (trénl9) is an interesting building block for
the synthesis of larger tubular aromatic compoueds. pentamer, hexamer, etc.), using the
photochemically induced ring enlargement metathesislitionally the rational synthesis of
(3,3) armchair nanotubes should be possible by dtelkyclization of the trimed9. The
synthesis of trimerl9 based on Diels-Alder reaction of TDDA with antrene 10 was
unsuccessful. In a step by step synthesis the semit21 was preparett’ which is lacking

one benzene ring compared to the trimer itself.

However, the conversion of the semitrini&r to the trimerl9 by reaction with Schlosser's
base was unsuccessful. Formation of dihalo seratrithrough the bromination of the
semitrimer, NBS treatment of treechinodimethane, Diels-Alder reaction of TDDRAwith
1,4-dihalophthalazine25, o-chloranil and with tetrachlorothiophene dioxi@2 was not

successful.

39



ProTocHEMIcAL REACTIONS OF THE TETRAMER

40



ProTocHEMIcAL REACTIONS OF THE TETRAMER

4 Photochemical Reactions of the Tetramer 7

4.1 Synthesis of the Tetramer 7

The photochemically induced metathesis reactiof@DA 9 was extensively investigated.
Photochemical dimerization of TDDA to the tetramer7 was achieved after numerous
variations of the reaction conditiofi8.In most solvents such as toluene or hexane mainly
hydrogen transfer takes place to form bianthrybethracenél0. The metathesis product of
TDDA 9 with the solvent is the main product in the hommgmis solution in benzene. The
tetramer7 has been prepared in 35% vyield by irradiation ®DdDA 9 suspension in benzene
with a 700 W high pressure mercury lamp in a quapgaratus for 46 (scheme 4.1). The
longer irradiation time and the lack of reprodultipiare disadvantages of this method.
Shortly, after the beginning of the irradiationager of product is formed on the quartz
surface which hinders further irradiation of thaa#on mixture. Separation of the unreacted
TDDA 9 is difficult because both tetramérand TDDA9 have low solubility and similar
retention times on HPLC. Therefore, it is highlysiable to drive the reaction to completion.
Under these conditions the reaction conditions extensively investigated. The following

factors can be accounted for the faster completidhe reaction:

1. Good quality of TDDA

2. Concentration of TDDA in benzene
3. Mixing of solution

4. Temperature of the reaction

5. Good design of the apparatus
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For a better mixing of the solution and to desttbog
clusters of tetrame¥ and TDDA9 a cell disruptor (ultra
sound generator) was applied and the temperatutéeof
reaction was held above 60°C (reflux of benzene) by
controlling the water flow. Surprisingly, the react is
completed in 3 hours with a fairly reproducible Iglieof
35% (figure 4.1). Solid phase irradiation of TD@Aunder
inert gas atmosphere did not yield the tetramer

To understand these reasons, the structure of TBDDas
thoroughly examined. In the crystal, the double dsoof
TDDA are oriented in a favourable arrangement f{2+e2]
cycloaddition with parallek planes at a distance of 4.3 A.
The four olefinic carbons and the planes of the double

bonds form an angle of 64° (figure 4.2).

Figure 4.1 Schematic representation of the photo reactdr uwlitasonic probe.
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Figure 4.2 Arrangement of TDDA molecules in the crystal strue!*!

Solid state irradiation failed because the crysta¢s“passivated” with layers of tetraméat
the crystal surface which has a strong UV absampiothe range of the-z* transition of
TDDA 9 (282 nm). In the suspension the reaction proceedempletion because the surface
is always renewed (cell disruptor and refluxing b@hzene facilitates the renewal of the

surface by breaking the crystals or washing offtasuct).

The structure of the tetram@&rhas interesting aspects. Although four anthracgené units
are linked with each other one can call this mdke¢ubular. Because of rigidity and small
distance between peri hydrogen atoms an approxynatan der Waals closed surface is

formed.

Ajami et al.*® obtained single crystals of tetram&from a mixture of carbon disulfide and

acetonitrile. Solvent molecules were included im ttrystals. Six molecules of carbon
disulfide and six molecules of acetonitrile wererfd in the unit cell. There are two arrays of
tetramer molecules in the crystal unit cell, in @htheirC, axes form an angle of 45° and one

benzene ring of the tetrameérs located above the cavity of an adjacent tetrgfiqure 4.3).
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Figure 4.3 Arrangement of tetramer molecules in the cryétal.

The most important aspect is the symmetry of ttrager. TheH-NMR spectrum shows two
signals, the®®C-NMR spectrum shows four signals and the X-rayicstme is in good
agreement wittD,, symmetry, but theoretical calculations at the dgrfsinctional level of
theory B3LYP/6-31G* predict that tetramer h&%y symmetry. TheDy structure is
4.4 kcal/mol lower in energy than tBa, symmetric structure. This seeming contradictiom ca
be resolved if one assumes a fast equilibrium of Da structures, in which thBg;, structure

is the transition state of the conformational iotewersion. Comparison of the matrix
infrared spectrum of the tetramé&rwith theoretically calculated spectra (B3LYP/6-3)1G
proved aD,s minimum structuré® Thus, X-ray and NMR correspond to a time averagad
structure (figure 4.4).
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Figure 4.4 Two hypotheses for the structure of the pico t#taticD., structure and a fast

equilibrium of twoD,q4 Structures.

4.2 Pyrolysis of the Tetramer 7

Deichmannet al.®**® have attempted to synthesize [4,4] armchair ndestibased on the
dehydrocyclization of the tetram®r Semi-empirical (AM1) calculations predicted thescall
elimination of eight hydrogen molecules to be ehdanic by 205.9 kcal/mol, on average of
25.7 kcal/mol for each dehydrocyclization step. ldgar, since there is a stepwise increase in
the strain energy the first step is endothermicobyy 8.5 kcal/mol and the enthalpy of
formation of the most stable isomers of the follogvisteps is predicted to be only 3.2, 3.4,
and 1.4 kcal/mol. After the fourth step yieldindda, symmetric compound the strain energy
increases dramatically to 60.2 kcal/mol. The subsetisteps are endothermic with 48.2, 43.0
and 38.2 kcal mdl

The flash vacuum pyrolysis (FVP) experiments weesfggmed at 800 °C (quartz tube,
20 mm diameter, 30 cm heated length, 15 ml/min Arg®.5 mbar). A large number of
isomers were formed under these conditions, of kvlaiec unsymmetrical compound is the
main product33 (scheme 4.2). Instead of hydrogen elimination dnthe C-C single bonds
neighbouring the quinoid double bonds is brokethanfirst step and a cascade of radicaloid
rearrangements driven by the release of ring skeaids to the a priori unexpected prodd@t

45



ProTocHEMIcAL REACTIONS OF THE TETRAMER

+25.8 kcal/mol per ring closure
800°C | Fve (AM1)
-52 keal/mol

Scheme 4.2Flash vacuum pyrolysis of tetram@&¥®!

In collaboration with Prof. Hans Kuzmany, Viennaiérsity, Austria, the dehydrogenated
tetramer (closed pico tube = CPT) was achié¥edhis was done by placing a mixture of
tetramer7 and carbon nanotubes into a quartz ampoule whashtihen sealed and evacuated
to p< 10"mbar. The ampoule was then heated in a furnaceemperature of T = 550 °C for
1 hour. Under these conditions the tetrameaublimed into the cavity of the nanotubes and
yielded the CPT. From the theoretical predictiond Raman spectra, the formation of CPT is
suggested (scheme 4.3).

2-10°% mbar
R —
550°C

Scheme 4.3Successful dehydrogenation of tetramer
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4.3 Solid State Irradiation of the Tetramer 7

Solid tetramer was irradiated with a 700 W high sptge mercury lamp. However, no
addition product was observed. The low reactivityetramer7 compared to the TDDA is
due to the arrangement of molecules in the crgstatture, in which adjacent molecules form
an angle with respect to each other. This arrangensenot suitable for the dimerization
reaction in the solid phase or in suspension shaterder to achieve the photodimerization of
the tetramer7 the adjacent molecules should be parallel to edhbbr (figure 4.5). Many
attempts were done to crystallize the tetrafhén various solvents, but none of them was

successful.

4
Figure 4.5 Arrangement of tetramer molecules requwed fankn;yddltlon.

Finally the use of a laser as the energy sourcthéodimerization reaction of the tetranten

the solid state was considered. Matrix-assisteer ldesorption/ionization mass spectrometers
(MALDI-MS) use a nitrogen laser source with 337 wavelength, which is the easiest way
to investigate the behaviour of the tetranfeunder laser irradiation. In the MALDI-MS
instrument the angle of the laser beam with resjgettie sample surface can be tuned by 30°
and 75° and the beam is focused with either a singla multi element optical system and
passed through a window into the mass spectromeéhter.position of the laser focus with
respect to the sample surface can be changed Hinghihe optical axis of the sample

beneath a fixed axi¥’

A saturated solution of tetramé&rin dichloromethane was used to generate a thighr laf
tetramer7 on the surface of a MALDI plate. The plate wasdies into a Bruker FlexIIl
MALDI-TOF MS instrument to determine the best condtion of the intensity of the laser
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beam in each shot as well as to vary the numbshats and the position of laser focus during
shooting. Indeed, the mass peak of the octamer detected in the MALDI-MS if the
intensity of the laser beam is 20-30% and if on¢htee shots per run were applied (figure
3.6). The detected isotope distribution is in veyyod agreement with the theoretical
distribution (figure 3.7).
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Figure 3.6 MALDI-TOF mass spectra of tetram& 20-30% laser and one to three shots
applied.

Figure 3.7: Isotopic pattern of the octamié&t.
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4.4 Heating of the Tetramer 7

As discussed above, octamer formation was obsenvethe MALDI spectrometer. To

specifically observe the thermal conversion of teamer7 to the octamer in a mass

spectrometer, high concentration EI-MS spectra wecerded. At high temperatures indeed
the octamer was observed in small amounts. To fberoctamer in a larger scale a sample of
the tetramef7 was evacuated in quartz ampoules and flame seBfedquartz ampoule was

exposed directly to 550 °C and 700 °C for 30 michealhe sample was extracted with
carbon disulfide and dichloromethane solvents, rhast of the content of the ampoule is
black lustrous powder which is insoluble in anysalt. The extract contains only anthracene
10. The analysis of the black lustrous powder by Mfectroscopy failed because the
compounds were not volatile. NMR spectroscopy thileecause compounds have an
extremely low solubility in common organic solvenf&ansmission electron microscopy
(TEM) or scanning electron microscopy (SEM) of gveducts probably could provide useful

structural information.

4.5 Conclusion

The photochemical reaction of the tetranfewas investigated in suspension and in solid
state. The anticipated product of this reactiothes octamer wittD,s Symmetry, which is a
very important intermediate for the rational sysikeof carbon nanotubes. According to
calculations the dehydrocylization is exothermid amould form a short piece of an [8,8]
armchair nanotube. Sonification and refluxing @& golvent improved the tetramer synthesis,
but further reaction to hexamer and octamer coatde achieved.

Preliminary experiments with a nitrogen laser asaargy source in the MALDI-TOF MS
instrument were positive. Attempts to overcome mexdd problems are in progress.
Alternatively, the octamer can also be formed Iseiting the tetramer into commercially

available nanotubes (probably by sublimation ordaypillary methods) and followed by

heating. Attempts in this direction are in progress
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5 Mo6bius Aromatic Compounds

5.1 Introduction

The topological shape which is nowadays known asMibbius strip or Mdbius band was
originally described independently by the Germarthmaticians August Ferdinand Mobius
and Johann Benedict Listing in 1858. It only coméadne side and one boundary component.

To create a model, a paper strip is twisted by 1I8&fore joining the ends together (see
figure 5.1). The Mobius strip has developed adiféts own independent of mathematics, in
the realms of magic, science, engineering, liteeatmusic, film, art, and elsewhere. There
have been technical applications, e.g. giant Mobitps have been used as durable conveyor
belts as the entire surface area of the belt petsame amount of wear, and as continuous-
loop recording tapes (to double the playing timE)bius strips are common in the
manufacture of fabric computer printer and typesvriibbons, as they allow the ribbon to be
twice as wide as the print head whilst using balti-adges evenly. In Physics and electrical
engineering, Mobius strips are utilized as indud#ss resistor, superconductors with high

transition temperature, as knot molecules, moleangines etc.

Figure 5.1: Building a Mébius solid with 180° twisting and fang two ends of the band,

Escher artistic picture of a Mobius band with dfits.
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5.2 M0obius Band of NbSeCrystals

S. Tandeet al. were successful to synthesize Mdbius structunegs rand figures of eight by
crystals of NbSg™® The mechanism of ring formation by the ribbon-shiapbSe crystals
depends on their being bent by the surface terdfidhe viscous selenium droplet on which
they have grown. The ribbon grows along the equatahe droplet to minimize bending
energy, finally meeting its own tail to form a pesfly seamless ring. Apparently, Mobius
crystals are produced when twisting is accompabyedending or when the selenium droplet
Is rotating. Such Mobius crystals are about 50 ommters are in diameter and less than 1

micrometer in width (figure 5.2).

Figure 5.2: SEM image of NbSecrystal topologya- Ring structuré-Maobius stripc-Figure
of eight strip®
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5.3 Non Conjugated Molecular Mobius Strips

In 1982, Walbat al. synthesized the first band-type Mobius moledtifé. They started with

a rope-ladder type molecule with ethylene rungstammdpolyether ropes. Under high dilution
conditions, three different bands are formed: andgr 37 and two 35, 36 enantiomeric
Mobius strips (figure 5.3). Cutting down the middiean untwisted belt gives two separate
rings. The same operation performed on a Mdbiugl lgaves one large ring with four half
twists. Walbeet al. used the ozonolysis reaction to cut the rungs@if imolecular ladder and
confirmed the above paper strip experiment on tledecular level. The Mobius ladder

yielded a hexaketone with double ring s&8xfigure 5.4).

H‘U‘j( O 0O 8] Y O a O X‘ﬂ 8] OTs
HO o o0 0 5 o 0 0 o oT:
L/G (5

34/@;,;@ dilution
)
g P [
OTs .
C  om

PN l

Figure 5.3: The cyclization of a rope ladder type precursetds an untwisted4) and two

enantiomeric Mobius-twisted bang.
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Figure 5.4: Breaking the rungs (ozonolysis) of the Mobius kdgives one large ring

(hexaketone).

5.4 Design and Synthesis of the First Mobius Annute

Numerous attempts notwithstanding, since Heilbrosntheoretical prediction in 1964, it
took almost 40 years to synthesize the first stabibius twisted systed®®® The main
problem in preparing a Mébius annulene is the fiaat all parent annulenes with a ring size
of 4-20 (and most probably also the larger ones) areeratable in a non-twisted topology.
The stabilization of the-system in [4]annulenes by Mdbius aromaticity cannot overcome
the strain induced by the 18fist. There are Mdobius isomers among the [8]-]{16]-
and [20]annulenes; however, they are higher inggnand kinetically unstable.

To obtain a stable Mébius annulene, the twist loaet stabilized by proper substitution or
incorporation into a rigid molecular framework. Tevelop a strategy, it is instructive to
examine ther system of MdObius annulenes in more detail. Theeetap types of cyclicr
conjugation: (a) the “normal” (anti) aromatics witfie p orbitals perpendicular to the ring
plane and (b) “in-plane” (belt-like) conjugated t®ms in which the inner lobes of the p
orbitals all point toward the axis of the belt abé (figure 5.5). In “normal” aromatics, the
sp-hybridized ring atoms retain their preferred trigb planar configuration, whereas “in-
plane” conjugated systems exhibit pyramidalizeti smters (with partial Spcharacter). In

smaller rings , pyramidalization causes a conshlderamount of strain. Therefore, these
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compounds are much less common than “normal” aremand usually have a large diameter
(e.g, carbon nanotubes). Mobius annulenes exhdih bypes of aromaticity “normal” and
“in-plane” (figure 5.5).

“normal”

“normal” in plane or belt-like Mobius “
aromatic aromatic in plane

trigonal planar pyramidalized

Figure 5.5: Strategy to synthesize Mdbius aromatic compounds.
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9 ladderane 1,3- cyclohexzadienes [16]anmlenes
twro isomers five 1zomers

Scheme 5.1Metathesis reaction between TDO/andsyn-tricyclooctadienet0.>

However, all attempts to react cyclooctatetraer@ngal aromatic) with TDDA? (in-plane
aromatic) upon heating, catalysis (Grubbs' cats)ystnd irradiation failed to give addition
products. The main product isolated was bianttiytther investigations revealed that, upon
irradiation, cyclooctatetraene transfers tripleergy to the very low lying triplet state of
TDDA 7, which in turn undergoes electrocyclic ring openinto the 9,10-
didehydrodianthracene diradical. To avoid theseblgras, we usedyn-tricyclooctadiene
(TCOD) 40 as a masked cyclooctatetraene, which does nottahé light above 250 nm
(scheme 5.1). Upon irradiation of TDDAwith TCOD 40 in benzene solution with a low-
pressure mercury lamp, a ladderatie two 1,3-cyclohexadiene$2, and five ring-opened
[16]annulene structure$3 (four Mobius and one Huickel) were isolated. A Mébisomer is

not stable at room temperature but undergoes a syiyrallowed electrocyclic ring closure
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to form theCssymmetric 1,3 cyclohexadiene structure. The strectd two Mdbius isomers
and one Huckel isomer were assigned by X-ray amsaly§xperimental values are in good

agreement with the computed values.

5.5 Mo6bius Aromaticity in Expanded Porphyrins

5.5.1 A Hiickel-M6bius Aromaticity Switch

Latos-Graynski and colleague$*®* have synthesized a new kind of ring compound that
exhibits Huckel or M6bius behaviour depending oa golarity of the surrounding solvent.
Their molecule incorporates a ‘porphyrin’ structufdey have inserted two benzene rings
into the porphyrin core, thus increasing the numiiemobile electrons from 18 (an#42
system) to 28 (amlsystem). Their nuclear magnetic resonance (NMRgexEnts show that
the compound is antiaromatic in nonpolar solveits, expected from the Huckel rule.
However, in polar solvents, the antiaromaticityiast. This change in electronic behaviour
can be attributed to a molecular conformation clkaridpe difference in conformation seen in
polar and non-polar solvents is brought about bymall twist of one of the molecule’s
benzene rings, which acts as a topology switchul@g5.7). If this benzene ring is
perpendicular to the one on the opposite side efpbrphyrin 44b, the molecule adopts a
twisted, one-sided Md6bius topology. However, if thenzene rings are parallel to each other
44a, the structure is untwisted and two-sided. dinkors did not observe aromaticity when
the molecule was in the MdObius conformation, howepeobably because the large amount
of twist prevents efficient overlap of the orbitaldis is the first example of a molecule with
reversible topology that switches from an antiarberta a non-aromatic (or weakly aromatic)

State.
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Figure 5.7: A molecular topological switcK

5.5.2 Md6bius Aromaticity by Metallation

Osukaet al.**%% reacted the different expanded porphyrins wittugr@0 metals to form the
metal complexes which are Mobius aromatic. Theyveaed [36]Octa-, [32]Hepta-and
[26]Hexaphyrines (systems with 4nelectrons) with palladium acetate and received iN&b

aromatic complexes which are characterized by Xerggtallography (figure 5.8).

45h

Figure 5.8: The metallation of [36]Octaphyrin yields one Hiuiclantiaromatic metallo
porphyrin @5a)and one Mdbius aromatic metallo porphydb|f).
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5.6 Diels-Alder Reaction of (CH)-Adduct 17 with Pyridazine 46

The synthesis of [16]annulene Mobius sys#fcan be achieved by Diels-Alder reaction of
the (CH)-adductl7 with pyridazine46 (scheme 5.2).

17 46 47

Scheme 5.2Possible synthetic route to make [16]annulene.

Kammermeieret al.® reacted the (CHjadductl7 with pyridazine46 in the solvent xylene
under reflux conditions, but no addition producsvadserved.

In one more attempt a mixture of (CHYdduct17 and pyridaziné6 in toluene were exposed
to 12 Kbar pressure and 80 °C temperature for Zghin, no addition product was observed
(scheme 5.3).

Xylene 180T
//
4

(or)
12Kbar,80C,24h

)
N

Scheme 5.3Attempted Diels-Alder reaction of (CHxdductl7 with pyridazine46.

Diels-Alder reactions can proceed under photochalnecienditions as well as thermally
(scheme 5.45*
@] \ @]

- O
NT|/ N“{

fe) @]

Scheme 5.4An example of a Diels-Alder reaction under photaoical conditiong?!
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(CH), adductl7 was mixed with pyridazind6 in the solvent benzene and irradiated with 700
and 150 watts high pressure mercury lamps for 2D1@hhours, respectively. Unfortunately

no addition product was observed.

5.7 Irradiation of the Semitrimer 21

The Hiuckelsyn semitrimer21 hasCs symmetry, whereas the Mdbiasti semitrimer48 has
C. symmetry. Calculations were performed on B3LYP/&31level of theory and it was
found that the energy difference betwessn and anti semitrimer is 6 kcal/mol. Since the
iodine can act asis-trans catalyst®’” the irradiation of semitrime21 was done in presence
of iodine. The resulting products were separateth vaversed phase HPLC. Only oxidized
forms of semitrime21%! and unreacted semitrim@d, but no new products were observed
(scheme 5.5).

Scheme 5.5irradiation of semitrimeR1 in presence of iodine.

As the geometry of semitrimer is very rigid, thenf@tion of anti semitrimer48 is very
difficult to achieve. The introduction of doublerus into semitrime1 between the bridged
carbons and the benzene ring makes it more flesibtereduces the activation energy for the

formation ofanti derivative (figure 5.9).
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21
Figure 5.9: Introduction of double bonds between the bridgadbans and benzene of

semitrimer21

A possible synthetic route to compouf@iproceeds via a Diels-Alder reaction of phthalazine
50 with (CH)-adductl7 (scheme 5.6).

NN

—~N

X =H,Cl

50
Scheme 5.6Proposed synthesis of compouttil

The reaction of (CH)adductl7 with phthalaziné0 was carried out in toluene both at room
temperature and under reflux conditions. Howeveraddition product was observed. Since
dichlorophthalazine is more reactive than phtha&0, the reaction was also performed
under similar conditions, but again no additionduct could be detected. Solid state reaction

in presence dfert-butyl catechol as a radical quencher was alsdwada

Under these conditions the reactivity of (GHdductl7 was carefully investigated. The
(CH)s;-adduct 17 only reacts with the highly reactive TDDA and tetrachlorothiophene
dioxidd*® but shows no reaction with the comparatively lesstive pyridazine. Compared to
phthalazine and 1,4-dichlorophthalazine, dibrooagdinodimethane51 is more reactive

(figure 5.10).
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Figure 5.10: The reactivity order of the phthalazines and ditwerguinodimethane.

(CH),~adductl7 was reacted with tetrabronmxylene52 in the presence of sodium iodide in
dimethyl formamide for 15-20h. As expected, altloé (CH)-adductl7 has vanished during
the reaction. The resulting products were separatéd reversed phase HPLC using

acetonitrile and water (85:15) as a mobile phaskefme 5.7). The HPLC chromatogram is
represented in Figure 5.11.
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Figure 5.11: The HPLC chromatogram of the reaction of (Gedductl7 with tetrabromo-

0-xylene52. The peaks with retention times below seven mincéesbe characterized as

oxidized forms of (CH)adduct1 7*®! and excess tetrabronmexylene52.
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The substance with a retention time of 14 minutdsbits a MS peak which is two units less
than the required mass for product . UV and NMRcspédata indicate a fully conjugated
tubular aromatic compound witBs symmetry. Even though the solubility of the compais

low, crystals were grown by dichloromethane an@ettiffusion method. The X-ray structure

Is in agreement with the structure assigned om#ses of spectroscopic data (figure 5.12).

Figure 5.12: X-ray structure of the naphthalene syst3n

Is the naphthalene syste®B3 aromatic? The naphthalene syst&s8 consists of four
conjugated benzene rings and one naphthalene mgected by three double bonds
including 40x electrons. Thea perimeter is a [12]annulene with &Zlectrons. According to
the (4n+2)r Huckel rule it is antiaromatic. Due to the pyraaiigation of the olefinic carbon
atoms in the naphthalene syst&8) the olefinic protons are shifted upfield in conipan to

the corresponding protons in triphenylethylene4é/4. 6.96 ppm, 500 Mhz, CD{|
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Br Br
Br 70°C N
— +
Br Nal /DMF
Br Br

52 51 l 17

yield = 40 %

Scheme 5.7Mechanism for the formation of the naphthaleneesy&3.

The aim of this reaction is the synthesis of ayfalbnjugated tubular and especially Mdbius
aromatic compound, but from the mechanism and Isecafl the stability of the aromatic
system, the HBr elimination leading to the napthaleystem 53 is preferred over the ring

opening. (scheme 5.7).

According to El and MALDI MS, the substance witledention time of 27 minutes is 1 unit
lighter than the required mass and has the follg@thNMR spectrum (figure 5.13).
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PpIn

Figure 5.13:'H-NMR of the compound with a retention time of 2ihates.

Based on the NMR spectrum, five benzene rings cbalddentified. The reduced mass by
1 unit indicates the presence of an allene bonthénstructure. However, the IR spectrum
gave no evidence for an allene system. To undetstenstructure, crystals were grown from
a mixture of dichloromethane and heptane. The obdestructure is completely different
from the expected one. An iodide ion has attaclkethgme 5.8) the sterically hindered
strained double bond of the naphthalene systemnigdd an unsymmetrical compourad

(figure 5.14). Probably, the carbon-iodine bontbs weak for the molecule ion peak to be

observed in the mass spectra (El, MALDI).

Figure 5.14: X-ray structure of the compound with a retentiomet of 27 minutes.
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Nal-DMF

53 54

Scheme 5.8Mechanism for the formation &&.

5.8 Reaction of TDDA 7 with 2,3-Bis (dibromomethylNaphthalene 55

Alternatively, the naphthalene syst&3can also be prepared directly from TDDANnd 2,3—
bis(diboromomethyl) naphthalers in the presence of sodium iodide in the solventFDM

(scheme 5.9).

N - Qg
e e B
/SN vy Iy

53
Scheme 5.9Retrosynthetic route to synthesize the naphthadgstem from TDDAY.
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However, because of steric hindrance between tbdeobggns of TDDA7 and the hydrogens
of 2,3-bis(dibromomethyl) naphthalene, the reacti@s a failure (figure 5.15).

Bri |' H
X
A
Br H H

Figure 5.15: Steric hindrance between the hydrogens of TDDA &8ebis(dibromomethyl)-

naphthalene.

5.9 Reaction of the (CH) Adduct 17 with Tetrachlorothiopene Dioxide 32

Tetrachlorothiophene 1,1-dioxide (TTB2 is a reactive electron-poor diene widely used as a
Diels-Alder reagent® The cycloaddition is frequently followed by theealage of sulphur
dioxide, resulting in the formation of 1,2,3,4-tathloro-1,3-cyclohexadiene derivatives. TTD
32 has been prepared by the oxidation of the thiophemng peroxy trifluoro acetic acid as a
powerful oxidizing agert? The purification of TTD32 was achieved by sublimation
(scheme 5.10).
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Cl > Cl 1.CF,CO4H Cl O\\S//O Cl
\ / 2.sub|imation> \ /

Cl Cl cl ) cl
Yield=75%

Scheme 5.10Synthesis of tetrachlorothiopene dioxRi2

TTD 32 was reacted with (CHadductl7 in dry toluene under nitrogen at 90 °C. Under ¢hes
conditions the reaction yielded three compoundso Tampounds were ring closed isomers
57, 58while the third one is a ring opened isordér(scheme 5.11). These compounds were

separated by combination of both reversed and dgrhase HPLC.

yield = 35 %, X-ray yield = 3-4 % yield = 3-4 %, X-ray

Scheme 5.11Diels-Alder reaction of TTE32 with (CH)-adductl7
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Figure 5.16: Reverse phase HPLC chromatogram of the reactiaiCHf, adduct17 with
TTD 32
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Figure 5.17:Normal phase HPLC chromatogram separabi®&gnd59.
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The peak with a retention time of 68.973 minutggesents the ring closed ison&&t which

is formed as the main product (yield=35%). The peik a retention time of 61.133 minutes
contains a mixture of ring opené&® and ring closed isomés8. The peak with a retention
time of 5.392 minutes could be identified as exCEEB 32. The mixture o058 and59 was
separated using normal phase HPLC (figure 5.17uriderstand the structure 57, crystals
were grown by slow evaporation of its benzene gmiut

Figure 5.18: X-ray structure ob7.

The X-ray structure analysis of 57 confirms thepmsed structure with &Symmetry. The
molecule contains a tetrachloro 1,3-cyclohexadigame fused with a bianthraquinodimethane
unit (figure 5.18). The hydrogen atoms of both g@idn CH groups in the
bianthraguinodimethane part hasym configuration with respect to each other and teyin

atrans relationship with their neighbouring aliphatic Ingdens.

The aim of this reaction was to produce a fully jugated tubular, especially Mdbius
aromatic compound. The electrocyclic ring openieading to isomeb9 can proceed either
on a conrotatory or disrotatory stereochemical wath In the disrotatory pathway there is a
clockwise and anticlockwise rotation of the substitts as the sigma bond breaks. In the
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conrotatory process the breaking of a sigma bondbliswed by rotation in the same
direction. According to the concept of aromatingision states in pericyclic reactions, the
thermal conrotatory electrocyclic ring opening wi#im+2)z electrons proceeds via a Mobius
aromatic transition state, as there always is ahmuanber of sign inversions involved. On the
other hand, thermal conrotatory electrocyclic rimgening and ring closing reactions for
systems involving 4m electrons involve a Huckel aromatic transitiontestalhis rule is
reversed for the corresponding photochemical reasti as they proceed via the first
electronically excited stat€! For example, according to the Woodward—Hoffmarlas;uthe
thermal interconversion of 1,3-cyclohexadiene hexatriene proceeds via a disrotatory
mechanism whereas the corresponding photochemézadtion occurs via a conrotatory
mechanism (figure 5.19). The ring opening is mudnarefficient than the ring closure due to
the flexibility of the resulting hexatriene and goeinance of altrans-hexatriene in the

conformational equilibrium.

R R

— R —
- CE -
R  Conrotatory r Disrotatory |
R

Figure 5.19:Mechanism of the ring opening and ring closure,8fdyclohexadiene and
hexatriene based on the Woodward-Hoffmann rules.

The conrotatory opening of a cyclohexadiene ring ibicyclic system proceeds efficiently,
especially if the resulting ring is sufficientlyrége to provide stability for the E double bonds
in the product. Since the triene generally hasghdr absorption coefficient and broader
absorption bands, longer wavelength irradiatiomeiguired for the reverse reaction (figure
5.20).

254 nm =

300 nm

Figure 5.20: The equilibrium of the electro cyclic ring openiagd ring closure of a bridged
system depends on the wavelength of irradiation.

Since high pressure mercury lamps emit both UV asible light, they promote both ring

closure and ring opening reactions. For the ringnopy of57 a low pressure mercury lamp
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was used. Low pressure mercury lamps are minidtdshape or straight tube fluorescent
lamps. A discharge of mercury vapour Himospheres) converts electrical energy in to UV
radiative energy with an efficiency of about 60%which 95% of this energy is emitted at

253.7 nm. The remaining energy is converted instble radiation and heat. The arc length of

the lamp is a function of the power rating. A tygitow pressure lamp has about 35cm arc
length with a power consumption of 15 Watt.

5.9.1 Photochemical Irradiation of the Closed Isoneb7

The syn isomer57 was irradiated with a 15 Watt low pressure merdargp in benzene in

order to open the cyclohexadiene part of the closed Since the 15 Watt lamp delivers high
energy to the compound, it lead to decompositiomost of the compound because of the
formation of chlorine radicals. Along with the degoosed product the reaction also yielded

58, 59 and unreacte®7 (scheme 5.12). All these compounds were separatied mormal
phase HPLC with heptane as the mobile phase (fig2%F).
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Figure 5.21:Normal phase HPLC chromatogram of photochemicatliation of57.

Thus, photochemical irradiation to form ring-opemg@mers from the closed isont&f was
unsuccessful because of the formation of chlordukcals.
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15W

Benzene

+ decomposed product + ?

58

Scheme 5.12Photochemical ring opening of closed isornér

5.9.2 Thermally Induced Ring Opening

The ring closed isomés7 was heated for 30 min at 170 °C in 1,2-dichlorassr® in order to
thermally open the ring of the cyclohexadiene pHne thermal ring opening was successful.
According to the NMR spectra, the ring opened cammoldb9 was in equilibrium with the
ring closed compoun@87 (figure 5.22). The open isomB® was successfully separated from

the closed on&7 with reversed phase HPLC.

57 59

Figure 5.22: Thermal equilibrium of the ring closed isontetwith opened on&9.

According to the NMR spectra, both the thermal phdtochemical ring opening yielded the
same compound9. In order to understand the structure 58 crystals were grown by

dissolving the compound in chloroform and diffuspentane into the solution.
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The crystal structure is shown in Fig. 5.23:

Figure 5.23: Crystal structure 069

Compounds9 crystallizes inCs symmetry and Hickel topology (figure 5.23). Botlkethods

of ring opening (photochemical and thermalb@fare leading to the same compoltd As
the HuckelCsproduct59 can be formed frons7 via a disrotatory mechanism, the results for
the thermal ring opening are in agreement with Weodward-Hoffmann rules for 4n+2
systems. The photochemical way, however, shouldga via a conrotatory mechanism and
lead to a compound wit, symmetry and Mébius topology, which could not beeslied. In
this case probably the reaction is proceeding sgpvwa possible mechanism is shown in
Scheme 5.13.

Scheme 5.13A possible stepwise mechanism for the photochdmiwg opening 067
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5.10 Conclusion

In 1964, Heilbronner propounded his theory aboutbiM$ aromatic [4n]annulenes. He
suggested that large cyclic [4n]Jannulenes mighstabilized if ther orbitals were twisted

gradually around a Mdbius strip. Numerous attenmaige been done in order to synthesize
Mobius aromatic compounds, especially Mobius [4njdenes, but all of them have failed.
Twisted small annulenes are unstable because ofitjfe strain in the molecules and
increasing the ring size causes an exponentialtyeasing number of isomers, whose
separation is almost impossible. The combinationireplane aromaticity and normal

aromaticity was considered to stabilize the Mélsimactures and to facilitate their synthesis.

Diels-Alder reaction of (CH)adduct17 with tetrachlorothiopene dioxid82 formed two
closed ring compound€§, C;) and one open ring compounds). TheCsclosed rings7 and
Cs open ring59 (both Hickel) compounds could be characterizec{gy crystal analysis.
The photochemical irradiation of tli&-closed isomeb7 to form open isomers was a failure
because of the formation of chlorine radicals. Termal ring opening of th€sisomer57
successfully yielded th€s open isomeb9. Attempts to form theC, open isomer (Mdbius)

from theC,closed isomeb7 by thermallly induced ring opening are under pesgr
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6 Metal Complexations
6.1 Introduction

Cyclophanes are an important class of synthetieptecs, which can complex with various
types of substrates varying from organic and ineigacations and anions to neutral
molecules. However the complexation with metal @nts of utmost importance due to the
significant alternation of physical and chemicabgerties of both the cyclophane and metal

centrel’”

In principle four different types of structurallyaned metallocyclophanes are possible (A-D).
In the cases A and B either one or bethystems act as ligands. In case B the formation of
multidecker systems is also possible as indicate@.iln type D the metal atom is situated

inside the cage built up by the cyclophane (figiig ["®

ML ML 7w N

n n
X
ML, ML,
A B C
D

Figure 6.1: Four possible general metallocyclophane structures.

Bonding in theser complexes is due to electron transfer betweeratbhenatic moiety and
positively charged metal catiof8. Taylor et al.®® have studied the mechanism of the
bonding between the aromatic ring and the silver ilo the case of bistxylene) Ag

perchlorate. The conclusion was that in the casdeaftron donation from the aromatic to the
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metal acceptor orbitals the ideal position for thetal ion would be at the point of highest
electron density, above one of the carbon atonteefiromatic ring. On the other hand, the
best overlap between the filled metal d orbitald #re antibondingt MOs of the aromatic
moiety for electron back donation from the metathi® aromatic moiety is achieved when the

metal ion is located equidistant between two cadtoms’2

lyodaet al.®! synthesized the silver(l) and copper(l) complexdeall-Z-tribenzo[12]annulene
which can be viewed as a simple model of the sanetr21 (figure 6.2). In these complexes

metal cations are complexed by three olefinic deudands.

Figure 6.2: Structure of copper (I) and silver (1) complexésid-Z-tribenzo[12]annulene.

The three quinoid double bonds of the semitridgrshould provide a planarz6electron
ligand field similar toall-Z-tribenzo[12]annulene (figure 6.3). In the followirsections the

copper and silver complexations of semitrimer wiseussed.

Figure 6.3: View of semitrimer21 as a simple model of tte#l-Z-tribenzo[12]annulene.
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6.2 Copper Complexation of the Semitrimer 21

The semitrime21 was treated with copper(l) trifluoromethane sudftensalt in benzene and
THF. Copper(l) trifluoromethane sulfonate is spglynsoluble in benzene, however it was
observed that upon addition of the semitrirBérthe solution becomes clear. This indicates
the formation of metal complexes with the semitrir@dd. The complexation was further

studied by spectroscopy.

Some new peaks appeared and some existing peaksbnr@adened in the proton NMR
spectra upon treatment of the semitrimer with cogfigure 6.5) compared to the NMR

spectra of the pure semitrim2t (figure 6.4), supporting the formation of the nheamplex.

.

| T T T T | T T T T |
vy 7.50 7.00 6.50

Figure 6.4: NMR spectrum of semitrimer in benzene-D

| T T T | T T
.00 .50 .00 6,50

Figure 6.5: NMR spectrum of semitrimer-copper complex in bereze;.
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Although the copper complex was stable at room &¥atpre for 3-4 days decomposition
occurs in the presence of light and air. From ladise observations the possible structure of

the metal ion and semitrimer can be designatedlsvs (figure 6.7).

oTf"

Figure 6.7: Possible copper complex of the semitrirB&r

6.3 Silver Complex of the Semitrimer 21

6.3.1 Reaction with Silver Hexafluorophosphate

Similarly, semitrimer was also reacted with silhexafluorophosphate. The reaction worked
effectively in the various solvents such as THF|oaform and dichloromethane. In
chloroform the silver salt is sparingly soluble lag soon as the semitrimer is added the
solution becomes clear, indicating the formatiommadtal complex. NMR, MALDI and ESI

mass spectra supported the formation of metal cexnpl

{
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’ |
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Figure 6.8: NMR spectrum of the pure semitrimer (left) and demier silver complex (right)
in CDCl;
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Some new peaks were observed in the NMR spectrtheofsemitrimer-silver complex
compared to the NMR spectra of the pure semitriziesupporting the formation of a metal
complex (figure 6.8). The MALDI and ESI mass spadare shown in figures 6.9 and 6.10.
Unfortunately, all attempts to get crystals suiealolr X-ray analysis failed.

56224

900,23

687

“ H l 612
VTR W N

500 600 700

Figure 6.9: MALDI mass spectrum of semitrimer silver complex.
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Figure 6.10: Observed (left) and theoretical (right) ESI spactrof the semitrimer silver

complex
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6.3.2 Reaction with silver hexafluoroantimonate

The semitrimer21 reacted with silver hexafluoroantimonate in THFgige the semitrimer
silver complex. Single crystals suitable for cryss&ructure analysis were grown from
dichloromethane /ether by diffusion method. TiENMR analysis of the crystal shows
considerable shifts in the signals, indicating fittvenation of a complex. The crystal structure
is determined by X-ray analysis (figure 6.11, 6.183 anticipated, the silver atom is not
coordinated to olefinic bonds (olefinic complex)thbis coordinated to benzene rings
(benzenoid complex).

Figure 6.11: Crystal structure of the semitrimer-silver comp{erly one complex displayed

for clarity, the included molecule of diethyl ethedeft out as well).

In the crystal structure, there are two crystabgdpically independent complexes in the
asymmetric unit. Each of the two silver atoms sodiered over two positions and some of
the fluorine atoms of both hexafluoroantimonateoasi exhibit unusually high anisotropic

displacement parameters indicating the disordethodigh the crystals were unstable in the
presence of air and light, they were stable for weeks at -20°C in dark and under argon

atmosphere.
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Figure 6.12: Another view of the semitrimer silver complex.

To confirm the presence of the silver-semitrimemptex in solution, a chemical test was
performed: when KCN was added to the silver comp@ximmediate precipitation of AQCN
was observed and the compound reverted back &ethédrimer21.

6.4 Silver Complexation of the Naphthalene Systen85

Structurally similar to the semitrim@d, the naphthalene systés3 was accidentally (scheme
5.7) synthesized and contains one extra benzegecampared to the semitrim@d. (figure

6.13). It could be anticipated that the macrocy3eas providing similar structural motif, thus
enabling the formation of a silver complex. Simitarthe semitrime21, the naphthalene
system53 was treated with silver hexafluoroantimonate inFTKCrystals were grown from

dichloromethane/ether by diffusion method.
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Figure 6.13: Comparing the structures of the semitrirBéand the naphthalene systém

The'H-NMR spectrum of the crystals of the naphthaleystesn silver complex (figure 6.15)
shows shifts in the peaks compared to the purethajgme system (figure 6.14) indicating the

formation of a metal complex.

Figure 6.14:'H-NMR of naphthalene system

8.00 7.50 7.00 6.50

Figure 6.15:'H-NMR of silver complex of naphthalene system.
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To confirm the presence of the silver naphthaleiséesn complex in solution, a chemical test
was performed: When KCN was added to the silverpgiery an immediate precipitation of
AgCN was observed and the compound reverted baitletoaphthalene systess.

6.5 Conclusion

The copper and silver complexes of the semitri@iewere investigated by NMR and mass
spectrometry methods. Moreover, in one case theehgitrimer complex was proved by X-
ray crystal structure analysis. According to thgstal structure it was observed that silver is
coordinated to benzene rings (benzenoid complegjead of olefinic bonds (olefinic
complex). Similarly the silver complex of the ndpdiene systerb3 was also detected in the
proton NMR spectrum.
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7. Optimization of Mass Spectrometry

7.1 Electrospray lonization

Electrospray ionization mass spectrometry (ESI-M&¥ established itself as a versatile
means for generating intact, gas-phase moleculpasendomolecular ions (e.g, (MnH) ™)
from non-volatile analyte species with little or fragmentation. Further benefits of ESI-MS
include the ability to multiply charge macromolezsilat relatively low mass-to-charge ratios
(generally mz < 2000) to obtain direct mass information on spegreesent, minimal
consumption of solvent and other consumables, aidibnization efficiency’® Analytes are
typically detectable by ESI-MS only if they are iomn solution. Neutral, nonpolar analytes

are not amenable to this technide.

In order to achieve the ESI-MS of non-polar, ndwralytes (in our case polycyclic aromatic
hydrocarbons) we employed silver salts as a poktnuo reagent. Silver interacts with
aromatic hydrocarbons to formcomplexes. These complexes are charged and hbage t

can be detected.

A silver salt (AgPk) was mixed with TDDA9, tetramer7 and semitrimer21 in various
solvents with different stoichiometries. There rsiadication that complexes were formed.
For semitrimer21 once ESI-MS showed a positive response (figur@. Hbwever, these
results could not easily be reproduced. For TD®AnNd tetrameir ESI-MS never showed
any positive response. The lack of response amddapibility can be attributed to technical

problems.
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Figure 7.1: Observed (left) and theoretical (right) ESI spattrof the semitrimeR1 silver

complex

7.2 Matrix-Assisted Laser Desorption/lonization (MALDI)

For MALDI, the analyte is embedded into a secondenm, the matrix, which is often
present in excess and plays an essential pareiovhrall process of transforming the solid
analyte into a gaseous ion. Upon laser irradiati@nlight absorbing matrix evaporates into
the gas phase, assisting the desorption of the/tandatrix ions are formed in a primary
ionization step as the result of direct laser attbn. The ion formation of the analyte then
takes place in a secondary ionization step, whetiebymatrix-derived ions interact with the
analyte. Depending on the nature of both thesdaets; different types of analyte ions can be
formed, predominantly including protonated, depnated, metal cationized analytes and/or

true molecular iong®

Tetramer7 promotes cycloaddition reaction yielding the oatarwhen irradiated with the
MALDI laser (figure 7.2). Various matrices were @stigated for their ability to avoid this
reaction or to allow the characterization of octanhost of the matrices were promoting the
reaction. The matrix DCTB tr@ans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]-
malono nitrile) was able to largely oppress thectiea and produced more pronounced
analyte ions when mixed with tetramer in dichlordma@e in 10:1 ratio (figure 7.2). Thus,

DCTB is a suitable matrix for measuring MALDI masgsectra of our substrates.
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Figure 7.2: MALDI TOF MS spectrum for the tetramer with matiCTB

3o

7.3 Conclusion

The mass spectra of polycyclic aromatic hydrocasbeere investigated. In the case of ESI
spectra with silver as a post column reagent, theran indication that complexes were
formed but due to technical problems these residtdd not be finally confirmed. In the
MALDI spectra with DCTB as a matrix, the reactiagonrh tetramer7 to octamer is reduced,

thus enabling the characterization of reaction potsl
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8 Summary

Nanotubes are produced by vaporization of grapmid chemical vapour deposition (CVD)
at very high temperatures. Under these rough condit the tubes are generated with
different lengths, diameters, helicities and engaags. For technical applications, however,
tubes with a uniform geometry and thus with welirted physical properties are required. A
rational synthesis of carbon nanotubes was therefonsidered.

One of the synthetic targets was 9,9',9”,10,10"l@xadehydrotrianthracene (trimef).
The conversion of the semitrim@d to the trimerl9 yielded the desired product neither by
halogenation, dehydrohalogenation, lithiation, dmgp with 1,2-diiodobenzene nor by

treatment with Schlosser’s base (scheme 8.1).

n-BulLi

X 1,2-diiodobenzene

Scheme 8.1Attempts made to convert semitrimer to trimer.

The treatment of the semitrim2t with n-Buli in an NMR tube under nitrogen resulted in the
reduction of the semitrimeRl to its dianion (scheme 8.2). Systematic reductdrthe
semitrimer21 to its dianion with lithium wire in NMR tube undgacuum in THF has yet to

be achieved.
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21 27

Scheme 8.2Expected reduction of the semitrimer to its dianio
In another strategy the Diels-Alder reaction of-didalophthalazin€@5 with TDDA 9 was

supposed to offer a synthetic route towards tmeetriL9, but due to steric hindrance between

the reactants, the desired product was not obsésechéme 8.3).

n-BulLi

Scheme 8.3Unsuccessful Diels-Alder reaction between TDBPANd dihalophthalazings.

The photochemically induced metathesis reactiomf@DA 9 was extensively investigated.
Dimerization of TDDAO to tetramer7 was achieved by irradiation of a suspension of TDDA
9in benzene in a photochemical reactor for 40 hodpplication of a sonifier (cell disruptor)
and refluxing of the reaction mixture during irratiion led to the complete conversion of the
starting materials within 3 hours. Further conwamsof the tetramei to the octamer and
hexamer under similar conditions failed probablgaaese of sterical hindrance at the quinoid
double bonds in the tetramér However, the tetraméf ehibited the peaks of the hexamer
and the octamer upon irradiation by the laser IMALDI-TOF mass spectrometer. The
attempts to circumvent the technical problems mogress.
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a) w700 w), benzene
40h., 35%
_—

b) hw (700 wh, benzene

Scheme 8.4The unsuccessful reaction of the tetramés the hexamer and octamer.

Another task in the course of our investigation wessynthesis of MObius aromatic systems.
The combination of in-plane aromaticity with norncainjugatedr systems was supposed to
provide a feasible synthetic route towards stabidiMs annulenes.

The Diels-Alder reaction of the (CHadduct25 with tetrabromose-xylene 32 in presence of
sodium iodide in dimethyl formamide yielded sevepabducts which were separated by
reversed phase HPLC. MS analysis of the main ptodnd comparison with the expected
product revealed the lack of two mass units. lstathe ring opening HBr was eliminated

leading to the stable aromatic naphthalene sysS&(acheme 8.6).
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Br Br
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yield = 40 % _ gf o

Scheme 8.6Mechanism of the formation of the naphthaleneesy&i3.
Diels-Alder reaction of the (ChHhadduct25 with tetrachlorothiopene dioxide (TTD32

yielded three compounds which were separated byurwmtions of reversed phase HPLC and
normal phase HPLC (scheme 8.7).
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O\\ //O
S
cl Cl

Cl Cl

yield = 35 %, X-ray yield = 3-4 % yield = 3-4 %, X-ray
Scheme 8.7Diels-Alder reaction of the (Chadduct25 with TTD 32

Two of the three separated compounds could be clesized by X-ray structure analysis.
While compoundb7 contains a ring-closed 1,3-hexadiene structurb @Gtsymmetry57, the
other one is the ring-opened Huckel isofs@with Cs symmetry.

The irradiation of theCs closed isomeb7 to form open isomers was a failure due to the
photochemical formation of chlorine radicals. Thertnal ring opening of th€sisomer57
successfully formed th€;ring-opened Huckel isomé&O. Attempts to thermally convert the

C.closed isomeb8to theC, ring-opened Mdbius isomer have yet to be carrigd o

Silver complexation of the semitrime2l was achieved by mixing silver hexafluoro-
antimonate and semitrim@d in THF. The resulting 1:1 complex crystals wer¢agied using
the dichloromethane and ether diffusion methodu(gg8.1). According to the crystal
structure, there are two crystallographically inelegent complexes in the asymmetric unit.
Each of the two silver atoms is disordered over pwsitions and some of the fluorine atoms
of both hexafluoroantimonate anions exhibit unugudligh anisotropic displacement

parameters indicating disorder.
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Figure 8.1: Crystal structure of the semitrimer-silver comp(exly one complex displayed

for clarity, the included molecule of diethyl etheleft out as well).

As anticipated, the silver atom is not coordinatedlefin bonds (olefinic complex) but to
benzene rings (benzenoid complex). The crystathefsilver complex decomposed back to
the semitrimei21 upon exposure to air, moisture and light. The tatgswere stable for two

weeks at -20 °C in the dark and under argon.
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9 Experimental Part

9.1 Apparatus

NMR: Samples were dissolved in deuterochloroform (Gp@hemical shifts are reported in
parts per million (ppm), from either tetramethysié (O ppm) or chloroform (7.26 ppm) used
as internal standard. For the multiplicities thiéofeing abbreviations were used: s = singlet,
d = doublet, t = triplet, m = multiplet, g = qudrter = broad signal, HP = pseudo. For the
allocation of signals two dimensional NMR technigugere used (COSY, HSQC, HMBC

and NOESY). The following spectrometers were used:

Bruker AC 200*H-NMR (200.1 MHz), “*C-NMR (50.3 MHz)
Bruker ARX 300:'H-NMR (300.1 MHz), C-NMR (75.5 MHz)
Bruker DRX 5002H-NMR (500.1 MHz), *C-NMR (125.8 MHz)
Bruker AV 600:*H-NMR (600.1 MHz), *C-NMR (150.9 MHz)

MS: The mass spectra are measured with the followiagsmpectrometers:
Finnigan MAT 8200
Applied Biosystems Mariné'f Biospectrometry work station
Bruker MALDI - TOF spectrometer Bifl€X 111
IR: The IR spectra were measured with the FT-IR spewter Perkin EImelParagon 1000.

UV/Vis: The UV/Vis - spectra were recorded with the speuntter Perkin EImer Lambda 14.

Melting point: Melting points were recorded in open capillarigghva Bichi melting point

B-540 and are not corrected.
Elementary analysis: Elementary analyses were accomplished with a Hexior Euro EA

3000 in the institute for inorganic chemistry oé tGhristian Albrechts - University of Kiel or

externally by the micro-analytic laboratory lisedie
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X-Ray: The crystal structures measured on Image Platgdotiibn System (IPDS) of the
company STOE and CIE with molybdenuna-Kadiation of the wavelength 71.073 pm at the
institute for inorganic chemistry of Chrstian-Albhgs-University of Kiel. Diffraction

information have been solved with SHELXL-97.

HPLC: An analytical system of Agilent series 1100/120@hwionfiguration of degasser,
quaternary pump, auto injector, auto sampler, diadey detector, automatic fraction

collector and the following columns was used

Kromasil 100 C18 1@m, 250 x 10 mm
Kromasil 100 C18 1@m, 250 x 8 mm
Kromasil 100 C18 1@m, 250 x 4 mm
Kromasil 100 Sil 1Qum, 250 x 8 mm
Kromasil 100 Sil 1Qum, 250 x 4 mm
LiChrospher 60 Si 1am, 250 x 4 mm
LiChrospher 60 Si im, 250 x 8 mm
LiChrospher 100 RP 18 1im, 250 x 4 mm

9.2 Common Procedure

Solvents have been purified and dried with the usoethods. Starting materials were

purchased from Acros, Merck, Fluka, Aldrich and T@8mpanies.

The reaction progress was monitored with thin laglmomatography with silica gel 6Qsk
and aluminium oxide 60,k plates from Macherey-Nagel company. New comporwmele
separated by Flash chromatography and HPLC. Saiglbks columns and silica gel (mesh:
0.04-0.063um) were applied in flash chromatography. The camfigjons of the applied
preparative HPLC of Gilson company are M305 majomp, M306 mixing pump, 50 SC

head pump, Gilson 117 UV detector and columns:

Kromasil 100 C18 1@um, 250 x 20 mm (MZ-Analysentechnik)
Silicagel Si 100 (12m ) 250 x 20 mm (MZ-Analysentechnik)
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All photochemical reactions have been done in guapparatus with an extra cooling jacket
with the following lamps:

High pressure mercury lamps: 150 Watts Heraeus 9 1
700 watts Heraeus TQ 718
Low pressure mercury lamp: 15 Watts Heraeus TNIS25/

9.3 Rational Synthesis of Nanotubes and Md&bius Aroatics

9.3.1 Synthesis of TDDA 9

9.3.1.1 Synthesis of 9-Bromoanthracene 11

Anthracenel0O (126.0 g, 0.706 mol) was dissolved in carbon ¢étiaide (1000 ml) and

under vigorous stirring at -6 °C bromine (35 m§7® mol) was added in carbon tetrachloride
(200 ml). After 1 hour the yellowish precipitate svavashed with carbon tetrachloride and
dried over night in the air. The precipitate wasnsferred into a flask containing toluene
(900 ml) and phenol (1.8 g). This mixture was stirat room temperature for 5 days. The
mixture was heated to -60 °C in order to drive the developed HBr. The solution was
washed with 1 M sodium hydrogen carbonate (300anf toluene was evaporated. The
resulting yellowish solid was washed with water aadrystallization from ethanol yielded

light yellow to light green crystals (145.0 g, 80.%

m.p. 98-100 °C

'H-NMR (300 MHz, CDC{, TMS, 300 K);6 = 8.49 (dd,®J = 9.1 Hz,°J = 1.2 Hz, 2 H;
H-1,8), 8.39 (s, 2 H; H-10), 7.96 (dtll = 8.5 Hz,°J = 1.2 Hz, 2 H; H-4,5), 7.58 (ddd] =

9.1 Hz,3J = 6.8 Hz,%J = 1.2 Hz, 2 H; H-2,7), 7.47 (dd#l| = 8.5 Hz,*J = 6.8 Hz,%] = 1.2 Hz,
2 H; H-3,6).
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9.3.1.2 Synthesis of 9, 10"-Dibromodianthracene 12

A solution of 9-bromoanthracerid (80.0 g, 0.311 mol) in toluene (1000 ml) was iraded
with usual garden lamp (Osram HQL-R Deluxe, 80 \W) éne month in a closed glass
container. The resulting greenish crystals (40geveeparated and repeated recrystallization

from toluene yielded the colourless crystals af®;dibromodianthracen#2 (37.3 g, 47 %).

m.p. 250 °C

'H-NMR (300 MHz, CDC}, TMS, 300 K):5 = 7.79-7.74 (m, 4 H, Ar-H), 7.02-6.88 (m, 12 H,
Ar-H), 5.33 (s, 2H, CH).

9.3.1.3 Synthesis of Bistriazolindianthracene 13

9,10 -dibromodianthrcend2 (14.06 g, 0.027 mol) and sodium azide (48.9 g5®mol)
suspended in dimethylsulphoxide (700 ml). After dtihring potassiuntert-butoxide (24.4 g,
0.218 mol) in dimethyl sulphoxide (300 ml) was adladkopwise. The reaction mixture was
stirred for 14 d. at 30-35 °C and then poured enwater. The light green solid was filtered
and washed with water until it is base free anddim vacuo (12 h). The product3(12.93 g,
little water stays in the crystals) was used inrtbet step without further purification.

'H-NMR (500 MHz, CDC{, TMS, 300 K):6 = 11.92-11.86 (m, 2 H, NH), 7.07-7.01 (m, 4 H,
Ar-H), 6.98-6.82 (m, 12H, Ar-H).

9.3.1.4 Synthesis dN-aminobistraizolinedianthracene 14

To a three neck flask with mechanical stirrer angpding funnel sodium hydride (7.58 g,
0.158 mol) in dried dimethoxyethane (DME) was added sonified with an ultrasonic bath.
After 1 h the bistriazolinedianthrace8 (12.93 g, 0.027 mol) was added portionwise. After
1 h of further sonification, a cold solution ofmesitylenesulfonylhydroxylamine (Carpino's
Reagentl5, 16.7 g, 83.8 mmol) in DME was added in 1.5 h.eAfurther 30 min of stirring,

the flask was kept in the refrigerator over nighhe solid was filtered and washed with
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diethyl ether until it becomes colourless and etirn water (550 ml) for 1.5 h. The solid was
filtered and washed with water until it becomes treduand driedin vacuo (9.87 g,
21.1 mmol).

m.p. 388°C

'H-NMR (500 MHz, DMSOd6, DMSO, 300 K):5 = 7.05-6.80 (m, 16 H, Ar-H), 6.27, 6.30
(or, 4 H, NH).

9.3.1.5 Synthesis of Tetradehydrodianthracene 9

To a sonicated solution df-aminobistriazolindianthraceriet (9.87 g. 21.1 mmol) in benzene
triflouride (200 ml) lead tetraacetate (18. 7 g.24@mol) was added portionwise until the gas
development ceased. The excess of the lead tet@taeeas destroyed with half a pipette of
ethylene glycol. The filtered solid was washed viadnzene triflouride and dichloromethane
and dried in the air. Later the solid was suspenddbe sat. aq. sodium hydrogen carbonate
and stirred for 1 hr. The solid was filtered, washeith water and dried over night. To
remove the impurities, the solid was stirred inhtbcomethane (300 ml) for 3 h, filtered and

dried. Recrystallization from toluene provided ligiellow crystals of TDDA9 (3 g, 39.6 %).

m.p. 388 °C.

'H-NMR (500 MHz, CDC{, TMS, 300 K):8 = 7.18 (dd?J = 5.4 Hz,"J = 3.2 Hz, 8 H, Ar-H),
6.92 (dd*J=5.4 Hz,"J = 3.2 Hz, 8 H, Ar-H).

13C-NMR (CDCIJTMS): § = 152.2 (s, C=C), 140.0 (s), 125.8 (d), 124.1(d).
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9.3.2 Synthesis ob-Mesitylensulfonylhydroxylamin (Carpino’s Reagent b)

9.3.2.1 Synthesis dkrt-Butyl Phenyl Carbonate

To a mechanically stirred solution ¢drt-butyl alcohol (296.5 g, 4.00 mol) and quinoline
(519.2 g, 4.02 mol) in dichloromethane (600 ml) mHehloroformate (500 ml, 3.97 mol) was
added during 4 h. while maintaining the temperahgl®w 30 °C. The solution was allowed
to stand overnight, sufficient water was addedissalve the precipitated salt and the layers
were separated. The organic layer was washed twestiwith 250 ml portions of 5 %
hydrochloric acid and twice with 200 ml of waterftéx drying on MgSQ@ the solvent was
removed and the product was distilled (499.7 g%66

b.p. 90-95°C / 1 mbar

IH-NMR (500 MHz, CDC}, TMS, 300 K):§ = 7.40-7.14 (m, 5 H; phenyl), 1.31 (s, 9tett-
butyl).

9.3.2.2 Synthesis dkrt-Butyl Carbazate

A mixture oftert-butyl phenyl carbonate (499.7 g, 2.58 mol) and®8ydrazine (267.5 ml,
7.31 mol) was warmed slowly over a period of 4nham oil bath to 75 °C. At this temperature
spontaneously the reaction temperature rises td@03he clear solution was then stirred at
room temperature for additional 12 h. and dilutathwether (1000 ml) and shaken well with
150 g of potassium hydroxide solution. The mixtwas extracted with ether for 24 h. in
continuous extractor. The solvent was removed umdeuum and the product was distilled
(328.9 g, 85 %).

b.p. 85 °C/ 1.33 mbar.

'H-NMR (300 MHz, CDC}{, TMS, 300 K):5 = 6.48 (s, 1 H; NH), 3.80 (s, 2 H; NK11.45 (s,
9 H; tert-Butyl).

100



ExPeRIMENTAL ParRT

9.3.2.3 Synthesis dert-Butyl Azidoformate

A solution of tert-butyl carbazate (264.3 g, 2.00 mol), glacial acetid (211 ml) in water
(315 ml) was cooled in an ice-bath to 0 °C and witjorous stirring a solution of sodium
nitrite (144.0 g, 2.08 mol) was added dropwise sAsn as the yellowish phase started to get
dark, the addition was stopped and phases wereate@gammediately. The aqueous layer
was extracted four times with 100 ml portions diegt The combined organic layers were
washed three times with 150 ml portions of watet #imee times with 150 ml portions of 1 M
sodium bicarbonate solution. The light yellow smintwas dried over magnesium sulphate,

the solvent was removed and the remaining mixtistldd (154.1 g, 56%).

b.p. 71°C / 93 mbar.

'H-NMR (300 MHz, CDC}, TMS, 300 K):3 = 1.50 (s, 9 Hiert-butyl).

9.3.2.4 Synthesis dert-Butyl N-hydroxycarbamate

A solution of hydroxylamine hydrochloride (100.2 g44 mol) in water (200 ml) was cooled
in an ice bath andert-butyl azidoformate (154.1 g, 1.08 mol) was addéthile stirring
vigorously, a cold solution of sodium hydroxide 41® g, 4.31 mol) in water (400 ml) was
dropped in during 40 min. The mixture was allowedstir in the ice bath for one hour and
water (800 ml) was added to dissolve the formedipitate. The solution was extracted twice
with 500 ml portions of ether and extracts wereaided. The aqueous solution was cooled
in an ice bath and acidified to pH 5-6 with 6 N fochloric acid (700 ml), the resulting
mixture was extracted with five 400 ml portions ether, then dried on MgSQGand the
solvent was removed. The thick oil solidified withseveral hours after placing in a vacuum

desiccator giving crystals. (77.9 g, 55%).

m.p. 50°C

'H-NMR (500 MHz, CDC}, 300 K):5 = 7.33 (s, 1 H; NH), 7.14 (s, 1 H; OH), 1.47 (19
tert-butyl).
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9.3.2.5 Synthesis dkrt-butyl- N-p-toluenesulfonoxylcarbamate

To a solution of tert-butyl-N-hydroxycarbamate (33.2 g, 0.250 mol) ampd
toluenesulfonyl chloride (54.5 g, 0.249 mol) in&tf800 ml) at O °C triethylamine
(35 ml, 0.250 mol) was added dropwise. After stagd80 min in the ice bath the
solution was filtered and washed with ether. Theephases were combined and half
of the ether was removed. The remaining solutios washed with water, dried on
MgSQO, and evaporated. Upon standing for an hour theectalt! colourless oil will

convert to a colourless solid (65 g, 83%).

m.p. 95-100°C

'H-NMR (500 MHz, CDC}, TMS, 300 K):§ = 8.05 (s, 1 H; NH), 6.95 (s, 2 H;
Phenyl), 2.67 (s, 6 H; PhGH 2.32 (s, 3 H; PhCH, 1.31 (s, 9 Htert-Butyl).

9.3.2.6 Synthesis of Hydroxyl Amine>-Mesitylene Sulfonate 15 (Carpino's
Reagent)

Trifluroacetic acid (110 g) was added teot-butyl-N-p-toluenesulfonoxylcarbamate (30.3 g,
0.102 mol) at 0°C. Vigorous gas development occuered was allowed to subside between
addition and then cooled water (400 ml, 5 °C) waded. The mixture was filtered and the
solid was washed with water until its pgineutral and the compound was dried. The solid
was dissolved in the minimum amount of ether (5GvifPand the water phase was separated.
Pentane (150-200 ml) was added to the ether phadeh& resulting white crystals were
filtered and dried (16.7 g, 76 %).

'H-NMR (500 MHz, CDCI3, 300 K)3 = 7.00 (s, 2 H; phenyl), 4.98 (s, 2 H; NH), 2.65 (s
6 H; PhCH), 2.32 (s, 3 H; PhCHl
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9.3.3 Synthesis of the Semitrimer 21

Method A: A mixture ofa,a,0 0 -tetrabromoe-xylene52 (422 mg,1 mmol), sodium iodide
(2 g), TDDA (200 mg, 0.57 mmol) and dry dimethylftamide (10 ml) was stirred at
60-70 °C for 24 h. The reaction mixture was pourgd water (150 ml) containing sodium
bisulphite (2 g). The brown precipitate was pudfigy silica gel flash chromatography with
4:1 hexane/dichloromethane as the mobile phases@imitrimer21 was obtained as a white
powder (155 mg, 60 %).

Method B: A mixture of TDDA9 (50 mg, 0.14 mmol), phthalazi2é (200 mg, 1.538 mmol)
and the radical quenchert&t-butyl catechol were heated to 220 °C for 30 mirdarn
nitrogen flow. The reaction mixture was separatgdgilica gel flash chromatography with 4:1
hexane/dichloromethane as the mobile phase. Tseffaction was unreacted TDD#% and
the second fraction yielded the semitrink in 17 %. Colourless single crystals of the

semitrimer21 were obtained from the mixture of heptane/dichmoethane.

m.p. 335 °C

'H-NMR (500 MHz, CDC}{, 300 K, TMS):6 = 7.61 (dd3J=7.4 Hz,"J=1.4 Hz, 2H, CH
arom.), 7.45-7.41 (m, 2 H, CH arom.), 7.39 (&ts 7.45 Hz,"J=1.2 Hz, 2 H, CH arom.),
7.29 (dd,2J=7.0 Hz,4J = 1.5 Hz, 2 H, CH arom.), 7.25-7.20 (m, 2 H, CHrarp 7.16-7.08
(m, 6H), 6.90 (td3) = 7.5 Hz,*J= 1.3 Hz, 2H, CH arom.), 6.83 (t&] = 7.6 Hz,"J= 1.3 Hz,

2H, CH arom.), 6.41 (s, 2H, CH olef.).

¥C-NMR (125 MHz, CDC{ 300 K, TMS: & = 141.80 (G, C=C bridgehead), 141.04 {C
CR,=CHR), 140.40 (¢, 139.90 (@), 137.46 (@), 137.03 (@), 135.25 (@), 129.20 (CH,
olefinic), 129.02 (CH, arom.), 126.67 (CH, aroni.26.54 (CH, arom.), 126.40 (CH, arom.),
126.08 (CH, arom.), 125.49 (CH, arom.), 125.32 (@rm.), 125.13 (CH, arom.), 124.90
(CH, arom.), 121.90 (CH, arom.).

MS (70 eV):miz (%): 454 (100) [M].
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9.3.4 Attempted Trimer Synthesis

9.3.4.1 Preparation of 1,4-Dibromophthalazine

A mixture of 1,4 dioxophthlazine (0.81 g, 0.005 jmgbhosphorus pentabromide (4.75 g,
0.011 mol) and carbon tetrabromide (25 g) weredtkeat 120-130 °C for 6 h. The reaction
mixture was cooled to room temperature and treaitddichloromethane (12.5 ml) until all

lumps has been disintegrated. This mixture pounedeu vigorous stirring into ice water

(50 ml) and stirring continued for 2 h. The resdtiyellow solid was filtered and washed
with ether and petroleum ether. Upon recrystailimatrom THF white crystals were obtained
(0.28 g, 20%).

m.p. 160 °C

9.3.4.2 Attempted Diels-Alder Reaction of 1,4-Dibnmophthlazine with TDDA 9

A mixture of 1,4 dibromophthalazine (75 mg, 0.26 otinand TDDA9 (25 mg, 0.071 mmol)
were refluxed in 15 ml of toluene. The solvent wamovedin vacuo. There was no evidence

of the addition product after chromatographic asialy

9.3.4.3 Attempted Diels-Alder reaction of 1,4 dicldro phthlazine with TDDA

A mixture of 1,4 dichlorophthalazine (90 mg, 0.3fpo1) and TDDA9 (30 mg, 0.085 mmol)
were refluxed in 15 ml of toluene. The solvent wamovedin vacuo. There was no evidence

of the addition product after chromatographic asialy

9.3.4.4 Solid state reaction of 1,4 dihalophthalaze with TDDA 9

A mixture of TDDA9 (25 mg, 0.071 mmol) and dihalophthlazine (75 mg@6Gnmol) and the
radical quencher Brt-butyl catechol were heated to 220 °C for 30 mmder nitrogen flow.
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The reaction mixture was separated by silica gelshl chromatography with 4:1
hexane/dichloromethane as the mobile phase. Thiuproavas decomposed in the process of

chromatographic analysis.

9.3.4.5 Reaction of Schlosser's Base with the Samiter 21

Schlosser’s basen-putyl lithium (0.08 ml, 2.5 M, 0.2 mmol) + potassi tert-butoxide
(22.4 mg, 0.2 mmol)) in 5 ml dried THF was addedpdvise at O °C to the semitrim@d
(45.4 mg, 0.1 mmol) under nitrogen flow. As soontlas colour changed to green products

were quenched with J@. The product analysis shows only the semitrigier

n-Butyl lithium was added drop wise to a mixtureseimnitrimer21 (45.4 mg, 0.1 mmol) and
potassiumntert-butoxide (22.4 mg, 0.2 mmol) in 5 ml THF at -78 “e reaction temperature
was raised to 0 °C over a period of 12 h and thetien colour changed from light pink to
dark pink. At 0 °C a sample of the of reaction mmetwas dropped into an excess of methyl
iodide in THF. The remaining reaction mixture wasled to -50 °C and quenched with@

and methyl iodide. In all the above cases the prbdnalysis shows only the semitringdr

9.3.4.6 Halogenation of the Semitrimer 21

9.3.4.6.1 Bromination of the Semitrimer 21 in Non-plar Solvents

A solution of bromine (70.5 mg, 0.44 mmol) in cambtetrachloride (5 ml) was added
dropwise to a solution of the semitrim2i (100 mg, 0.22 mmol) in carbon tetrachloride
(20 ml) at 0 °C under nitrogen flow. After stirririgr 1.5 h the reaction mixture was treated
with sodium carbonate solution. The organic layasseparated, dried and the solvent was
removedin vacuo. The brown precipitate was filtered through a sisdica gel column with
dichloromethane as the mobile phase and then th@upts were separated with reversed
phase HPLC (85:15) with acetonitrile and water asbite phase. The product with the
required mas24 was separated and single crystals were grown &amxture of Csand

acetonitrile.
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m.p. 310°C

'H-NMR (600 MHz, CDC}, 300 K, TMS):§ = 8.59 (dd,*J= 7.8 Hz,"J= 1.5 Hz, 1 H; CH
arom.), 8.22 (dd3J=7.8 Hz,“J=1.4Hz, 1 H, CH arom.), 7.98 (d)=7.4Hz, 1H, CH
arom.), 7.77 (d*J=7.6 Hz, 1 H, CH arom.), 7.63 (m, 2 H, CH aron.§0 (dt,*3J= 7.4 Hz,
“J=1.1 Hz, 1 H, CH arom.), 7.44 (= 7.3 Hz, 1 H, CH arom.), 7.36 (&l = 7.4 Hz, 1 H,
CH arom.) 7.16 (d*J=7.4 Hz, 1 H, CH arom.), 7.09 (m, 2H, CH arom.§7%(m, 2H, CH
arom.), 6.90 (m, 2H, CH arom.), 6.69 (m, 3H, CHnau)p 6.48 (d,*2J=7.3Hz, 1 H, CH

arom.).

*C-NMR (150.9 MHz, CDG, 300 K, TMS):§ = 153.21 (G), 148.50 (@), 146.70 (Q),
146.46 (G), 146.07 (Q), 144.22 (@), 143.22 (@), 142.63 (G C=C-Br), 141.78 (@), 139.32
(Cy), 129.25 (@), 128.97 (CH, arom.), 128.18 (CH, arom.), 127 @&l (arom.), 126.88 (CH,
arom.), 126.64 (CH, arom.), 126.51 (CH, arom.),.326CH, arom.), 126.30 (CH, arom.),
126.07 (CH, arom.), 125.16 (CH, arom.), 124.95 (@kym.), 124.15 (CH, arom.), 123.57
(CH, arom.), 122.61 (CH, arom.), 122.40 (CH, arom32.04 (CH, arom.), 121.57 (CH,
arom.), 120.79 (CH, arom.), 113.84,X(0.10 (G), 77.71 (G, C-Br), 70.12 (@), 64.85 (Q).

9.3.4.6.2 Bromination of the Semitrimer 21 in PolaSolvents

A solution of bromine (35.5 mg, 0.44 mmol) in wifiro ethanol (5 ml) was added dropwise
to a solution of the semitrimeZl (50 mg, 0.11 mmol) in trifluoro ethanol (10 ml) der

nitrogen flow. After 1.5 h the reaction mixture wasured into water and the compound was
extracted with dichloromethane. The product analgbiows no evidence of the formation of

the addition product.

9.3.4.7N-Bromo Succinimide Treatment of theo-Chinodimethane Adduct 28

9.3.4.7.1 Synthesis of the-Chinodimethane Adduct 28

75 mg (0.213 mmol) of TDDA was suspended in 10 frib®F with 50 mg of zinc powder.

Then 84 mg ofa,a’-dibromo-o-xylene in 10 ml of DMF was added dropwise to the
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suspension over a period of 5 h. The solvent wa®ved under vacuum and the residue was
subjected to chromatography on silica gel with Rekane / dichloromethane as the mobile

phase. The required compound was separatedRwith.37 (66 mg, 68%).

m.p. 240-243 °C

'H-NMR (500 MHz, CDC{, TMS, 300 K):5 = 7.58 (m, 2 H, CH; arom.), 7.30 (m, 4 H, CH;
arom.), 7.15 (m, 2 H, CH; arom.), 7.05 (m, 2 H, Grpm.), 6.93 (m, 4 H, CH; arom.), 6.80
(m, 2 H, CH; arom.), 6.65 (m, 2 H, CH; arom.), 3@R3J=14.6 Hz, 2 H, Ch), 3.36 (d,
3J=14.6 Hz, 2 H, Ch).

9.3.4.7.2 Treatment of theo-Chinodimethane Adduct 28 with NBS

The o-chinodimethane adduc28 (30 mg, 0.0657 mmol) was treated witk-bromo
succinimide (51.5 mg, 0.29mmol) in CGWL5 ml) under reflux conditions for 19 h. The
reaction mixture was hot filtered to remove thecsimide and the solvent was removed
under vacuum. The brown precipitate was filteredodgh a short column with
dichloromethane as the mobile phase and then th@upts were separated with reversed
phase HPLC (85:15) with acetonitrile and water les mobile phase. The product with the
required mass was separated and single crystakls greswn from CSand acetonitrile by

layering method.

9.3.4.8 Diels-Alder Reaction of TDDA witho-Chloranil

A mixture of TDDA 9 (30 mg, 0.085 mmol) and-chloranil 30 (53 mg, 0.21 mmol) was
stirred at room temperature in toluene (25 ml) 2oh. The solvent was removed under

vacuum and the mixture was subjected to chromagpbgraon silica gel with 4:1

hexane/dichloromethane as the mobile phase. T$tdfaction separated was compousid

m.p. 360°C
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'H-NMR (500 MHz, CDCJ, TMS, 300 K):§ = 7.18 (dd,*3J=7.7 Hz,"J= 0.7 Hz, 4H, CH
arom.), 7.08 (dofJ = 7.3 Hz,%J= 0.8 Hz, 4 H, CH arom.), 6.92 (dfl= 7.4 Hz,*J = 1.2 Hz,
4 H, CH arom.), 6.85 (dt) = 7.6 Hz,"J= 1.3 Hz, 4 H, CH arom.).

9.3.5 Synthesis of the Tetramer 7

A suspension of TDDA (1.00 g, 2.84 mmol) in benzene (60 ml) in a qualinto reactor
with FC-40 compound (40 ml) with nitrogen gas fland 250 W ultrasonic probe (50 %
output) was irradiated with a 700 W high pressueraury lamp for 3 h. The benzene phase
was separated and evaporated. After chromatograjthya silica gel flash column with 2:1
hexane / dichloromethane as the mobile phasegetrenter7 was recrystallized several times
from pentane/dichloromethane until it is pure (249, 35 %).

'H-NMR (500 MHz, CS, CDCk (1:1), 300 K)5 = 7.93 (dd*J = 5.7 Hz,"J=3.4 Hz, 16 H;
CH arom.), 7.15 (dd#J = 5.7 Hz,"J = 3.4 Hz, 16 H; CH arom.).

MS (70 eV):miz (%): 704 (100) [M], 352 (15) [M].

9.3.6 Attempted Synthesis of MObius Hydrocarbons

9.3.6.1 Synthesis of the (CH)Adduct 17

A mixture of TDDA 9 (100 mg, 0.284 mmol) and pyridazine (350 mg, 4n3®o0l) was
refluxed under nitrogen in 70 ml of toluene fort20The solvent was removed under vacuum
and the brown solid was subjected to chromatographysilica gel with 4:1 hexane/
dichloromethane as the mobile phase. The (@#juctl7 was separated as a half white solid
(92 mg, 80 %).

m.p. 242 °C.

'H-NMR (400 MHz, CDCY{, TMS): § = 7.58 (dd2J = 7.3 Hz,"J = 1.3 Hz, 2 H; CH arom.),
7.47 (dd2=7.5Hz,")=1.4 Hz, 2 H; CH arom.), 7.19 (dd,= 7.3 Hz,"J= 1.3 Hz, 2 H; CH
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arom.), 7.12-7.01 (m, 6 H; CH arom.), 6.96-6.90 &1H; CH arom.), 6.45 (cfJ = 2.0 Hz,
2 H; HC=C), 5.86 (d?J= 2.0 Hz, 2 H; HC=C).

MS (70 eV):miz (%): 404 (100) [M].

9.3.6.2 Synthesis of the Naphthalene System 53

A mixture of carbon tetrabromide (188 mg, 0.44 mmsbdium iodide (0.4 g), (CH)adduct
17 (90 mg, 0.22 mmol) and dry dimethylformamide (inB was stirred at 60-70 °C for 15 h.
Then the reaction mixture was poured into watern@bcontaining sodium bisulphite (0.4 Q).
The brown precipitate was filtered through a shmotumn with dichloromethane as the
mobile phase and then the products were separatiedeversed phase HPLC. Two products
were successfully separated, one is the naphthagstem53 (40%), the other could be

identified as the iodine attacked naphthalene sy5#(5%).

Naphthalene system 53:

Crystals of this compound were grown from dichloedhane and ether in diffusion method.

m.p. 333 °C

'H-NMR (500 MHz, CDCJ, TMS, 300K):8 = 7.79 (s, 2H), 7.79-7.77 (m, 2 H, CH arom.),
7.56 (dd,*J=7.1Hz,J=1.6 Hz, 2 H, CH arom.), 7.42-7.38 (m, 2 H, CHmarp 7.31 (dd,
2H,3=7.4Hz,*)=1.2 Hz, CH arom.), 7.26 (dd)=7.3 Hz,J= 1.4 Hz, 2 H,CH arom.),
7.16 (dd*J=7.6 Hz,"J= 0.9 Hz, 2H, CH arom.), 7.09 (tl=7.5Hz,"J=1.5Hz, 2 H, CH
arom.), 7.05 (td,*J=7.4 Hz,J= 1.5 Hz, 2 H, CH arom.), 6.80 (td)J=7.6 Hz,*J= 1.2 Hz,

2 H, CH arom.), 6.71 (td3J=7.6 Hz,"J= 1.2 Hz, 2 H, CH arom.), 6.47 (s, 2 H, CH olef.).

3C-NMR (125 MHz, CDC}, TMS, 300 K):5 = 142.07 (@), 141.21 (), 140.51 (G), 139.96
(Cy), 137.2 (G), 135.76 (G), 135.25 (@), 132.73 (@), 131.22 (CH, arom.), 128.84 (CH,
olef.), 127.92 (CH; naphthalene), 127.74 (CH, ajorh26.94 (CH, arom.), 126.82 (CH,
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arom.), 126.73 (CH, arom.), 126.48 (CH, arom.),.285CH, arom.), 125.62 (CH, arom.),
122.43 (CH, arom.).

MS (70 eV):miz (%): 504 (100) [M].

lodine attacked naphthalene system 54:

Crystals of this compound were obtained from adegdichloromethane mixture.

'H-NMR (500 MHz, CDC{, TMS, 300 K):8 = 8.07 (s, 1 H, CH arom.), 8.03 (s, 1 H, CH
arom.), 7.90 (d, 1 HJ=8.0 Hz, CH arom.), 7.82 (d, 1¥] = 7.8 Hz, CH arom.), 7.74 (dd,
1H,3J=7.6Hz,J=1.0 Hz, CH arom.), 7.65 (d, 1 B} = 7.1 Hz, CH arom.), 7.57 (dd, 1 H,
3J=7.4Hz,J=0.8 Hz, CH arom.), 7.48 (m, 2H, CH arom.), 7(88, 1 H,3J=7.6 Hz,
“J=1.1Hz, CH arom.), 7.25 (m, 1 H, CH arom.), 7(&% 6 H, CH arom.), 6.89 (dt, 1 H,
3J=7.5Hz,"J=0.9 Hz, CH arom.), 6.80 (dt, 1 Bl = 7.5 Hz,"J=1.2 Hz, CH arom.), 6.72
(m, 1H, CH arom.), 6.72 (dt, 1 HJ=7.5Hz,4J=1.2 Hz, CH arom.), 6.59 (dt, 1 H,
3J=7.6 Hz,“J= 1.1 Hz, CH arom.), 4.46 (s, 1 H, CH aliph.), 4(@81 H,%J = 15.6 Hz, CH),
3.93 (d, 1 H3J = 16.0 Hz, CH).

¥C-NMR (125 MHz, CDC}, TMS, 300 K):5 = 152.06 (@), 150.90 (@), 149.87 (G), 147.85
(Cy), 147.61 (Q), 142.88 (@), 142.29 (@), 140.39 (@), 139.55 (@), 138.47 (@), 133.29 (Q),
132.73 (Q), 127.79 (@), 127.60 (@), 127.38 (CH, arom.), 126.22 (CH, arom.), 126.C5i(
arom.), 125.83 (CH, arom.), 125.69 (CH, arom.),.395CH, arom.), 125.32 (CH, arom.),
125.20 (CH, arom.), 125.03 (CH, arom.), 124.89 (@kym.), 124.83 (CH, arom.), 124.77
(CH, arom.), 124.68 (CH, arom.), 124.57 (CH, arormi34.18 (CH, arom.), 123.80 (CH,
arom.), 123.70 (CH, arom.), 122.45 (CH, arom.),.@22CH, arom.), 121.91 (CH, arom.),
119.47 (CH, arom.), 59.31(CH, aliph), 32.73:H

9.3.6.3 Attempted Diels-Alder Reaction of the (CH)Adduct 17 with Pyridazine

A mixture of the (CH)adduct17 (75 mg, 0.185 mmol), pyridazine (18 mg, 0.25 mmol)
toluene (20 ml) were exposed to 80 °C at 12 Kbar2fbh. The solvent was removed under

vacuum. There was no evidence of any addition proditer the chromatographic analysis.
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9.3.6.4 Reaction of the (CH) Adduct with Tetrachlorothiopene Dioxide 32

9.3.6.4.1 Preparation of Tetrachlorothiopene Dioxid 32 (TTD)

In a 50 ml three-necked flask with a pressure-egugl dropping funnel, 3.7 ml (38.3 mmol)
30 % HO, was added and cooled to -10 °C in a NaCl / icé.batifluoroacetic anhydride
(8.5 ml, 38.5 mmol) was added dropwise during 1.ard the reaction mixture was stirred
for an additional 0.5 h. ConcentratedS, (6.9 ml) was added dropwise over 0.5 h, and
stirring was continued for another 0.5 h. Volatil@sainly peroxytrifluoroacetic acid and
trifluoroacetic acid) were vacuum transferred iatdiquid nitrogen-cooled trap. In another
50 ml round bottom flask, tetrachlorothiophene (50§, 2.30 mmol) was dissolved in 10 mi
of methylene chloride. The peroxytrifluoroaceticdesolution was added dropwise over 1 h at
room temperature, and the mixture was stirred ongint. Volatiles were removed using an
aspirator. The received crude product was sublich§fe8 mbar, 65 °C) to get 437.2 mg
(76.4 %) of pure product.

m.p. 88-90 °C (lif¥ 90-91 °C).

MS (El, 70 eV): m/z (%) = 254 (100) [

9.3.6.4.2 Reaction of TTD 32 with the (CH)Adduct 17

The (CH), adductl7 (176 mg, 0.435 mmol) was treated with TBR (276 mg, 1.09 mmol) in
toluene at 90 °C for 15 hrs. After completion o tleaction the solvent was removed under
vacuum. The crude product was dissolved in dicim@ihane and passed through a short
column of silica and then combinations of reveraad normal phase HPLC were used to
separate the formed products.
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Cs Huckel ring-opened product 59

Crystals of this compound were grown from chlorofand pentane by diffusion method.

m.p. 319°C.

'H-NMR (600 MHz, CDC}, TMS, 300 K):& =7.70 (dd,2J=7.3 Hz,J= 1.3 Hz, 2 H, CH
arom.), 7.66 (dd?J=7.3 Hz,"J=0.9 Hz, 2 H, CH arom.), 7.38 (di,= 7.6 Hz,"J = 1.1 Hz,
2 H, CH arom.) 7.22-7.09 (m, 10 H), 6.50 (d,= 10.5 Hz, 2 H), 6.24 (dJ = 10.5 Hz, 2 H).

3C-NMR (150.9 MHz, CDGJ, TMS, 300 K):8 = 144.75 (), 138.94 (G), 138.41 (Q),
138.33 (@), 135.48 (Q), 134.47 (@), 133.89 (@), 133.31 (CH, olef.), 128.55 (CH, arom.),

127.88 (CH, arom.), 127.26 (CH, arom.), 127.10 (@+m.), 126.53 (CH, arom.), 126.35
(CH, arom.), 125.94 (CH, arom.), 125.94)C122.61 (CH, arom.), 120.36 (CH, olef.).

UV/Vis (CHCL): Amax(g) = 268 (20590), 320 (29143) nm.

MS (El, 70 eV): m/z (%) = 594 (55) [M, 557 (100).

Csring-closed product 57

Crystals of this compound were grown by slow evapon its benzene solution.

m.p. 319°C

'H-NMR (600 MHz, CDC}, TMS, 300 K):8 = 7.49 (dd3J= 7.5 Hz,"J= 0.7 Hz, 2 H), 7.47
(dd, 3J=7.4Hz,“J=0.8Hz, 2 H), 7.30 (dd3J=7.5Hz,“J=0.7 Hz, 2 H), 7.10 (dd,
3J=7.44 Hz,"J=1.20 Hz, 2 H), 7.03 (dddJ= 7.6 Hz,3J= 7.6 Hz, “*J = 1.3 Hz, 2 H), 7.02
(ddd, )= 7.6 Hz,%®=7.6 Hz, *J =1.3 Hz, 2 H), 6.97 (dddJ=7.6 Hz,3J=7.6 Hz, “J
=1.3Hz, 2 H), 6.96 (ddd)=7.6 Hz,3)=7.6 Hz, J = 1.3 Hz, 2 H), 5.48-5.42 (m, 2 H),

4.28-4.22 (m, 2 H).

¥C-NMR (150.9 MHz, CDGJ, TMS, 300 K):6 = 141.63 (@), 140.73 (@), 140.70 (Q), ,
139.50 (GQ), 137.52 (@), 134.52 (@), 131.09 (@), 127.40 (CH, arom.), 126.72 (CH, arom.),
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126.41 (CH, olef.), 126.41 (CH, arom.), 126.13 (Giiom.), 126.06 (CH, arom.), 125.64
(CH, arom.), 125.10 (CH, arom.), 123.67}Q22.24 (CH, arom.), 45.15 (CH, aliph.).
MS (El, 70 eV): m/z (%) = 594 (55) [M, 557 (100)

C, ring-closed product 58

m.p. 319°C

'H-NMR (500 MHz, CDCJ, TMS, 300 K):§ = 7.57 (d,%) = 7.4 Hz, 2H), 7.22 (dd,
3J=7.1Hz,"J=1.6 Hz, 2 H), 7.18-7.06 (m, 8 H) 6.90-6.81 @H), 5.08-5.02 (m, 2 H),
3.75-3.69 (M, 2 H).

%C NMR (150.9 MHz, CDQ, TMS, 300 K):56 = 141.19 (@), 140.84 (@), 140.48 (GQ),
140.45 (@), 137.36 (G), 133.50 (@), 130.59 (@), 129.07 (@), 128.26 (CH, arom.), 127.59
(CH, arom.), 127.54 (CH, arom.), 126.66 (CH, olei?5.98 (CH, arom.), 125.55 (CH,
arom.), 125.37 (CH, arom.), 124.74 (CH, arom.),.&2XCH, arom.), 48.75 (CH, aliph).

MS (EI, 70 eV): m/iz (%) = 594 (55) [N, 557 (100)

9.4Silver complexation of Semitrimer with Silver(l) hexafluoroantimonate

To the (15 mg, 0.033 mmol) of semitrimer in dry THRder nitrogen was added silver
hexafluroantimonate (34 mg., 0.099 mmol). The mixtwas stirred for 1 hour at room
temperature. The solvent was removed under vacubimgle crystals were grown by
dissolving the residue in little dichloromethanel @ther was diffused and colourless crystals

were obtained.

113



9.5 X-ray Structure Data

9.5.1 Semitrimer 21

ExPeRIMENTAL ParRT

Table 1.Crystal data and structure refinement for herges32

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 26.02°
Refinement method

Data / restraints / parameters
Goodness-of-fit on ¥

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

Comments:

herges32
GeH22
454.54
170(2) K
0.71073 A
monoclinic

P 21/ n

a=9.0130(6) A o= 90°.
b =16.8487(13) A B=102.871(8)°.
c=16.1977(12) A y = 90°.

2397.9(3) B
4
1.259 Mgfn
0.071 mih
952
0.3x 0.2 x 0.2 mm
2.61 to 26.02°.

-10<=h<=11, -20<=k<=20, -13<=I<=19

11980
4487 [R(int) = 0.0433]
94.9 %
Full-matrix least-squares énF
4487 /0/ 326
1.009
R1 =0.0429, wR2 =@7/B
R1 =0.0615, wR2 = 0.1168
0.017(4)
0.788 and -0.197'8.A

All non-hydrogen atoms were refined anisotropice ThH hydrogen atoms were positioned with idealized
geometry and refined using a riding model.
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Table 2. Atomic coordinates ( x fb and equivalent isotropic displacement parameters

(Azx 103). U(eq) is defined as one third of the trace efdthogonalized ptensor.

X y z U(eq)

Cc(1) 1811(2) 6615(1) 3981(1) 26(1)
c(2) 516(2) 7023(1) 4077(1) 32(1)
C(3) 537(2) 7500(1) 4774(1) 35(1)
C(4) 1865(2) 7577(1) 5390(1) 36(1)
C(5) 3166(2) 7166(1) 5314(1) 33(1)
C(6) 3165(2) 6683(1) 4619(1) 26(1)
C(7) 1869(2) 6103(1) 3239(1) 26(1)
C(8) 4507(2) 6208(1) 4510(1) 26(1)
C(11) 4783(2) 6703(1) 2077(1) 21(1)
c(12) 4085(2) 5939(1) 1715(1) 22(1)
C(13) 4698(2) 5411(1) 1220(1) 28(1)
C(14) 3932(2) 4706(1) 938(1) 33(1)
C(15) 2556(2) 4533(1) 1140(1) 36(1)
C(16) 1928(2) 5055(1) 1636(1) 32(1)
C(17) 2683(2) 5760(1) 1926(1) 25(1)
C(18) 2160(2) 6339(1) 2501(1) 25(1)
C(19) 2318(2) 7178(1) 2243(1) 24(1)
C(20) 1222(2) 7766(1) 2231(1) 31(1)
c(21) 1417(2) 8516(1) 1913(1) 35(1)
c(22) 2689(2) 8676(1) 1595(1) 33(1)
C(23) 3807(2) 8105(1) 1616(1) 27(1)
C(24) 3639(2) 7361(1) 1953(1) 22(1)
C(31) 6074(2) 6753(1) 2701(1) 21(1)
C(32) 6939(2) 6046(1) 3114(1) 21(1)
C(33) 7883(2) 5560(1) 2762(1) 25(1)
C(34) 8635(2) 4924(1) 3228(1) 28(1)
C(35) 8444(2) 4770(1) 4036(1) 30(1)
C(36) 7511(2) 5260(1) 4398(1) 27(1)
C(37) 6765(2) 5900(1) 3942(1) 22(1)
C(38) 5741(2) 6466(1) 4263(1) 22(1)
C(39) 6099(2) 7307(1) 4092(1) 22(1)
C(40) 6267(2) 7917(1) 4689(1) 28(1)
C(41) 6719(2) 8667(1) 4485(1) 33(1)
C(42) 7026(2) 8806(1) 3699(1) 33(1)
C(43) 6852(2) 8203(1) 3092(1) 27(1)
C(44) 6364(2) 7456(1) 3283(1) 21(1)
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Table 3.Bond lengths [A] and angles [°].

C(1)-C(2) 1.393(2) C(19)-C(24) 1.408(2)
C(1)-C(6) 1.417(2) C(20)-C(21) 1.390(2)
C(1)-C(7) 1.489(2) C(21)-C(22) 1.384(3)
C(2)-C(3) 1.383(3) C(22)-C(23) 1.388(2)
C(3)-C(4) 1.383(3) C(23)-C(24) 1.390(2)
C(4)-C(5) 1.391(2) C(31)-C(32) 1.497(2)
C(5)-C(6) 1.389(2) C(31)-C(44) 1.501(2)
C(6)-C(8) 1.493(2) C(32)-C(33) 1.391(2)
C(7)-C(18) 1.339(2) C(32)-C(37) 1.408(2)
C(8)-C(38) 1.336(2) C(33)-C(34) 1.395(2)
C(11)-C(31) 1.363(2) C(34)-C(35) 1.383(3)
C(11)-C(12) 1.4948(19) C(35)-C(36) 1.396(2)
C(11)-C(24) 1.496(2) C(36)-C(37) 1.392(2)
C(12)-C(13) 1.392(2) C(37)-C(38) 1.498(2)
C(12)-C(17) 1.413(2) C(38)-C(39) 1.492(2)
C(13)-C(14) 1.399(2) C(39)-C(40) 1.398(2)
C(14)-C(15) 1.382(3) C(39)-C(44) 1.405(2)
C(15)-C(16) 1.394(3) C(40)-C(41) 1.390(2)
C(16)-C(17) 1.397(2) C(41)-C(42) 1.382(3)
C(17)-C(18) 1.495(2) C(42)-C(43) 1.397(2)
C(18)-C(19) 1.491(2) C(43)-C(44) 1.390(2)
C(19)-C(20) 1.396(2)
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C(2)-C(1)-C(6)
C(2)-C(1)-C(7)
C(6)-C(1)-C(7)
C(3)-C(2)-C(1)
C(2)-C(3)-C(4)
C(3)-C(4)-C(5)
C(6)-C(5)-C(4)
C(5)-C(6)-C(1)
C(5)-C(6)-C(8)
C(1)-C(6)-C(8)
C(18)-C(7)-C(1)
C(38)-C(8)-C(6)
C(31)-C(11)-C(12)
C(31)-C(11)-C(24)
C(12)-C(11)-C(24)
C(13)-C(12)-C(17)
C(13)-C(12)-C(11)
C(17)-C(12)-C(11)
C(12)-C(13)-C(14)
C(15)-C(14)-C(13)
C(14)-C(15)-C(16)
C(15)-C(16)-C(17)
C(16)-C(17)-C(12)
C(16)-C(17)-C(18)
C(12)-C(17)-C(18)
C(7)-C(18)-C(19)
C(7)-C(18)-C(17)
C(19)-C(18)-C(17)
C(20)-C(19)-C(24)
C(20)-C(19)-C(18)
C(24)-C(19)-C(18)
C(21)-C(20)-C(19)

119.00(16)
123.85(16)
117.15(14)
121.27(16)
119.76(16)
119.97(17)
121.07(17)
118.92(15)
123.73(15)
117.33(15)
126.71(14)
127.69(14)
123.96(13)
120.22(13)
111.56(13)
119.68(14)
126.11(15)
114.21(13)
119.99(17)
120.41(16)
120.23(15)
120.11(17)
119.59(15)
124.54(15)
115.78(13)
125.56(15)
120.95(13)
112.37(14)
119.29(14)
124.42(15)
116.21(13)
120.12(17)

C(22)-C(21)-C(20)
C(21)-C(22)-C(23)
C(22)-C(23)-C(24)
C(23)-C(24)-C(19)
C(23)-C(24)-C(11)
C(19)-C(24)-C(11)
C(11)-C(31)-C(32)
C(11)-C(31)-C(44)
C(32)-C(31)-C(44)
C(33)-C(32)-C(37)
C(33)-C(32)-C(31)
C(37)-C(32)-C(31)
C(32)-C(33)-C(34)
C(35)-C(34)-C(33)
C(34)-C(35)-C(36)
C(37)-C(36)-C(35)
C(36)-C(37)-C(32)
C(36)-C(37)-C(38)
C(32)-C(37)-C(38)
C(8)-C(38)-C(39)

C(8)-C(38)-C(37)

C(39)-C(38)-C(37)
C(40)-C(39)-C(44)
C(40)-C(39)-C(38)
C(44)-C(39)-C(38)
C(41)-C(40)-C(39)
C(42)-C(41)-C(40)
C(41)-C(42)-C(43)
C(44)-C(43)-C(42)
C(43)-C(44)-C(39)
C(43)-C(44)-C(31)
C(39)-C(44)-C(31)

119.93(15)
120.90(15)
119.49(16)
120.17(14)
126.05(15)
113.75(12)
123.77(12)
120.97(13)
110.30(13)
119.69(14)
126.23(15)
114.06(13)
119.95(16)
120.49(15)
119.99(15)
120.04(16)
119.82(14)
124.89(15)
115.29(13)
126.38(13)
120.99(13)
111.40(13)
119.91(14)
124.37(15)
115.60(13)
119.77(17)
120.16(15)
120.71(15)
119.56(17)
119.83(14)
126.47(15)
113.70(12)
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Table 4. Anisotropic displacement parametersz(ﬁlo?’). The anisotropic

displacement factor exponent takes the form.2[212 a*2U11 +...+2hka*b* ]

Ull U22 U33 U23 U13 U12

c(1) 22(1) 23(1) 32(1) 5(1) 9(1) -2(1)
c(2) 20(1) 34(1) 41(1) 3(1) 6(1) 2(1)
C(@3) 24(1) 34(1) 49(1) 0(1) 15(1) 7(1)
C(4) 35(1) 36(1) 38(1) -4(1) 14(1) 6(1)
C(5) 28(1) 37(1) 33(1) 0(1) 5(1) 5(1)
C(6) 21(1) 26(1) 32(1) 6(1) 10(1) 2(1)
c(7) 22(1) 22(1) 35(1) 1(1) 6(1) -3(1)
C(8) 24(1) 24(1) 30(1) 5(1) 6(1) 4(1)
C(11)  24(1) 19(1) 20(1) 2(1) 5(1) -2(1)
c(12)  27(1) 18(1) 19(1) 1(1) -1(1) -1(1)
C(13)  34(1) 27(1) 23(1) 0(1) 2(1) 3(1)
c(14)  45(1) 25(1) 26(1) -5(1) 0(1) 3(1)
C(15)  49(1) 21(1) 32(1) -4(1) -3(1) -6(1)
c(l6)  34(1) 25(1) 34(1) 0(1) 1(1) -8(1)
Cc(17)  28(1) 20(1) 24(1) 3(1) -1(1) -1(1)
C(18) 19(1) 23(1) 31(1) 0(1) 2(1) -2(1)
Cc(19)  23(1) 22(1) 23(1) -2(1) -4(1) -1(1)
c(20)  27(1) 29(1) 34(1) -1(1) -2(1) 4(1)
c(21)  36(1) 25(1) 38(1) -3(1) -7(1) 9(1)
Cc(22)  43(1) 18(1) 31(1) 2(1) -8(1) -1(1)
Cc(23)  34(1) 21(1) 23(1) 1(1) -4(1) -5(1)
c(24)  25(1) 19(1) 19(1) -2(1) -3(1) -1(1)
C(31)  22(1) 18(1) 24(1) 1(1) 8(1) -2(1)
C(32) 16(1) 18(1) 28(1) -2(1) 3(1) -2(1)
C(33)  24(1) 23(1) 29(1) -5(1) 6(1) -1(1)
C(34)  23(1) 22(1) 39(1) -6(1) 5(1) 3(1)
c@35)  27(1) 22(1) 38(1) 2(1) 1(1) 6(1)
Cc(36)  26(1) 24(1) 29(1) 3(1) 4(1) 3(1)
C(37) 17(1) 20(1) 28(1) -1(1) 3(1) 0(1)
C(38) 19(1) 22(1) 23(1) 0(1) 1(1) 4(1)
C(39) 15(1) 22(1) 27(1) -1(1) 0(1) 4(1)
C(40)  25(1) 28(1) 27(1) -4(1) -1(1) 5(1)
c(41)  31(1) 24(1) 37(1) -9(1) -7(1) 2(1)
C42)  31(1) 18(1) 44(1) 1(1) -7(1) -4(1)
C43)  23(1) 22(1) 33(1) 2(1) -2(1) -2(1)
C(44) 15(1) 19(1) 27(1) -1(1) -1(1) 1(1)
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Table 5.Hydrogen coordinates ( x i))and isotropic displacement parameter§>(/i0 3).

X y z U(eq)

H(2) -399 6972 3656 38
H(3) -357 7773 4830 42
H(4) 1889 7911 5866 43
H(5) 4069 7216 5744 39
H(7) 1681 5553 3294 32
H(8) 4481 5657 4631 31
H(13) 5636 5530 1072 34
H(14) 4360 4344 606 40
H(15) 2036 4056 940 43
H(16) 985 4932 1776 38
H(20) 340 7653 2441 38
H(21) 678 8918 1914 42
H(22) 2798 9183 1360 40
H(23) 4680 8223 1400 32
H(33) 8016 5660 2206 30
H(34) 9282 4594 2987 34
H(35) 8949 4332 4346 35
H(36) 7385 5156 4954 32
H(40) 6074 7820 5233 34
H(41) 6816 9085 4887 39
H(42) 7359 9316 3569 40
H(43) 7064 8303 2553 32
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Table 1.Crystal data and structure refinement for herges37

Identification code herges37

Empirical formula GoHa4

Formula weight 504.59

Temperature 170(2) K

Wavelength 0.71073 A

Crystal system monoclinic

Space group P2/c

Unit cell dimensions a=9.3217(7) A a= 90°.
b = 14.4237(6) A B=98.185(9)°.
¢ =19.5029(14) A y=90°.

Volume 2595.5(3) B

Z 4

Density (calculated) 1.291 Mg/?’n

Absorption coefficient 0.073 mih

F(000) 1056

Crystal size 0.4 x 0.3 x 0.3 mA

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.11°
Refinement method

Data / restraints / parameters
Goodness-of-fit on &

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

Comments:

All non-hydrogen atoms were refined anisotropice T+H H atoms were positioned with idealized geoynet

and refined using a riding model.

2.54 t0 28.11°.

-12<=h<=12, -17<=k<=18, -22<=I<=25

22114
6230 [R(int) = 0.0359]
98.3 %
Full-matrix least-squares énF
6230/0/ 362
1.022
R1 =0.0415, wR2 =071
R1 =0.0557, wR2 = 0.1141
0.022(3)
0.250 and -0.226'8.A
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Table 2. Atomic coordinates ( x fb and equivalent isotropic displacement parame{i&?x 103).

U(eq) is defined as one third of the trace of tithagonalized {Jtensor.

X y z U(eq)

c@) 6318(1) 3150(1) 2549(1) 24(1)
c(2) 6972(1) 2697(1) 3129(1) 27(1)
C(3) 7485(1) 3185(1) 3748(1) 26(1)
C(4) 8158(1) 2726(1) 4355(1) 34(1)
C(5) 8659(1) 3227(1) 4939(1) 39(1)
C(6) 8532(1) 4195(1) 4944(1) 38(1)
c(7) 7872(1) 4660(1) 4370(1) 33(1)
C(8) 7323(1) 4163(1) 3759(1) 25(1)
C(9) 6644(1) 4621(1) 3154(1) 26(1)
C(10) 6143(1) 4141(1) 2561(1) 23(1)
C(11) 5816(1) 2676(1) 1879(1) 25(1)
C(12) 5494(1) 4596(1) 1901(1) 23(1)
c(21) 4504(1) 2313(1) 1668(1) 22(1)
C(22) 3306(1) 2191(1) 2090(1) 23(1)
C(23) 3467(1) 1797(1) 2747(1) 28(1)
C(24) 2256(2) 1610(1) 3068(1) 33(1)
C(25) 881(2) 1804(1) 2732(1) 36(1)
C(26) 701(1) 2226(1) 2083(1) 32(1)
c(27) 1906(1) 2437(1) 1767(1) 24(1)
C(28) 1921(1) 2989(1) 1121(1) 23(1)
C(29) 2708(1) 2490(1) 616(1) 23(1)
C(30) 2253(1) 2373(1) -91(1) 29(1)
C(31) 3097(2) 1864(1) -492(1) 34(1)
C(32) 4404(2) 1485(1) -193(1) 34(1)
C(33) 4886(1) 1613(1) 507(1) 29(1)
C(34) 4048(1) 2108(1) 917(1) 23(1)
C(41) 4118(1) 4857(1) 1709(1) 21(1)
C(42) 2929(1) 4807(1) 2139(1) 23(1)
C(43) 3010(1) 5189(1) 2800(1) 30(1)
C(44) 1819(2) 5143(1) 3153(1) 39(1)
C(45) 546(2) 4733(1) 2848(1) 38(1)
C(46) 449(1) 4349(1) 2190(1) 31(1)
C(47) 1639(1) 4373(1) 1833(1) 23(1)
C(48) 1776(1) 3922(1) 1153(1) 22(1)
C(49) 2343(1) 4585(1) 670(1) 22(1)
C(50) 1770(1) 4744(1) -19(1) 27(1)
C(51) 2386(1) 5413(1) -399(1) 31(1)
C(52) 3594(1) 5909(1) -104(1) 31(1)
C(53) 4197(1) 5744(1) 581(1) 26(1)
C(54) 3573(1) 5092(1) 971(1) 22(1)
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C(1)-C(2)
C(1)-C(10)
C(1)-C(11)
C(2)-C(3)
C(3)-C(8)
C(3)-C(4)
C(4)-C(5)
C(5)-C(6)
C(6)-C(7)
C(7)-C(8)
C(8)-C(9)
C(9)-C(10)
C(10)-C(12)
C(11)-C(21)
C(12)-C(41)
C(21)-C(22)
C(21)-C(34)
C(22)-C(23)
C(22)-C(27)
C(23)-C(24)
C(24)-C(25)
C(25)-C(26)
C(26)-C(27)
C(27)-C(28)

1.3713(16)
1.4402(17)
1.4900(16)
1.4217(17)
1.4185(18)
1.4216(16)
1.373(2)
1.402(2)
1.3732(19)
1.4217(17)
1.4198(16)
1.3712(16)
1.4932(15)
1.3403(16)
1.3384(16)
1.4895(15)
1.4951(15)
1.3904(16)
1.4115(16)
1.3927(17)
1.383(2)
1.3930(18)
1.3890(16)
1.4927(16)

C(28)-C(48)
C(28)-C(29)
C(29)-C(30)
C(29)-C(34)
C(30)-C(31)
C(31)-C(32)
C(32)-C(33)
C(33)-C(34)
C(41)-C(42)
C(41)-C(54)
C(42)-C(43)
C(42)-C(47)
C(43)-C(44)
C(44)-C(45)
C(45)-C(46)
C(46)-C(47)
C(47)-C(48)
C(48)-C(49)
C(49)-C(50)
C(49)-C(54)
C(50)-C(51)
C(51)-C(52)
C(52)-C(53)
C(53)-C(54)

1.3547(17)
1.4940(15)
1.3936(16)
1.4139(16)
1.3942(18)
1.387(2)
1.3888(18)
1.3908(16)
1.4836(15)
1.4941(15)
1.3940(16)
1.4107(16)
1.3891(18)
1.383(2)
1.3897(18)
1.3914(15)
1.4982(15)
1.4911(15)
1.3914(15)
1.4152(16)
1.3897(18)
1.388(2)
1.3935(16)
1.3893(16)
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C(2)-C(1)-C(10)
C(2)-C(1)-C(11)
C(10)-C(1)-C(11)
C(1)-C(2)-C(3)
C(8)-C(3)-C(4)
C(8)-C(3)-C(2)
C(4)-C(3)-C(2)
C(5)-C(4)-C(3)
C(4)-C(5)-C(6)
C(7)-C(6)-C(5)
C(6)-C(7)-C(8)
C(3)-C(8)-C(9)
C(3)-C(8)-C(7)
C(9)-C(8)-C(7)
C(10)-C(9)-C(8)
C(9)-C(10)-C(1)
C(9)-C(10)-C(12)
C(1)-C(10)-C(12)
C(21)-C(11)-C(1)
C(41)-C(12)-C(10)
C(11)-C(21)-C(22)
C(11)-C(21)-C(34)
C(22)-C(21)-C(34)
C(23)-C(22)-C(27)
C(23)-C(22)-C(21)
C(27)-C(22)-C(21)
C(22)-C(23)-C(24)
C(25)-C(24)-C(23)
C(24)-C(25)-C(26)
C(27)-C(26)-C(25)
C(26)-C(27)-C(22)
C(26)-C(27)-C(28)
C(22)-C(27)-C(28)
C(48)-C(28)-C(27)
C(48)-C(28)-C(29)
C(27)-C(28)-C(29)

119.82(11)
123.54(11)
116.59(10)
121.46(12)
119.08(11)
118.73(10)
122.19(12)
120.24(14)
120.66(12)
120.65(13)
120.17(14)
119.10(10)
119.16(11)
121.72(12)
121.62(11)
119.27(10)
123.55(11)
117.07(10)
127.39(10)
128.29(10)
126.85(10)
119.85(10)
112.79(9)

119.07(11)
124.54(11)
116.23(10)
120.32(12)
120.29(12)
120.15(12)
119.90(12)
120.10(11)
126.64(11)
113.06(10)
118.46(10)
124.85(10)
111.37(10)

C(30)-C(29)-C(34)
C(30)-C(29)-C(28)
C(34)-C(29)-C(28)
C(29)-C(30)-C(31)
C(32)-C(31)-C(30)
C(31)-C(32)-C(33)
C(32)-C(33)-C(34)
C(33)-C(34)-C(29)
C(33)-C(34)-C(21)
C(29)-C(34)-C(21)
C(12)-C(41)-C(42)
C(12)-C(41)-C(54)
C(42)-C(41)-C(54)
C(43)-C(42)-C(47)
C(43)-C(42)-C(41)
C(47)-C(42)-C(41)
C(44)-C(43)-C(42)
C(45)-C(44)-C(43)
C(44)-C(45)-C(46)
C(45)-C(46)-C(47)
C(46)-C(47)-C(42)
C(46)-C(47)-C(48)
C(42)-C(47)-C(48)
C(28)-C(48)-C(49)
C(28)-C(48)-C(47)
C(49)-C(48)-C(47)
C(50)-C(49)-C(54)
C(50)-C(49)-C(48)
C(54)-C(49)-C(48)
C(51)-C(50)-C(49)
C(52)-C(51)-C(50)
C(51)-C(52)-C(53)
C(54)-C(53)-C(52)
C(53)-C(54)-C(49)
C(53)-C(54)-C(41)
C(49)-C(54)-C(41)

119.34(11)
126.96(11)
113.69(10)
120.14(12)
120.25(12)
120.21(12)
120.23(12)
119.79(11)
123.99(10)
116.15(10)
126.21(10)
120.99(10)
112.09(9)

119.79(11)
123.83(11)
116.33(10)
119.92(12)
120.27(12)
120.47(12)
120.05(12)
119.47(11)
127.34(11)
113.05(9)

124.07(10)
119.64(10)
111.32(10)
119.50(11)
126.43(11)
114.06(9)

119.88(12)
120.66(11)
120.07(11)
119.89(12)
119.97(10)
124.72(11)
115.31(10)
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Table 4. Anisotropic displacement parameterszioﬁlo?’). The anisotropic

displacement factor exponent takes the form.2[212 a*2U11 +...+2hka*b* ]

Ull U22 U33 U23 U13 U12

c(1) 19(1) 28(1) 24(1) 0(1) 2(1) -1(1)
c(2) 25(1) 28(1) 29(1) 4(1) 1(1) 0(1)
C(@3) 18(1) 36(1) 24(1) 6(1) 3(1) -2(1)
C(4) 25(1) 47(1) 30(1) 12(1) 1(1) 1(1)
C(5) 26(1) 67(1) 23(1) 13(1) 0(1) -2(1)
C(6) 30(1) 65(1) 20(1) -2(1) 3(1) -11(1)
c(7) 30(1) 45(1) 24(1) -3(1) 5(1) -9(1)
C(8) 20(1) 36(1) 20(1) 1(1) 4(1) -5(1)
C(9) 27(1) 26(1) 25(1) 2(1) 4(1) -2(1)
C(10) 19(1) 28(1) 21(1) 3(1) 4(1) -1(1)
c(11)  25(1) 26(1) 24(1) 0(1) 3(1) 2(1)
c(12)  26(1) 25(1) 19(1) 1(1) 5(1) -2(1)
c21)  26(1) 19(1) 22(1) 0(1) 4(1) 2(1)
Cc(22)  28(1) 18(1) 22(1) -2(1) 5(1) -2(1)
c(23)  36(1) 22(1) 24(1) 1(1) 4(1) 0(1)
c(24)  46(1) 28(1) 27(1) 4(1) 12(1) -2(1)
c(25)  39(1) 34(1) 37(1) 4(1) 18(1) -6(1)
c(26)  28(1) 33(1) 35(1) 2(1) 8(1) -4(1)
c7)  27(1) 23(1) 23(1) -2(1) 6(1) -2(1)
C(28) 19(1) 29(1) 21(1) 0(1) 2(1) -2(1)
C29)  24(1) 23(1) 22(1) -1(1) 4(1) -3(1)
C(30)  30(1) 33(1) 23(1) -1(1) 1(1) -4(1)
C(31)  44(1) 37(1) 21(1) -4(1) 6(1) -5(1)
C(32)  41(1) 35(1) 28(1) -6(1) 14(1) 0(1)
C(33)  30(1) 29(1) 29(1) -2(1) 8(1) 1(1)
C(34)  25(1) 21(1) 23(1) -1(1) 5(1) -3(1)
C(41)  28(1) 19(1) 18(1) 0(1) 5(1) 0(1)
C(42)  28(1) 21(1) 19(1) 3(1) 6(1) 5(1)
C(43)  38(1) 30(1) 22(1) -2(1) 7(1) 3(1)
C(44)  49(1) 47(1) 25(1) -5(1) 15(1) 8(1)
C@45)  38(1) 48(1) 31(1) 2(1) 19(1) 9(1)
c@e)  27(1) 37(1) 29(1) 4(1) 9(1) 6(1)
C47)  25(1) 24(1) 21(1) 4(1) 6(1) 7(1)
C(48) 18(1) 29(1) 19(1) 2(1) 2(1) 3(1)
C(49)  22(1) 26(1) 19(1) 2(1) 5(1) 7(1)
C(50)  25(1) 36(1) 21(1) 0(1) 3(1) 8(1)
c(51)  35(1) 40(1) 17(1) 6(1) 5(1) 13(1)
Cc(52)  43(1) 29(1) 23(1) 7(1) 11(1) 7(1)
C(53)  34(1) 24(1) 23(1) 2(1) 8(1) 3(1)
c(54)  26(1) 22(1) 18(1) 1(1) 6(1) 6(1)
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Table 5. Hydrogen coordinates (x f))and isotropic displacement parameter§>(ll0

3)_
X y z U(eq)

H(2) 7084 2043 3116 33
H(4) 8261 2071 4357 41
H(5) 9096 2913 5344 47
H(6) 8907 4533 5348 46
H(7) 7782 5316 4380 39
H(9) 6535 5275 3160 31
H(11) 6505 2626 1565 30
H(12) 6141 4716 1577 28
H(23) 4408 1655 2979 33
H(24) 2375 1348 3519 40
H(25) 56 1649 2944 43
H(26) -243 2369 1856 38
H(30) 1366 2641 -300 35
H(31) 2774 1777 -972 41
H(32) 4972 1136 -469 40
H(33) 5791 1361 708 34
H(43) 3878 5480 3008 36
H(44) 1880 5395 3606 47
H(45) -269 4714 3090 46
H(46) -431 4070 1983 37
H(50) 960 4395 -228 33
H(51) 1976 5532 -864 37
H(52) 4011 6361 -370 37
H(53) 5033 6077 780 32
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9.5.3 lodine attacked napthalene system 54

Table 1.Crystal data and structure refinement for herges35

Identification code herges35

Empirical formula GoHasl

Formula weight 632.50

Temperature 170(2) K

Wavelength 0.71073 A

Crystal system monoclinic

Space group P2/c

Unit cell dimensions a=9.0700(5) A a= 90°.
b=17.2327(11) A B=92.850(7)°.
c=17.4789(11) A y=90°.

Volume 2728.6(3) B

Z 4

Density (calculated) 1.540 Mg/?’n

Absorption coefficient 1.203 mh

F(000) 1272

Crystal size 0.14 x 0.11 x 0.08 m#h

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.08°
Refinement method

Data / restraints / parameters
Goodness-of-fit on £

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

Comments:

2.25to0 28.08°.

-11<=h<=11, -22<=k<=22, -23<=[<=23

31237
6511 [R(int) = 0.0360]
98.2 %
Full-matrix least-squares énF
6511/0/371
1.042
R1 =0.0303, wR2 =833
R1 = 0.0409, wR2 = 0.0873
0.0091(5)
0.704 and -0.696°8.A

All non-hydrogen atoms were refined anisotropice T+H H atoms were positioned with idealized geoynet
(CHj; allowed to rotate but not to tip) and refined gsanriding model. A numerical absorption correctioas
performed (Tmin./Tmax.: 0.7038, 0.7840).
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Table 2. Atomic coordinates ( x fb and equivalent isotropic displacement parame{i&e?x 103).

U(eq) is defined as one third of the trace of tithagonalized {Jtensor.

X y z U(eq)

I(1) 7195(1) 14(1) 1914(1) 35(1)
c@) 6323(2) 3271(1) 1472(1) 16(1)
c(2) 6896(2) 3971(1) 1063(1) 18(1)
C(3) 6768(2) 4173(1) 304(1) 20(1)
C(4) 7447(2) 4865(1) 53(1) 20(1)
C(5) 7445(3) 5068(1) -736(1) 27(1)
C(6) 8190(3) 5701(1) -970(1) 30(1)
c(7) 8991(2) 6171(1) -442(1) 29(1)
C(8) 9000(2) 6006(1) 327(1) 26(1)
C(9) 8228(2) 5352(1) 595(1) 21(1)
C(10) 8209(2) 5163(1) 1388(1) 23(1)
C(11) 7538(2) 4498(1) 1613(1) 20(1)
C(12) 7263(2) 4207(1) 2414(1) 23(1)
C(13) 7151(2) 3328(1) 2295(1) 18(1)
C(14) 6987(2) 1876(1) 1889(1) 17(1)
C(15) 6705(2) 1125(1) 1411(1) 20(1)
C(16) 6399(2) 2430(1) 1186(1) 15(1)
c(21) 6220(2) 2841(1) 2810(1) 20(1)
C(22) 5475(2) 3109(1) 3433(1) 25(1)
C(23) 4605(2) 2597(2) 3828(1) 31(1)
C(24) 4473(2) 1828(2) 3606(1) 31(1)
C(25) 5211(2) 1555(1) 2977(1) 26(1)
C(26) 6088(2) 2060(1) 2578(1) 19(1)
C(31) 8639(2) 2923(1) 2282(1) 17(1)
C(32) 10002(2) 3255(1) 2480(1) 22(1)
C(33) 11271(2) 2796(1) 2510(1) 27(1)
C(34) 11185(2) 2014(1) 2333(1) 27(1)
C(35) 9829(2) 1678(1) 2117(1) 23(1)
C(36) 8556(2) 2129(1) 2097(1) 17(1)
C(41) 4919(2) 2033(1) 1003(1) 17(1)
C(42) 3581(2) 2332(1) 736(1) 20(1)
C(43) 2402(2) 1815(1) 600(1) 26(1)
C(44) 2578(2) 1028(1) 731(1) 29(1)
C(45) 3932(2) 721(1) 1004(1) 26(1)
C(46) 5089(2) 1236(1) 1144(1) 20(1)
C(51) 7421(2) 2117(1) 574(1) 16(1)
C(52) 8077(2) 2445(1) -49(1) 19(1)
C(53) 8860(2) 1964(1) -531(1) 25(1)
C(54) 8987(2) 1179(1) -398(1) 28(1)
C(55) 8345(2) 841(1) 236(1) 27(1)
C(56) 7584(2) 1315(1) 710(1) 20(1)
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Table 3.Bond lengths [A] and angles [°].

1(1)-C(15) 2.1447(18) C(16)-C(51) 1.546(2)
C(1)-C(2) 1.508(2) C(21)-C(22) 1.388(3)
C(1)-C(16) 1.536(2) C(21)-C(26) 1.410(3)
C(1)-C(13) 1.593(2) C(22)-C(23) 1.390(3)
C(2)-C(3) 1.371(2) C(23)-C(24) 1.385(3)
C(2)-C(11) 1.426(2) C(24)-C(25) 1.397(3)
C(3)-C(4) 1.422(3) C(25)-C(26) 1.390(3)
C(4)-C(5) 1.423(3) C(31)-C(32) 1.390(3)
C(4)-C(9) 1.427(3) C(31)-C(36) 1.407(3)
C(5)-C(6) 1.358(3) C(32)-C(33) 1.395(3)
C(6)-C(7) 1.404(3) C(33)-C(34) 1.384(3)
C(7)-C(8) 1.374(3) C(34)-C(35) 1.395(3)
C(8)-C(9) 1.418(3) C(35)-C(36) 1.392(3)
C(9)-C(10) 1.424(3) C(41)-C(42) 1.378(3)
C(10)-C(11) 1.365(3) C(41)-C(46) 1.402(3)
C(11)-Cc(12) 1.519(3) C(42)-C(43) 1.402(3)
C(12)-C(13) 1.532(3) C(43)-C(44) 1.384(3)
C(13)-C(21) 1.517(3) C(44)-C(45) 1.400(3)
C(13)-C(31) 1.520(3) C(45)-C(46) 1.387(3)
C(14)-C(36) 1.515(2) C(51)-C(52) 1.387(3)
C(14)-C(26) 1.521(3) C(51)-C(56) 1.410(3)
C(14)-C(15) 1.555(2) C(52)-C(53) 1.400(3)
C(14)-C(16) 1.625(2) C(53)-C(54) 1.376(3)
C(15)-C(46) 1.528(3) C(54)-C(55) 1.403(3)
C(15)-C(56) 1.529(3) C(55)-C(56) 1.374(3)

C(16)-C(41) 1.526(2)
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ExPeRIMENTAL ParRT

C(2)-C(1)-C(16)
C(2)-C(1)-C(13)
C(16)-C(1)-C(13)
C(3)-C(2)-C(11)
C(3)-C(2)-C(1)
C(11)-C(2)-C(1)
C(2)-C(3)-C(4)
C(3)-C(4)-C(5)
C(3)-C(4)-C(9)
C(5)-C(4)-C(9)
C(6)-C(5)-C(4)
C(5)-C(6)-C(7)
C(8)-C(7)-C(6)
C(7)-C(8)-C(9)
C(8)-C(9)-C(10)
C(8)-C(9)-C(4)
C(10)-C(9)-C(4)
C(11)-C(10)-C(9)
C(10)-C(11)-C(2)
C(10)-C(11)-C(12)
C(2)-C(11)-C(12)
C(11)-C(12)-C(13)
C(21)-C(13)-C(31)
C(21)-C(13)-C(12)
C(31)-C(13)-C(12)
C(21)-C(13)-C(1)
C(31)-C(13)-C(1)
C(12)-C(13)-C(1)
C(36)-C(14)-C(26)
C(36)-C(14)-C(15)
C(26)-C(14)-C(15)
C(36)-C(14)-C(16)
C(26)-C(14)-C(16)
C(15)-C(14)-C(16)
C(46)-C(15)-C(56)
C(46)-C(15)-C(14)
C(56)-C(15)-C(14)
C(46)-C(15)-I(1)
C(56)-C(15)-I(1)
C(14)-C(15)-I(1)
C(41)-C(16)-C(1)
C(41)-C(16)-C(51)
C(1)-C(16)-C(51)

125.36(15)
102.73(14)
109.00(14)
120.23(17)
130.32(16)
109.18(15)
119.60(16)
121.68(17)
119.79(17)
118.43(18)
120.85(19)
120.96(19)

120.1(2)
120.59(19)
122.17(18)
119.00(17)
118.83(18)
119.94(17)
120.90(17)
129.66(17)
109.37(16)
102.30(14)
105.99(15)
120.07(16)
113.77(16)
104.46(14)
109.74(14)
102.09(14)
106.47(14)
119.78(16)
121.25(16)
106.36(14)
107.91(14)

92.46(12)
105.01(14)
100.93(15)
100.06(14)
114.38(13)
114.45(13)
119.82(11)
115.98(16)
104.50(13)
126.25(15)

C(41)-C(16)-C(14)
C(1)-C(16)-C(14)

C(51)-C(16)-C(14)
C(22)-C(21)-C(26)
C(22)-C(21)-C(13)
C(26)-C(21)-C(13)
C(21)-C(22)-C(23)
C(24)-C(23)-C(22)
C(23)-C(24)-C(25)
C(26)-C(25)-C(24)
C(25)-C(26)-C(21)
C(25)-C(26)-C(14)
C(21)-C(26)-C(14)
C(32)-C(31)-C(36)
C(32)-C(31)-C(13)
C(36)-C(31)-C(13)
C(31)-C(32)-C(33)
C(34)-C(33)-C(32)
C(33)-C(34)-C(35)
C(36)-C(35)-C(34)
C(35)-C(36)-C(31)
C(35)-C(36)-C(14)
C(31)-C(36)-C(14)
C(42)-C(41)-C(46)
C(42)-C(41)-C(16)
C(46)-C(41)-C(16)
C(41)-C(42)-C(43)
C(44)-C(43)-C(42)
C(43)-C(44)-C(45)
C(46)-C(45)-C(44)
C(45)-C(46)-C(41)
C(45)-C(46)-C(15)
C(41)-C(46)-C(15)
C(52)-C(51)-C(56)
C(52)-C(51)-C(16)
C(56)-C(51)-C(16)
C(51)-C(52)-C(53)
C(54)-C(53)-C(52)
C(53)-C(54)-C(55)
C(56)-C(55)-C(54)
C(55)-C(56)-C(51)
C(55)-C(56)-C(15)
C(51)-C(56)-C(15)

98.51(13)
109.07(13)
97.62(13)
120.26(18)
126.07(18)
113.59(15)
119.4(2)
120.7(2)
120.3(2)
119.5(2)
119.77(18)
127.60(18)
112.63(16)
119.58(18)
125.93(18)
114.36(16)
119.88(19)
120.4(2)
120.3(2)
119.58(19)
120.23(18)
127.78(17)
111.98(16)
120.86(17)
130.84(17)
108.30(16)
118.11(18)
120.93(19)
121.27(19)
117.45(19)
121.37(18)
132.77(18)
105.78(16)
119.05(17)
134.20(16)
106.65(15)
118.83(18)
121.38(19)
120.49(19)
118.03(19)
122.21(19)
130.84(18)
106.85(16)
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Table 4. Anisotropic displacement parametersz(ﬁlo?’). The anisotropic

displacement factor exponent takes the form.2[212 a*2U11 +...+2hka*b* ]

Ull U22 U33 U23 U13 U12

I(1) 38(1) 20(1) 45(1) 11(1) -3(1) 2(1)
c@) 18(1) 18(1) 13(1) -1(1) 0(1) 0(1)
c(2) 19(1) 15(1) 19(1) 0(1) 0(1) 0(1)
C(3) 24(1) 17(1) 18(1) -1(1) -3(1) -1(1)
C(4) 22(1) 18(1) 21(1) 3(1) 1(1) 2(1)
C(5) 34(1) 22(1) 24(1) 4(1) -4(1) -2(1)
C(6) 36(1) 28(1) 26(1) 8(1) 3(1) -1(1)
c(7) 28(1) 20(1) 39(1) 7(1) 4(1) -1(1)
C(8) 26(1) 18(1) 34(1) -2(1) 1(1) 0(1)
C(9) 22(1) 15(1) 25(1) 0(1) 1(1) 2(1)
c(10)  27(1) 17(1) 25(1) -6(1) 0(1) -1(1)
c(11)  23(1) 19(1) 19(1) -3(1) 0(1) 2(1)
Cc(12)  28(1) 23(1) 17(1) -6(1) 1(1) -1(1)
C(13)  20(1) 22(1) 13(1) -3(1) 1(1) -1(1)
C(14) 17(1) 17(1) 17(1) 41) -1(1) 0(1)
c(15)  22(1) 14(1) 23(1) 4(1) -3(1) 1(1)
C(16) 16(1) 16(1) 14(1) 2(1) -1(1) 0(1)
C(21) 17(1) 28(1) 13(1) 1(1) -1(1) 0(1)
c(22)  22(1) 38(1) 15(1) -1(1) 0(1) 2(1)
c(23)  21(1) 57(2) 16(1) 3(1) 1(1) 1(1)
c24)  21Q) 51(1) 22(1) 12(1) 2(1) -5(1)
c25)  21(1) 32(1) 23(1) 10(1) -4(1) -5(1)
C(26) 16(1) 27(1) 13(1) 5(1) -3(1) 0(1)
C(31) 16(1) 24(1) 11(1) 2(1) 0(1) -2(1)
C(32)  24(1) 26(1) 17(1) 2(1) 0(1) -7(2)
C(33) 18(1) 41(1) 22(1) 6(1) -3(1) -7(2)
C(34) 17(1) 39(1) 24(1) 8(1) -2(1) 4(1)
Cc(35)  22(1) 25(1) 22(1) 4(1) -2(1) 3(1)
C(36) 17(1) 23(1) 12(1) 2(1) -2(1) 0(1)
C(41) 17(1) 20(1) 13(1) -1(1) 0(1) -2(1)
C(42)  20(1) 26(1) 15(1) -1(1) 0(1) 0(1)
C(43) 17(1) 36(1) 25(1) -5(1) -3(1) -1(1)
c4)  22(1) 34(1) 31(1) -8(1) 0(1) -9(1)
C@45)  29(1) 21(1) 27(1) -4(1) 1(1) -6(1)
C46)  20(1) 21(1) 18(1) 1(1) -1(1) -1(1)
C(51) 14(1) 20(1) 15(1) -2(1) -3(1) 0(1)
C(52) 18(1) 24(1) 16(1) -1(1) -1(1) -1(1)
C(53) 19(1) 37(1) 17(1) -5(1) 1(1) 0(1)
Cc(54)  24(1) 36(1) 24(1) -13(1) 0(1) 6(1)
c(55)  27(1) 23(1) 29(1) -8(1) -4(1) 6(1)
C(56) 19(1) 19(1) 21(1) -2(1) -3(1) 1(1)
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Table 5.Hydrogen coordinates ( x i))and isotropic displacement parameter%(/io 3).

X y z U(eq)
H(1) 5258 3377 1552 20
H(3) 6228 3852 -52 24
H(5) 6915 4756 -1104 32
H(6) 8170 5828 -1500 36
H(7) 9528 6604 -616 34
H(8) 9527 6332 683 31
H(10) 8663 5500 1760 27
H(12A) 6335 4422 2602 27
H(12B) 8092 4342 2780 27
H(22) 5559 3636 3587 30
H(23) 4095 2777 4256 38
H(24) 3878 1484 3883 38
H(25) 5113 1028 2823 31
H(32) 10069 3793 2594 27
H(33) 12199 3022 2654 33
H(34) 12054 1705 2359 32
H(35) 9775 1144 1983 28
H(42) 3461 2872 646 24
H(43) 1470 2009 416 31
H(44) 1763 690 634 35
H(45) 4055 180 1091 31
H(52) 7997 2986 -147 23
H(53) 9314 2184 -958 29
H(54) 9513 864 =737 33
H(55) 8435 300 334 32
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9.5.4Cs Ring-Closed 57

Table 1. Crystal data and structure refinement for hergéBé®izene solvate)

Identification code herges48

Empirical formula GH2:Cl4

Formula weight 671.42

Temperature 170(2) K

Wavelength 0.71073 A

Crystal system hexagonal

Space group P&/m

Unit cell dimensions a=19.5210(10) A a= 90°.
b =19.5210(10) A B=90°.
¢ =15.7070(7) A y=120°.

Volume 5183.6(4) B

z 6

Density (calculated) 1.291 Mg/?’n

Absorption coefficient 0.372 mih

F(000) 2070

Crystal size 0.4x0.1x 0.1 mmA

Theta range for data collection 2.41to 25.02°.

Index ranges -23<=h<=23, -23<=k<=19, -18<=I<=18

Reflections collected 28215

Independent reflections 3169 [R(int) = 0.0550]

Completeness to theta = 25.02° 99.7 %

Refinement method Full-matrix least-squares énF

Data / restraints / parameters 3169/0/212

Goodness-of-fit on & 1.062

Final R indices [I>2sigma(l)] R1 =0.0572, wR2 =010

R indices (all data) R1 =0.0722, wR2 = 0.1503

Extinction coefficient 0.0049(10)

Largest diff. peak and hole 0.498 and -0.344°8.A

Comments:

All non-hydrogen atoms were refined anisotropicl llatoms were positioned with idealized geometng a
refined isotropic using a riding model. The molecid located on a crystallographic mirror planee Btructure
contain one benzene molecule which is also located crystallographic mirror plane. There is onditimhal
benzene molecule located on a -6 axis. This mate@ilcompletely disordered and therefore, the dagee

corrected for disordered solvent using the SQUEBg#oN in Platon.
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Table 2. Atomic coordinates ( x fb and equivalent isotropic displacement parame{i&?x 103).

U(eq) is defined as one third of the trace of tithagonalized {Jtensor.

X y z U(eq)

c@) 3202(2) 485(2) 6327(2) 31(1)
c(2) 2848(2) -388(2) 6232(2) 31(1)
C(3) 3196(2) -758(2) 5796(2) 36(1)
C(4) 2811(2) -1565(2) 5724(2) 42(1)
C(5) 2051(2) -2036(2) 6070(2) 43(1)
C(6) 1689(2) -1676(2) 6495(2) 36(1)
c(7) 2083(2) -860(2) 6584(2) 30(1)
C(8) 1802(1) -391(2) 7069(2) 27(1)
C(9) 1878(2) 295(2) 6563(2) 29(1)
C(10) 1315(2) 522(2) 6467(2) 34(1)
C(11) 1482(2) 1206(2) 6014(2) 41(1)
C(12) 2227(2) 1669(2) 5666(2) 41(1)
C(13) 2792(2) 1453(2) 5749(2) 36(1)
C(14) 2630(2) 761(2) 6188(2) 30(1)
C(15) 3926(2) 979(2) 6637(2) 33(1)
C(16) 4507(2) 758(2) 6994(2) 34(1)
C(17) 5314(2) 1276(2) 6603(2) 38(1)
cl(1) 6865(1) 2281(1) 6514(1) 58(1)
C(18) 5978(2) 1711(2) 7035(2) 36(1)
cl(2) 5314(1) 1248(1) 5500(1) 67(1)
c(21) -370(5) -3598(4) 7500 103(3)
C(22) 339(4) -4036(3) 6730(4) 116(3)
C(23) -144(4) -3746(3) 6788(4) 100(2)
C(24) 645(6) -4205(4) 7500 150(6)
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Table 3.Bond lengths [A] and angles [°].

C(1)-C(15) 1.342(4) C(11)-C(12) 1.384(5)
C(1)-C(14) 1.479(4) C(12)-C(13) 1.371(4)
C(1)-C(2) 1.492(4) C(13)-C(14) 1.405(4)
C(2)-C(3) 1.394(4) C(15)-C(16) 1.509(4)
C(2)-C(7) 1.417(4) C(16)-C(17) 1.513(4)
C(3)-C(4) 1.369(4) C(16)-C(16A) 1.590(6)
C(4)-C(5) 1.406(5) C(17)-C(18) 1.328(4)
C(5)-C(6) 1.393(4) C(17)-CI(2) 1.733(3)
C(6)-C(7) 1.386(4) Cl(1)-C(18) 1.725(3)
C(7)-C(8) 1.492(4) C(18)-C(18A) 1.462(6)
C(8)-C(8A) 1.355(5) C(21)-C(23A) 1.288(8)
C(8)-C(9) 1.499(4) C(21)-C(23) 1.288(8)
C(9)-C(10) 1.382(4) C(22)-C(23) 1.322(10)
C(9)-C(14) 1.412(4) C(22)-C(24) 1.458(10)
C(10)-C(11) 1.401(4) C(24)-C(22A) 1.458(10)
C(15)-C(1)-C(14) 120.5(2) C(12)-C(11)-C(10) 119.3(3)
C(15)-C(1)-C(2) 125.2(3) C(13)-C(12)-C(11) 120.5(3)
C(14)-C(1)-C(2) 113.5(2) C(12)-C(13)-C(14) 120.9(3)
C(3)-C(2)-C(7) 118.8(3) C(13)-C(14)-C(9) 119.1(3)
C(3)-C(2)-C(1) 125.0(2) C(13)-C(14)-C(1) 125.0(2)
C(7)-C(2)-C(1) 116.1(2) C(9)-C(14)-C(1) 115.8(2)
C(4)-C(3)-C(2) 120.5(3) C(1)-C(15)-C(16) 126.9(3)
C(3)-C(4)-C(5) 120.9(3) C(15)-C(16)-C(17) 109.7(2)
C(6)-C(5)-C(4) 119.4(3) C(15)-C(16)-C(16A) 111.81(15)
C(7)-C(6)-C(5) 119.9(3) C(17)-C(16)-C(16A) 113.96(16)
C(6)-C(7)-C(2) 120.5(3) C(18)-C(17)-C(16) 125.3(3)
C(6)-C(7)-C(8) 126.4(2) C(18)-C(17)-CI(2) 121.0(2)
C(2)-C(7)-C(8) 113.0(2) C(16)-C(17)-CI(2) 113.7(2)
C(8A)-C(8)-C(7) 120.71(15) C(17)-C(18)-C(18A) 120.73(18)
C(8A)-C(8)-C(9) 121.97(14) C(17)-C(18)-CI(1) 121.0(3)
C(7)-C(8)-C(9) 112.1(2) C(18A)-C(18)-CI(1) 118.30(11)
C(10)-C(9)-C(14) 119.0(3) C(23A)-C(21)-C(23) 120.6(10)
C(10)-C(9)-C(8) 127.2(2) C(23)-C(22)-C(24) 120.0(6)
C(14)-C(9)-C(8) 113.8(2) C(21)-C(23)-C(22) 123.6(8)
C(9)-C(10)-C(11) 121.2(3) C(22A)-C(24)-C(22) 112.1(9)

Symmetry transformations used to generate equivatems: A = x,y,-z+3/2
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Table 4. Anisotropic displacement parameterszioﬁlo?’). The anisotropic

displacement factor exponent takes the form.ZE:Ih2 a*2U11 +...+2hka*b* ]

Ull U22 U33 U23 U13 U12

c(1) 29(1) 34(1) 24(1) 3(1) 6(1) 12(1)
c(2) 31(1) 43(2) 21(1) 2(1) 1(1) 21(1)
C(@3) 35(2) 45(2) 32(2) -4(1) 0(1) 22(1)
C(4) 50(2) 57(2) 32(2) -6(1) 1(1) 37(2)
C(5) 55(2) 38(2) 37(2) -5(1) -3(1) 24(1)
C(6) 39(2) 42(2) 26(1) -1(1) -1(1) 20(1)
c(7) 28(1) 39(2) 20(1) -1(1) -4(1) 16(1)
C(8) 16(1) 31(1) 27(1) -1(1) -2(1) 7(1)
C(9) 27(1) 29(1) 20(1) -3(1) -2(1) 6(1)
c(10)  31(1) 41(2) 30(2) 1(1) 0(1) 16(1)
c(11)  45(2) 48(2) 36(2) 5(1) -2(1) 29(2)
Cc(12)  52(2) 44(2) 33(2) 8(1) 2(1) 28(2)
Cc(13)  38(2) 35(2) 25(1) 5(1) 6(1) 12(1)
c(14)  32Q1) 35(1) 22(1) -2(1) 0(1) 14(1)
c(15)  27(1) 31(1) 38(2) 3(1) 3(1) 12(1)
c(16)  25(1) 38(2) 39(2) -1(1) 1(1) 14(1)
c(17)  26(1) 46(2) 41(2) 3(1) 6(1) 18(1)
cl(1) 23(1) 60(1) 77(1) 15(1) 14(1) 11(1)
C(18) 19(1) 32(1) 55(2) 6(1) 5(1) 12(1)
cl(2) 37(1) 112(1) 41(1) 5(1) 10(1) 29(1)
C(21)  90(6) 57(4) 130(9) 0 0 14(4)
C(22)  129(5) 54(3) 111(5) -14(3) 62(4) 5(3)
Cc(23)  122(5) 54(3) 82(4) 4(3) -7(4) 13(3)
C(24)  86(6) 35(4) 310(20) 0 0 14(4)

Table 5.Hydrogen coordinates ( x i))and isotropic displacement parameter§>(/i0 3).

X y z U(eq)
H(3) 3704 -448 5547 44
H(4) 3061 -1809 5436 50
H(5) 1788 -2596 6014 51
H(6) 1172 -1988 6723 43
H(10) 806 208 6713 41
H(11) 1087 1351 5946 49
H(12) 2347 2139 5369 49
H(13) 3301 1776 5506 43
H(15) 4090 1526 6631 40
H(16) 4326 203 6808 41
H(21) -707 -3377 7500 124
H(22) 486 -4134 6187 140
H(23) -334 -3642 6276 120
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Table 1. Crystal data and structure refinement fesHz,Cl,-chloroform solvate.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

y4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.95°
Refinement method

Data / restraints / parameters
Goodness-of-fit on £

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

Comments:

herges49

GH..Cl

713.69

293(2) K
0.71073 A

monoclinic
P2/n

a=13.2695(9) A o= 90°.
b = 8.7070(3) A B= 90.036(8)°.
¢ =27.6283(18) A y = 90°.

3192.1(3) B
4
1.485 Mgfn
0.650 mh
1448
0.13 x 0.10 x 0.07 mrh
2.45 to 25.95°.

-16<=h<=16, -9<=k<=10, -33<=[<=33

21311
6221 [R(int) = 0.0326]
99.5 %
Full-matrix least-squares énF
6221/0/414
1.037
R1 =0.0387, wR2 =@0B
R1 =0.0491, wR2 = 0.1057
0.0063(7)
0.441 and -0.590°8.A

All non-hydrogen atoms were refined anisotropid. latoms were located in difference map. The atantd
atoms were positioned with idealized geometry afthed isotropic using a riding model. The H ataah<C2,
C3, C8 and C9 were refined with varying coordinated varying isotropic displacement parameters.

A numerical absorption correction was performed if¥tmax.: 0.8192 / 0.9479).
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Table 2. Atomic coordinates ( x fb and equivalent isotropic displacement parame{i&e?x 103).

U(eq) is defined as one third of the trace of tithagonalized {Jtensor.

X y z U(eq)

c@) 4027(1) 8883(2) 6606(1) 17(1)
c(2) 3374(2) 8112(2) 6320(1) 18(1)
C(3) 3686(2) 7244(2) 5897(1) 18(1)
C(4) 3095(1) 6437(2) 5597(1) 18(1)
cl(1) 1783(1) 6595(1) 5604(1) 28(1)
C(5) 3459(1) 5278(2) 5251(1) 19(1)
Cl(2) 3264(1) 5692(1) 4644(1) 30(1)
C(6) 3842(1) 3927(2) 5391(1) 18(1)
CI(3) 4161(1) 2523(1) 4971(1) 30(1)
c(7) 3914(1) 3461(2) 5904(1) 17(1)
Cl(4) 2925(1) 2268(1) 6082(1) 28(1)
C(8) 4623(2) 3923(2) 6215(1) 18(1)
C(9) 4596(1) 3738(2) 6736(1) 17(1)
C(10) 5296(1) 4342(2) 7039(1) 16(1)
C(11) 5091(1) 4522(2) 7565(1) 15(1)
C(12) 4637(1) 3384(2) 7844(1) 19(1)
C(13) 4508(2) 3605(3) 8339(1) 23(1)
C(14) 4827(2) 4953(3) 8556(1) 26(1)
C(15) 5263(2) 6101(2) 8280(1) 23(1)
C(16) 5396(1) 5914(2) 7782(1) 17(1)
C(17) 5877(1) 7035(2) 7443(1) 16(1)
C(18) 6659(1) 6241(2) 7145(1) 17(1)
C(19) 7662(2) 6677(2) 7091(1) 23(1)
C(20) 8282(2) 5890(3) 6770(1) 27(1)
c(21) 7914(2) 4651(3) 6508(1) 25(1)
C(22) 6935(2) 4149(2) 6579(1) 20(1)
C(23) 6299(1) 4928(2) 6900(1) 15(1)
C(24) 5471(1) 8390(2) 7301(1) 16(1)
C(25) 4485(2) 9019(2) 7472(1) 17(1)
C(26) 4235(2) 9320(2) 7955(1) 20(1)
C(27) 3300(2) 9933(2) 8074(1) 23(1)
C(28) 2605(2) 10278(2) 7714(1) 24(1)
C(29) 2827(2) 9959(2) 7233(1) 21(1)
C(30) 3756(1) 9321(2) 7109(1) 17(1)
C(31) 5075(1) 9265(2) 6477(1) 17(1)
C(32) 5337(2) 9832(2) 6020(1) 20(1)
C(33) 6320(2) 10271(2) 5923(1) 25(1)
C(34) 7042(2) 10204(2) 6288(1) 25(1)
C(35) 6789(2) 9675(2) 6749(1) 21(1)
C(36) 5815(1) 9154(2) 6844(1) 17(1)
C(37) 8787(2) 7659(3) 4959(1) 46(1)
CI(5) 8574(1) 9636(1) 4879(1) 58(1)
Cl(6) 9822(1) 7046(1) 4612(1) 61(1)
Cl(7) 8965(1) 7214(1) 5569(1) 81(1)
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Table 3.Bond lengths [A] and angles [°].

C(1)-C(2) 1.350(3) C(17)-C(24) 1.355(3)
C(1)-C(31) 1.475(3) C(17)-C(18) 1.496(3)
C(1)-C(30) 1.486(3) C(18)-C(19) 1.391(3)
C(2)-C(3) 1.452(3) C(18)-C(23) 1.411(3)
C(3)-C(4) 1.339(3) C(19)-C(20) 1.392(3)
C(4)-C(5) 1.472(3) C(20)-C(21) 1.386(3)
C(4)-Cl(1) 1.747(2) C(21)-C(22) 1.385(3)
C(5)-C(6) 1.339(3) C(22)-C(23) 1.400(3)
C(5)-Cl(2) 1.7332(19) C(24)-C(25) 1.495(3)
C(6)-C(7) 1.478(3) C(24)-C(36) 1.499(3)
C(6)-CI(3) 1.7374(19) C(25)-C(26) 1.400(3)
C(7)-C(8) 1.335(3) C(25)-C(30) 1.419(3)
C(7)-Cl(4) 1.744(2) C(26)-C(27) 1.390(3)
C(8)-C(9) 1.448(3) C(27)-C(28) 1.388(3)
C(9)-C(10) 1.357(3) C(28)-C(29) 1.390(3)
C(10)-C(23) 1.477(3) C(29)-C(30) 1.395(3)
C(10)-C(11) 1.486(3) C(31)-C(32) 1.399(3)
C(11)-C(12) 1.393(3) C(31)-C(36) 1.414(3)
C(11)-C(16) 1.412(3) C(32)-C(33) 1.385(3)
C(12)-C(13) 1.392(3) C(33)-C(34) 1.391(3)
C(13)-C(14) 1.385(3) C(34)-C(35) 1.396(3)
C(14)-C(15) 1.385(3) C(35)-C(36) 1.395(3)
C(15)-C(16) 1.397(3)

C(16)-C(17) 1.494(3)

C(37)-CI(7) 1.745(3) C(37)-CI(5) 1.759(3)
C(37)-CI(6) 1.757(3)
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Table 3.Bond lengths [A] and angles [°].

ExPeRIMENTAL ParRT

C(2)-C(1)-C(31)
C(2)-C(1)-C(30)
C(31)-C(1)-C(30)
C(1)-C(2)-C(3)
C(4)-C(3)-C(2)
C(3)-C(4)-C(5)
C(3)-C(4)-Cl(1)
C(5)-C(4)-Cl(1)
C(6)-C(5)-C(4)
C(6)-C(5)-Cl(2)
C(4)-C(5)-CI(2)
C(5)-C(6)-C(7)
C(5)-C(6)-CI(3)
C(7)-C(6)-CI(3)
C(8)-C(7)-C(6)
C(8)-C(7)-Cl(4)
C(6)-C(7)-Cl(4)
C(7)-C(8)-C(9)
C(10)-C(9)-C(8)
C(9)-C(10)-C(23)
C(9)-C(10)-C(11)
C(23)-C(10)-C(11)
C(12)-C(11)-C(16)
C(12)-C(11)-C(10)
C(16)-C(11)-C(10)
C(13)-C(12)-C(11)
C(14)-C(13)-C(12)
C(15)-C(14)-C(13)
C(14)-C(15)-C(16)
C(15)-C(16)-C(11)
C(15)-C(16)-C(17)
C(11)-C(16)-C(17)
C(24)-C(17)-C(16)
C(24)-C(17)-C(18)

CI(7)-C(37)-CI(6)
CI(7)-C(37)-CI(5)

125.14(17)
121.32(17)
113.37(16)
123.14(18)
127.14(18)
124.75(18)
122.34(15)
112.84(14)
122.56(17)
121.28(15)
115.94(15)
122.92(17)
121.17(15)
115.55(14)
125.41(18)
121.86(16)
112.68(14)
126.02(19)
123.61(18)
126.19(17)
121.27(17)
112.51(16)
119.99(17)
123.05(18)
116.95(16)
119.95(19)
120.35(19)
120.03(19)
120.84(19)
118.81(18)
126.46(18)
114.68(16)
125.46(17)
121.20(17)

110.72(17)
111.13(17)

C(16)-C(17)-C(18)
C(19)-C(18)-C(23)
C(19)-C(18)-C(17)
C(23)-C(18)-C(17)
C(18)-C(19)-C(20)
C(21)-C(20)-C(19)
C(22)-C(21)-C(20)
C(21)-C(22)-C(23)
C(22)-C(23)-C(18)
C(22)-C(23)-C(10)
C(18)-C(23)-C(10)
C(17)-C(24)-C(25)
C(17)-C(24)-C(36)
C(25)-C(24)-C(36)
C(26)-C(25)-C(30)
C(26)-C(25)-C(24)
C(30)-C(25)-C(24)
C(27)-C(26)-C(25)
C(28)-C(27)-C(26)
C(27)-C(28)-C(29)
C(28)-C(29)-C(30)
C(29)-C(30)-C(25)
C(29)-C(30)-C(1)

C(25)-C(30)-C(1)

C(32)-C(31)-C(36)
C(32)-C(31)-C(1)

C(36)-C(31)-C(1)

C(33)-C(32)-C(31)
C(32)-C(33)-C(34)
C(33)-C(34)-C(35)
C(36)-C(35)-C(34)
C(35)-C(36)-C(31)
C(35)-C(36)-C(24)
C(31)-C(36)-C(24)

CI(6)-C(37)-CI(5)

109.88(16)
119.55(18)
126.67(18)
113.78(16)
120.0(2)
120.49(19)
120.10(19)
120.17(19)
119.47(17)
122.73(18)
117.45(16)
125.08(17)
120.65(17)
111.78(16)
118.50(18)
125.35(18)
116.15(16)
120.60(19)
120.46(18)
120.04(19)
120.1(2)
120.21(18)
123.08(18)
116.69(17)
119.90(18)
122.18(18)
117.75(17)
120.35(19)
119.85(19)
120.53(19)
120.2(2)
119.06(18)
125.82(18)
115.03(16)

110.79(15)
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Table 4. Anisotropic displacement parametersz(ﬁlo?’). The anisotropic

displacement factor exponent takes the form.2[212 a*2U11 +...+2hka*b* ]

Ull U22 U33 U23 U13 U12

c(1) 24(1) 11(1) 17(1) 0(1) -1(1) 1(1)
c(2) 22(1) 15(1) 16(1) -1(1) -1(1) 1(1)
C(@3) 23(1) 16(1) 15(1) 0(1) 0(1) 1(1)
C(4) 21(1) 18(1) 15(1) 2(1) -1(1) 1(1)
cl(1) 22(1) 38(1) 25(1) -7(2) -5(1) 4(1)
C(5) 21(1) 25(1) 10(1) -2(1) -2(1) -5(1)
cl(2) 43(1) 37(1) 11(1) 2(1) -3(1) 2(1)
C(6) 19(1) 21(1) 14(1) -6(1) -1(1) -2(1)
CI(3) 40(1) 28(1) 21(1) -12(1) 2(1) 4(1)
c(7) 21(1) 16(1) 16(1) -1(1) -2(1) 2(1)
Cl(4) 31(1) 29(1) 23(1) 4(1) -7(1) -12(1)
C(8) 21(1) 16(1) 16(1) -3(1) -1(1) 1(1)
C(9) 19(1) 15(1) 17(1) -1(1) -2(1) -1(1)
C(10) 19(1) 13(1) 15(1) 2(1) -1(1) 2(1)
C(11) 14(1) 17(1) 15(1) 2(1) -3(1) 1(1)
C(12) 19(1) 18(1) 20(1) 4(1) -2(1) -1(1)
Cc(13)  22(1) 27(1) 20(1) 8(1) 2(1) 0(1)
c(14)  33(1) 31(1) 14(1) 3(1) 1(1) 4(1)
c(15)  31(1) 21(1) 16(1) -2(1) -3(1) 0(1)
C(16) 18(1) 17(1) 15(1) 2(1) -3(1) 1(1)
Cc(17)  20(1) 17(1) 12(1) -3(1) -5(1) -5(1)
C(18) 19(1) 16(1) 15(1) 41) -4(1) 1(1)
Cc(19)  20(1) 20(1) 27(1) 5(1) -5(1) -3(1)
C(20) 17(1) 29(1) 35(1) 8(1) -1(1) 2(1)
c21)  21(1) 29(1) 26(1) 6(1) 2(1) 9(1)
Cc(22)  23(1) 19(1) 18(1) 0(1) -2(1) 5(1)
C(23) 17(1) 16(1) 14(1) 2(1) -4(1) 2(1)
c24)  21(1) 14(1) 14(1) -4(1) -2(1) -4(1)
C(25)  24(1) 10(1) 18(1) -3(1) 1(1) -5(1)
c(26)  29(1) 14(1) 17(1) -1(1) 0(1) -5(1)
c27)  32Q) 20(1) 18(1) -6(1) 8(1) -8(1)
c(28)  23(1) 21(1) 28(1) -6(1) 8(1) -4(1)
c29)  22(1) 17(1) 24(1) -3(1) 1(1) -3(1)
C(30)  22(1) 11(1) 18(1) -1(1) 2(1) -3(1)
C(31)  24(1) 8(1) 18(1) -2(1) 1(1) 0(1)
C(32)  29(1) 14(1) 18(1) 0(1) 1(1) 0(1)
C(33)  38(1) 15(1) 20(1) 1(1) 9(1) -5(1)
C(34)  26(1) 19(1) 31(1) -1(1) 7(1) -6(1)
C(35)  24(1) 14(1) 26(1) 0(1) 1(1) -3(1)
Cc(36)  23(1) 10(1) 18(1) -2(1) 1(1) 0(1)
C(37)  48(2) 48(2) 43(2) 7(1) -15(1) -20(1)
CI(5) 60(1) 46(1) 67(1) 2(1) -4(1) -6(1)
Cl(6) 72(1) 52(1) 61(1) 2(1) -4(1) -1(1)
Cl(7)  103(1) 97(1) 43(1) 22(1) -13(1) -18(1)
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Table 5.Hydrogen coordinates ( x i))and isotropic displacement parameter§>(/i0 3).

X y z U(eq)
H(2) 2656(17) 7980(30) 6434(8) 20(5)
H(3) 4420(17) 7180(20) 5852(8) 14(5)
H(8) 5153(19) 4530(30) 6084(9) 27(6)
H(9) 3983(18) 3290(30) 6866(9) 24(6)
H(12) 4421 2477 7699 23
H(13) 4205 2843 8524 28
H(14) 4748 5088 8888 31
H(15) 5470 7007 8427 27
H(19) 7917 7494 7270 27
H(20) 8948 6197 6730 33
H(21) 8326 4158 6285 30
H(22) 6700 3291 6414 24
H(26) 4698 9108 8199 24
H(27) 3138 10114 8396 28
H(28) 1990 10722 7795 29
H(29) 2355 10172 6993 25
H(32) 4849 9914 5780 24
H(33) 6496 10610 5616 29
H(34) 7700 10513 6224 30
H(35) 7271 9669 6994 26
H(37) 8189 7107 4845 55
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Table 1. Crystal data and structure refinement for herge39a

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 26.02°
Refinement method

Data / restraints / parameters
Goodness-of-fit on £

Final R indices [I>2sigma(l)]

R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

Comments:

herge39a

GoHs2AgFsOSb

872.28

170(2) K
0.71073 A

monoclinic
Cc

a=17.7185(14) A a=90°.
b = 23.6763(16) A B=108.196(9)°.
c=16.7757(13) A y=90°.
6685.6(9) &
8

1.733 Mgfn

1.460 m
3456
0.2 x 0.15 x 0.08 mMh

2.56 to 26.02°.

-21<=h<=21, -29<=k<=29, -20<=I<=20

24672
12620 [R(int) = 0.0547]
99.2 %
Full-matrix least-squares énF
12620/ 46 /871
1.080

R1=0.0691, wR2 =681
R1 = 0.0968, wR2 = 0.1904
0.00(3)
0.00145(19)
1.223 and -1.25278 A

All non-hydrogen atoms except one fluoro atom wefined anisotropic. The H atoms were positioneth wi
idealized geometry and refined using a riding modelnumerical absoprtion correction was performed
Tmin./max= 0.5840 / 0.8766. There are two crystalphically independent comlexes in the asymmeinit.
Each of the two silver atoms is disordered over positions and was refined using a riding modem&wf the
fluoro atoms of both hexafluoroantimonate anionkil@k unusual high anisotropic displacement paranset
indicating for disorder. One of these fluoro atomas refined only isotropic. Analysis of the struetghows that
both crystallogrphically independent complexes bartransferred into each other by half a tranglaitido the
direction of the a-axis. However, if the structiseefined in the smaller cell, disorder and unustert bond
distances between carbon and fluoro atoms occurs.
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Table 2. Atomic coordinates ( x fb and equivalent isotropic displacement parame{i&e?x 103).

U(eq) is defined as one third of the trace of tithagonalized {Jtensor.

X y z U(eq)

Sh(1) 6699(1) 9378(1) 5395(1) 55(1)
F(1) 6696(6) 8586(3) 5372(6) 85(2)
F(2) 6712(7) 10178(3) 5408(6) 91(3)
F(3) 6707(9) 9394(4) 4310(5) 113(4)
F(4) 7841(5) 9368(3) 5729(7) 95(3)
F(5) 6839(8) 9357(4) 6537(6) 113(4)
F(6) 5705(7) 9377(6) 5227(13) 156(6)
Sh(2) 11589(1) 9382(1) 5321(1) 76(1)
F(11) 11681(7) 8612(3) 5274(7) 134(5)
F(12) 11613(7) 10169(4) 5335(6) 134(5)
F(13) 12753(6) 9394(4) 5658(8) 133(5)
F(14) 11811(7) 9333(5) 6452(6) 166(7)
F(15) 11736(9) 9394(4) 4261(7) 159(7)
F(16) 10544(7) 9330(6) 5128(10) 183(7)
Ag(1) 3437(1) 8084(1) 2620(1) 41(1)
Ag(1") 4429(2) 8696(1) 3628(3) 52(1)
c(1) 2861(5) 7189(4) 1681(6) 43(2)
c(2) 2628(7) 7532(5) 983(6) 53(3)
C(3) 1908(6) 7842(5) 778(6) 52(3)
C(4) 1408(6) 7771(5) 1261(7) 60(3)
c(5) 1640(6) 7436(5) 1978(7) 57(3)
C(6) 2355(5) 7147(4) 2200(6) 42(2)
c(7) 3537(5) 6796(4) 1848(5) 38(2)
C(8) 2631(5) 6756(5) 2936(7) 47(2)
C(11) 4319(5) 6906(4) 2201(5) 36(2)
C(12) 4666(4) 7461(4) 2464(5) 33(2)
C(13) 4595(6) 7937(5) 1948(7) 49(2)
C(14) 5024(7) 8422(5) 2252(8) 61(3)
C(15) 5520(7) 8462(6) 3063(8) 64(3)
C(16) 5598(7) 7986(4) 3598(7) 47(2)
C(17) 5170(5) 7500(4) 3308(5) 34(2)
C(18) 5141(4) 6988(4) 3799(5) 33(2)
C(19) 5337(4) 6483(4) 3398(5) 34(2)
C(20) 5855(5) 6054(4) 3760(6) 41(2)
c(21) 5975(7) 5593(5) 3280(7) 53(3)
C(22) 5534(7) 5555(5) 2449(8) 62(3)
C(23) 4996(7) 5986(5) 2060(6) 52(3)
C(24) 4899(5) 6442(4) 2533(5) 37(2)
C(31) 3125(5) 6865(4) 3691(6) 40(2)
C(32) 3418(5) 7447(4) 3997(5) 39(2)
C(33) 2940(7) 7913(5) 3969(7) 53(3)
C(34) 3264(9) 8419(6) 4331(7) 78(4)
C(35) 4076(8) 8466(5) 4766(6) 59(3)
C(36) 4550(7) 7998(5) 4805(6) 50(2)
C(37) 4242(5) 7504(4) 4417(5) 32(2)
C(38) 4700(4) 6978(3) 4336(5) 29(2)
C(39) 4378(5) 6466(4) 4608(5) 36(2)
C(40) 4821(6) 6039(4) 5120(5) 41(2)
C(41) 4436(8) 5579(5) 5338(7) 59(3)
C(42) 3610(8) 5543(6) 5041(8) 64(3)
C(43) 3176(6) 5956(5) 4534(8) 58(3)
C(44) 3539(5) 6418(4) 4309(6) 44(2)
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Table 2. Atomic coordinates ( x fb and equivalent isotropic displacement parame{i&?x 103).

U(eq) is defined as one third of the trace of tithagonalized {Jtensor.

X y z U(eq)

C(51) 1935(11) 9164(8) 2204(12) 97(5)
C(52) 2569(9) 9226(7) 1883(11) 84(4)
o(1) 3322(5) 9069(4) 2491(6) 67(2)
C(53) 3860(20) 9434(15) 2950(20) 146(13)
C(53) 3400(50) 9642(16) 2540(60) 170(40)
C(54) 3930(20) 10026(16) 3090(20) 187(13)
Ag(2) 9383(1) 8675(1) 3620(1) 46(1)
Ag(2") 8469(1) 8064(1) 2643(1) 44(1)
C(61) 7853(5) 7138(4) 1665(5) 43(2)
C(62) 7607(7) 7489(5) 964(7) 56(3)
C(63) 6904(7) 7795(5) 767(7) 57(3)
C(64) 6437(6) 7734(5) 1274(6) 53(3)
C(65) 6666(6) 7402(6) 1993(7) 61(3)
C(66) 7378(6) 7099(4) 2199(6) 47(2)
C(67) 8539(6) 6742(5) 1826(6) 47(2)
C(68) 7633(5) 6696(5) 2915(7) 47(2)
C(71) 9314(6) 6873(4) 2178(5) 38(2)
C(72) 9645(6) 7426(4) 2443(6) 42(2)
C(73) 9570(7) 7899(5) 1920(7) 51(2)
C(74) 10003(8) 8408(5) 2245(9) 63(3)
C(75) 10490(7) 8434(5) 3034(8) 58(3)
C(76) 10569(7) 7976(5) 3593(7) 49(2)
C(77) 10144(5) 7473(4) 3298(6) 36(2)
C(78) 10113(5) 6962(4) 3781(5) 33(2)
C(79) 10326(5) 6449(4) 3388(5) 32(2)
C(80) 10871(5) 6026(4) 3767(6) 37(2)
C(81) 10982(6) 5578(5) 3300(7) 52(3)
C(82) 10569(7) 5533(5) 2462(7) 56(3)
C(83) 10019(7) 5936(5) 2072(6) 56(3)
C(84) 9890(5) 6399(4) 2526(5) 35(2)
C(91) 8122(5) 6830(4) 3693(6) 42(2)
C(92) 8405(6) 7402(4) 4007(5) 42(2)
C(93) 7873(7) 7851(5) 3945(6) 58(3)
C(94) 8181(9) 8357(6) 4339(7) 69(4)
C(95) 8966(9) 8402(5) 4784(7) 68(4)
C(96) 9517(7) 7963(4) 4817(5) 48(2)
C(97) 9210(6) 7452(4) 4412(6) 42(2)
C(98) 9685(5) 6947(4) 4330(5) 33(2)
C(99) 9378(5) 6439(4) 4609(5) 36(2)
C(100) 9821(5) 6012(4) 5124(5) 41(2)
C(101) 9436(8) 5545(5) 5323(7) 58(3)
C(102) 8608(8) 5493(6) 5032(8) 68(4)
C(103) 8161(7) 5914(6) 4499(8) 61(3)
C(104) 8536(5) 6374(4) 4290(6) 40(2)
C(111) 8940(30) 10050(30) 3280(30) 290(30)
C(112) 8810(40) 9660(30) 2770(40) 340(40)
0(2) 8412(7) 9099(6) 2604(8) 103(4)
C(113) 7705(15) 9097(12) 1997(17) 139(8)
C(114) 7030(10) 9166(8) 2253(11) 93(5)

144



ExPeRIMENTAL ParRT

Table 3.Bond lengths [A] and angles [°].

Ag(1)-0(1) 2.345(8) Ag(1)-C(35) 2.251(13)
Ag(1)-C(1) 2.647(9) Ag(1)-0(1) 2.434(10)
Ag(1)-C(13) 2.654(10) Ag(1)-C(15) 2.468(14)
Ag(1)-C(33) 2.703(10) Ag(1)-C(36) 2.531(11)
Ag(1)-C(12) 2.708(8) Ag(1)-C(16) 2.681(12)
C(1)-C(2) 1.377(14) C(22)-C(23) 1.411(15)
C(1)-C(6) 1.436(14) C(23)-C(24) 1.382(13)
C(1)-C(7) 1.472(13) C(31)-C(32) 1.505(14)
C(2)-C(3) 1.418(15) C(31)-C(44) 1.505(13)
C(3)-C(4) 1.384(17) C(32)-C(33) 1.384(14)
C(4)-C(5) 1.391(17) C(32)-C(37) 1.414(11)
C(5)-C(6) 1.384(14) C(33)-C(34) 1.38(2)

C(6)-C(8) 1.497(14) C(34)-C(35) 1.401(19)
C(7)-C(11) 1.352(13) C(35)-C(36) 1.380(15)
C(8)-C(31) 1.320(14) C(36)-C(37) 1.367(14)
C(11)-C(12) 1.459(13) C(37)-C(38) 1.514(12)
C(11)-C(24) 1.489(12) C(38)-C(39) 1.473(12)
C(12)-C(13) 1.403(13) C(39)-C(40) 1.397(13)
C(12)-C(17) 1.422(11) C(39)-C(44) 1.416(12)
C(13)-C(14) 1.384(16) C(40)-C(41) 1.395(14)
C(14)-C(15) 1.372(17) C(41)-C(42) 1.394(16)
C(15)-C(16) 1.421(16) C(42)-C(43) 1.366(17)
C(16)-C(17) 1.379(13) C(43)-C(44) 1.379(14)
C(17)-C(18) 1.476(12) C(51)-C(52) 1.40(2)

C(18)-C(38) 1.366(12) C(52)-0(1) 1.452(17)
C(18)-C(19) 1.465(13) C(52)-C(53) 1.83(5)

C(19)-C(20) 1.377(13) 0(1)-C(53) 1.34(3)

C(19)-C(24) 1.419(11) 0(1)-C(53") 1.36(4)

C(20)-C(21) 1.412(14) C(53)-C(54) 1.42(4)

C(21)-C(22) 1.372(16) C(53)-C(54) 1.42(4)
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Table 3.Bond lengths [A] and angles [°].

O(1)-Ag(1)-C(1) 137.3(3) C(35)-Ag(1)-0(1) 112.5(4)
O(1)-Ag(1)-C(13) 98.5(3) C(35)-Ag(1)-C(15) 136.8(5)
C(1)-Ag(1)-C(13) 81.3(3) 0(1)-Ag(1')-C(15) 108.4(4)
0(1)-Ag(1)-C(33) 100.6(4) C(35)-Ag(1')-C(36) 32.9(4)
C(1)-Ag(1)-C(33) 102.3(4) 0(1)-Ag(1')-C(36) 134.4(4)
C(13)-Ag(1)-C(33) 146.5(3) C(15)-Ag(1')-C(36) 105.5(4)
0(1)-Ag(1)-C(12) 125.6(3) C(35)-Ag(1)-C(16) 106.6(4)
C(1)-Ag(1)-C(12) 71.3(3) 0(1)-Ag(1)-C(16) 130.6(4)
C(13)-Ag(1)-C(12) 30.3(3) C(15)-Ag(1')-C(16) 31.7(4)
C(33)-Ag(1)-C(12) 118.8(3) C(36)-Ag(1)-C(16) 74.2(3)
C(2)-C(1)-C(6) 118.5(9) C(8)-C(31)-C(32) 124.2(9)
C(2)-C(1)-C(7) 123.1(10) C(8)-C(31)-C(44) 123.9(10)
C(6)-C(1)-C(7) 117.7(8) C(32)-C(31)-C(44) 111.5(8)
C(1)-C(2)-C(3) 121.4(11) C(33)-C(32)-C(37) 117.8(9)
C(4)-C(3)-C(2) 119.1(10) C(33)-C(32)-C(31) 125.2(9)
C(3)-C(4)-C(5) 120.3(10) C(37)-C(32)-C(31) 116.7(8)
C(6)-C(5)-C(4) 120.8(11) C(32)-C(33)-C(34) 120.7(11)
C(5)-C(6)-C(1) 119.7(9) C(33)-C(34)-C(35) 121.0(11)
C(5)-C(6)-C(8) 124.3(10) C(36)-C(35)-C(34) 118.2(11)
C(1)-C(6)-C(8) 116.0(8) C(37)-C(36)-C(35) 121.2(10)
C(11)-C(7)-C(1) 128.6(9) C(36)-C(37)-C(32) 121.0(9)
C(31)-C(8)-C(6) 128.2(10) C(36)-C(37)-C(38) 126.8(8)
C(7)-C(11)-C(12) 125.7(8) C(32)-C(37)-C(38) 112.1(7)
C(7)-C(11)-C(24) 121.0(9) C(18)-C(38)-C(39) 125.1(8)
C(12)-C(11)-C(24) 112.0(7) C(18)-C(38)-C(37) 118.6(7)
C(13)-C(12)-C(17) 117.9(9) C(39)-C(38)-C(37) 112.3(7)
C(13)-C(12)-C(11) 126.1(8) C(40)-C(39)-C(44) 119.0(8)
C(17)-C(12)-C(11) 115.8(8) C(40)-C(39)-C(38) 126.0(8)
C(14)-C(13)-C(12) 120.5(10) C(44)-C(39)-C(38) 114.9(8)
C(15)-C(14)-C(13) 122.0(11) C(41)-C(40)-C(39) 120.0(9)
C(14)-C(15)-C(16) 118.5(11) C(42)-C(41)-C(40) 119.9(10)
C(17)-C(16)-C(15) 120.3(10) C(43)-C(42)-C(41) 120.2(10)
C(16)-C(17)-C(12) 120.7(9) C(42)-C(43)-C(44) 121.2(10)
C(16)-C(17)-C(18) 126.9(8) C(43)-C(44)-C(39) 119.7(9)
C(12)-C(17)-C(18) 112.3(7) C(43)-C(44)-C(31) 125.3(9)
C(38)-C(18)-C(19) 123.8(8) C(39)-C(44)-C(31) 114.8(8)
C(38)-C(18)-C(17) 120.6(8) C(51)-C(52)-O(1) 112.1(15)
C(19)-C(18)-C(17) 111.1(7) C(51)-C(52)-C(53") 115(4)
C(20)-C(19)-C(24) 118.4(8) 0(1)-C(52)-C(53") 47.5(16)
C(20)-C(19)-C(18) 128.3(8) C(53)-0O(1)-C(53") 44(3)
C(24)-C(19)-C(18) 113.2(7) C(53)-0(1)-C(52) 125.0(17)
C(19)-C(20)-C(21) 121.2(9) C(53)-0(1)-C(52) 81(3)
C(22)-C(21)-C(20) 119.3(9) 0(1)-C(53)-C(54) 138(3)
C(21)-C(22)-C(23) 120.8(10) 0(1)-C(53)-C(54) 135(4)
C(24)-C(23)-C(22) 119.1(9) 0(1)-C(53)-C(52) 51.7(17)
C(23)-C(24)-C(19) 121.0(8) C(54)-C(53)-C(52) 169(8)
C(23)-C(24)-C(11) 123.8(8) C(53)-C(54)-C(53") 42(3)
C(19)-C(24)-C(11) 115.1(8)
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Table 3.Bond lengths [A] and angles [°].

Ag(2)-0(2) 2.245(10) Ag(2)-C(76) 2.687(11)
Ag(2)-C(95) 2.383(13) Ag(2)-0(2) 2.452(14)
Ag(2)-C(75) 2.518(11) Ag(2)-C(73) 2.628(10)
Ag(2)-C(96) 2.577(10) Ag(2)-C(72) 2.679(9)
C(61)-C(62) 1.394(14) C(81)-C(82) 1.371(15)
C(61)-C(66) 1.410(15) C(82)-C(83) 1.374(15)
C(61)-C(67) 1.492(12) C(83)-C(84) 1.395(13)
C(62)-C(63) 1.390(14) C(91)-C(92) 1.484(15)
C(63)-C(64) 1.366(17) C(91)-C(104) 1.497(13)
C(64)-C(65) 1.391(17) C(92)-C(97) 1.380(14)
C(65)-C(66) 1.398(13) C(92)-C(93) 1.403(13)
C(66)-C(68) 1.491(14) C(93)-C(94) 1.39(2)
C(67)-C(71) 1.350(14) C(94)-C(95) 1.360(19)
C(68)-C(91) 1.359(15) C(95)-C(96) 1.416(16)
C(71)-C(72) 1.447(14) C(96)-C(97) 1.409(14)
C(71)-C(84) 1.506(12) C(97)-C(98) 1.493(12)
C(72)-C(73) 1.404(14) C(98)-C(99) 1.455(13)
C(72)-C(77) 1.435(13) C(99)-C(100) 1.399(12)
C(73)-C(74) 1.440(17) C(99)-C(104) 1.428(12)
C(74)-C(75) 1.336(18) C(100)-C(101) 1.394(15)
C(75)-C(76) 1.412(16) C(101)-C(102) 1.400(16)
C(76)-C(77) 1.412(14) C(102)-C(103) 1.406(17)
C(77)-C(78) 1.468(12) C(103)-C(104) 1.379(15)
C(78)-C(98) 1.366(12) C(111)-C(112) 1.23(7)
C(78)-C(79) 1.485(12) C(112)-0(2) 1.48(7)
C(79)-C(80) 1.399(11) 0(2)-C(113) 1.35(3)
C(79)-C(84) 1.416(11) C(113)-C(114) 1.40(3)
C(80)-C(81) 1.368(15)
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Table 3.Bond lengths [A] and angles [°].

0(2)-Ag(2)-C(95) 112.5(5) C(77)-C(78)-C(79) 111.9(7)
0(2)-Ag(2)-C(75) 108.1(5) C(80)-C(79)-C(84) 119.0(8)
C(95)-Ag(2)-C(75) 137.5(4) C(80)-C(79)-C(78) 128.3(8)
0(2)-Ag(2)-C(96) 138.3(4) C(84)-C(79)-C(78) 112.8(7)
C(95)-Ag(2)-C(96) 32.9(4) C(81)-C(80)-C(79) 119.8(8)
C(75)-Ag(2)-C(96) 105.2(4) C(80)-C(81)-C(82) 121.4(9)
0(2)-Ag(2)-C(76) 132.9(4) C(81)-C(82)-C(83) 120.4(10)
C(95)-Ag(2)-C(76) 106.9(4) C(82)-C(83)-C(84) 119.9(9)
C(75)-Ag(2)-C(76) 31.3(3) C(83)-C(84)-C(79) 119.5(8)
C(96)-Ag(2)-C(76) 74.2(3) C(83)-C(84)-C(71) 125.5(8)
0(2)-Ag(2))-C(73) 99.6(4) C(79)-C(84)-C(71) 115.0(7)
0(2)-Ag(2)-C(72) 126.0(4) C(68)-C(91)-C(92) 126.7(9)
C(73)-Ag(2)-C(72) 30.7(3) C(68)-C(91)-C(104) 120.4(10)
C(62)-C(61)-C(66) 119.0(8) C(92)-C(91)-C(104) 112.3(8)
C(62)-C(61)-C(67) 123.4(9) C(97)-C(92)-C(93) 122.6(11)
C(66)-C(61)-C(67) 117.2(9) C(97)-C(92)-C(91) 115.9(8)
C(63)-C(62)-C(61) 122.1(11) C(93)-C(92)-C(91) 121.4(10)
C(64)-C(63)-C(62) 118.0(10) C(94)-C(93)-C(92) 117.5(11)
C(63)-C(64)-C(65) 122.0(9) C(95)-C(94)-C(93) 120.6(11)
C(64)-C(65)-C(66) 120.0(11) C(94)-C(95)-C(96) 122.5(11)
C(65)-C(66)-C(61) 118.8(10) C(97)-C(96)-C(95) 117.0(10)
C(65)-C(66)-C(68) 123.4(10) C(92)-C(97)-C(96) 119.7(9)
C(61)-C(66)-C(68) 117.6(8) C(92)-C(97)-C(98) 114.2(9)
C(71)-C(67)-C(61) 126.5(10) C(96)-C(97)-C(98) 126.0(9)
C(91)-C(68)-C(66) 124.5(10) C(78)-C(98)-C(99) 125.4(8)
C(67)-C(71)-C(72) 127.0(8) C(78)-C(98)-C(97) 119.4(8)
C(67)-C(71)-C(84) 118.2(9) C(99)-C(98)-C(97) 110.8(8)
C(72)-C(71)-C(84) 113.1(8) C(100)-C(99)-C(104) 118.2(9)
C(73)-C(72)-C(77) 118.1(10) C(100)-C(99)-C(98) 127.0(8)
C(73)-C(72)-C(71) 125.5(9) C(104)-C(99)-C(98) 114.8(7)
C(77)-C(72)-C(71) 116.3(8) C(101)-C(100)-C(99) 119.9(9)
C(72)-C(73)-C(74) 119.7(10) C(100)-C(101)-C(102) 121.7(9)
C(75)-C(74)-C(73) 121.0(10) C(101)-C(102)-C(103) 118.7(10)
C(74)-C(75)-C(76) 121.5(11) C(104)-C(103)-C(102) 120.1(10)
C(77)-C(76)-C(75) 118.8(11) C(103)-C(104)-C(99) 121.3(9)
C(76)-C(77)-C(72) 120.7(9) C(103)-C(104)-C(91) 124.4(8)
C(76)-C(77)-C(78) 127.6(9) C(99)-C(104)-C(91) 114.2(8)
C(72)-C(77)-C(78) 111.7(8) C(111)-C(112)-0(2) 141(8)
C(98)-C(78)-C(77) 121.1(8) C(113)-0(2)-C(112) 115(3)
C(98)-C(78)-C(79) 123.4(8) 0(2)-C(113)-C(114) 117(2)
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Table 3. Bond lengths [A] and angles [°].

Sb(1)-F(6) 1.694(11) Sh(2)-F(16) 1.782(12)
Sh(1)-F(3) 1.824(9) Sh(2)-F(14) 1.817(10)
Sb(1)-F(5) 1.855(8) Sb(2)-F(11) 1.833(8)
Sb(1)-F(1) 1.876(7) Sb(2)-F(12) 1.864(9)
Sb(1)-F(2) 1.895(7) Sb(2)-F(15) 1.875(10)
Sb(1)-F(4) 1.924(9) Sb(2)-F(13) 1.960(10)
F(6)-Sb(1)-F(3) 99.6(8) F(16)-Sh(2)-F(14) 93.3(6)
F(6)-Sb(1)-F(5) 88.1(8) F(16)-Sb(2)-F(11) 91.4(5)
F(3)-Sb(1)-F(5) 172.3(7) F(14)-Sb(2)-F(11) 89.3(4)
F(6)-Sb(1)-F(1) 90.0(6) F(16)-Sh(2)-F(12) 95.1(5)
F(3)-Sb(1)-F(1) 90.1(4) F(14)-Sb(2)-F(12) 93.0(4)
F(5)-Sb(1)-F(1) 89.6(4) F(11)-Sb(2)-F(12) 172.9(6)
F(6)-Sb(1)-F(2) 90.6(6) F(16)-Sb(2)-F(15) 105.9(7)
F(3)-Sb(1)-F(2) 89.2(4) F(14)-Sb(2)-F(15) 160.4(7)
F(5)-Sb(1)-F(2) 91.0(4) F(11)-Sh(2)-F(15) 86.3(4)
F(1)-Sb(1)-F(2) 179.2(5) F(12)-Sb(2)-F(15) 89.3(4)
F(6)-Sb(1)-F(4) 172.9(8) F(16)-Sh(2)-F(13) 173.3(6)
F(3)-Sb(1)-F(4) 87.5(6) F(14)-Sb(2)-F(13) 80.5(5)
F(5)-Sb(1)-F(4) 84.8(6) F(11)-Sb(2)-F(13) 85.8(4)
F(1)-Sb(1)-F(4) 89.4(4) F(12)-Sb(2)-F(13) 88.0(4)
F(2)-Sb(1)-F(4) 90.0(4) F(15)-Sb(2)-F(13) 80.1(5)
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Table 4. Anisotropic displacement parameterszioﬁlo?’). The anisotropic

displacement factor exponent takes the form.2[212 a*2U11 +...+2hka*b* ]

Ull U22 U33 U23 U13 U12
Sh(1) 73(1) 40(1) 54(1) -3(1) 25(1) -2(1)
F(1) 120(6) 33(3) 95(6) -2(4) 22(5) -4(4)
F(2) 149(8) 38(4) 84(5) -11(4) 32(5) -4(5)
F(3) 213(13) 64(6) 49(4) 6(3) 21(6) 31(6)
F(4) 72(5) 66(5) 126(8) 22(5) 2(5) -7(4)
F(5) 203(12) 95(7) 62(5) 1(4) 70(7) -2(7)
F(6) 78(7) 144(12) 267(19) 12(10) 81(9) 14(6)
Sb(2)  134(2) 41(1) 69(1) -5(1) 56(1) -7(2)
F(11)  174(11) 48(5) 162(12) -26(6) 28(9) -20(6)
F(12)  214(15) 58(5) 108(8) -16(5) 19(9) 16(7)
F(13)  135(10) 94(8) 175(12) 12(7) 55(9) -27(7)
F(14)  195(15) 108(10) 136(11) 25(7) -33(10) 9(9)
F(15)  264(19) 102(10) 157(12) 35(8) 134(13) 60(10)
Ag(l)  44(1) 37(1) 39(1) -5(1) 9(1) 1(1)
Ag(l)  51(2) 53(2) 52(2) -3(1) 17(1) -3(1)
c) 39(5) 43(5) 34(4) -7(4) -7(4) 6(4)
c(2) 69(7) 53(6) 36(5) -4(4) 14(5) 5(5)
C(3) 45(5) 65(7) 33(4) -2(4) -6(4) 12(5)
C(4) 49(6) 58(7) 55(6) -6(5) -8(5) 19(5)
C(5) 40(5) 74(8) 54(6) 0(5) 12(5) 4(5)
C(6) 32(4) 54(6) 32(4) -6(4) -2(4) 1(4)
c(7) 35(4) 48(5) 29(4) -1(4) 6(4) -1(4)
C(8) 25(4) 64(7) 49(6) 3(5) 5(4) -8(4)
C(11)  33(4) 46(5) 28(4) 0(3) 10(4) 6(3)
C(12)  24(4) 47(5) 28(4) 4(3) 10(3) 0(3)
c(13)  47(5) 57(6) 49(6) 13(5) 22(5) 0(5)
C(14) 70(7) 52(7) 63(7) 14(5) 23(6) -10(5)
C(15) 61(7) 59(7) 69(8) 4(6) 14(6) -20(6)
C(16)  55(6) 45(6) 46(5) -3(4) 22(5) -7(5)
C(17)  24(4) 42(5) 36(4) 4(4) 11(3) -8(3)
C(18) 18(3) 48(5) 29(4) 9(3) 1(3) -4(3)
C(19)  21(4) 48(5) 33(4) -2(4) 7(3) 1(3)
C(20)  35(5) 49(5) 35(4) 5(4) 7(4) -1(4)
c(21)  57(6) 50(6) 54(6) 2(5) 20(5) 19(5)
C(22) 67(7) 55(7) 61(7) -16(5) 17(6) 26(6)
C(23) 65(6) 59(6) 31(4) -2(4) 16(4) 24(5)
Cc(24)  30(4) 49(5) 27(4) 2(4) 2(3) 5(4)
C(31)  26(4) 58(6) 38(5) 6(4) 14(4) 2(4)
C(32)  32(4) 56(6) 28(4) 0(4) 9(3) 7(4)
C(33)  53(6) 64(7) 49(6) 3(5) 26(5) 14(5)
C(34)  106(11) 79(9) 45(6) -4(6) 19(7) 46(8)
C(35)  88(8) 52(6) 31(4) -11(4) 10(5) 14(6)
C(36) 63(6) 57(6) 30(4) -6(4) 13(5) 0(5)
C(37)  28(4) 47(5) 17(3) 3(3) 2(3) 8(3)
c(38)  21(3) 40(4) 20(3) -1(3) -1(3) -4(3)
C(39)  39(4) 44(5) 26(4) 0(3) 14(4) -6(4)
C(40)  40(5) 50(5) 31(4) 8(4) 7(4) 0(4)
C(41)  82(8) 49(6) 47(6) 21(5) 21(6) -8(5)
Cc42)  57(7) 68(8) 66(8) 16(6) 17(6) -14(6)
C(43)  44(5) 66(7) 70(7) 9(5) 26(5) -15(5)
C(44)  36(4) 55(6) 43(5) 12(4) 14(4) -11(4)
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Table 4. Anisotropic displacement parameterszioﬁlo?’). The anisotropic

displacement factor exponent takes the form.2[212 a*2U11 +...+2hka*b* ]

Ull U22 U33 U23 U13 U12
C(51)  96(12) 95(12) 105(13) 9(10) 40(10) -11(10)
C(52) 67(8) 83(10) 97(11) -12(8) 16(8) -8(7)
o(1) 59(5) 54(5) 91(6) 15(4) 30(5) 6(4)
Ag2)  53(1) 40(1) 45(1) 2(1) 14(1) 2(1)
Ag(2)  44(1) 43(1) 42(1) -3(1) 9(1) 5(1)
Cc(61)  31(4) 58(6) 30(4) -8(4) -6(4) 13(4)
C(62)  55(6) 68(7) 39(5) 6(5) 8(5) 32(5)
C(63)  58(6) 54(6) 43(5) 0(4) -7(5) 26(5)
C(64)  34(5) 64(7) 47(5) -3(5) -9(4) 22(4)
C(65)  34(5) 91(9) 46(6) -6(6) -5(4) 21(5)
c66)  39(5) 48(6) 45(5) 3(4) 1(4) 14(4)
C(67)  55(6) 47(5) 31(4) -6(4) 2(4) 23(5)
C(68)  23(4) 58(6) 57(6) 6(5) 10(4) 3(4)
c(71)  39(5) 50(6) 26(4) 5(3) 12(4) 10(4)
Cc(72)  47(5) 45(5) 42(5) 7(4) 22(4) 17(4)
C(73) 64(6) 51(6) 48(6) 16(5) 31(5) 15(5)
C(74)  84(8) 41(6) 84(9) 22(6) 54(7) 7(5)
C(75) 62(7) 45(6) 79(8) 6(5) 38(6) -5(5)
C(76)  54(6) 45(6) 53(6) 2(5) 23(5) -2(5)
C(77)  30(4) 38(5) 44(5) -1(4) 16(4) 2(3)
c(78)  30(4) 36(4) 35(4) 6(3) 12(3) 7(3)
C(79)  26(4) 32(4) 34(4) 3(3) 6(3) 7(3)
C(80)  23(4) 48(5) 36(4) 7(4) 2(3) 14(4)
C(81)  43(5) 57(6) 54(6) 13(5) 14(5) 22(5)
C(82) 68(7) 55(7) 45(5) -8(4) 17(5) 26(5)
C(83)  57(6) 71(7) 38(5) -11(5) 11(5) 24(5)
C(84)  34(4) 40(5) 30(4) -2(3) 5(3) 12(3)
CO1)  35(5) 50(6) 41(5) 11(4) 15(4) 5(4)
C(92)  46(5) 60(6) 29(4) 14(4) 22(4) 21(4)
C(93) 61(6) 71(8) 42(5) 9(5) 17(5) 40(6)
C(94)  97(10) 70(8) 49(6) 13(6) 36(7) 41(7)
C(95)  110(10) 59(7) 33(5) -11(5) 19(6) 20(7)
C(96) 64(6) 51(6) 23(4) -2(4) 5(4) 6(5)
C(97)  53(5) 45(5) 29(4) 7(4) 15(4) 17(4)
c(98)  21(4) 49(5) 26(4) 6(3) 3(3) 9(3)
C(99)  36(4) 43(5) 27(4) 6(3) 8(3) 4(4)
C(100)  38(5) 48(5) 32(4) 11(4) 2(4) 4(4)
c(101)  71(7) 51(6) 53(6) 28(5) 19(6) 19(5)
C(102)  66(7) 65(8) 74(8) 29(6) 22(7) -11(6)
C(103)  45(5) 74(8) 66(7) 26(6) 17(5) -5(5)
C(104)  23(4) 58(6) 39(5) 4(4) 7(3) 1(4)
0(2) 68(6) 136(10) 100(8) 52(8) 19(5) 48(7)
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ExPeRIMENTAL ParRT

Table 5.Hydrogen coordinates ( x i))and isotropic displacement parameter%(/io
3)_

X y z U(eq)

H(2) 2956 7561 633 64
H(3) 1771 8095 315 62
H(4) 904 7951 1102 71
H(5) 1303 7405 2319 68
H(7) 3405 6415 1688 46
H(8) 2424 6383 2849 57
H(13) 4251 7926 1386 59
H(14) 4973 8738 1889 73
H(15) 5805 8801 3262 77
H(16) 5946 8002 4157 57
H(20) 6136 6068 4343 49
H(21) 6358 5311 3531 64
H(22) 5592 5234 2132 74
H(23) 4704 5964 1480 62
H(33) 2384 7886 3698 63
H(34) 2930 8740 4284 94
H(35) 4296 8811 5026 71
H(36) 5101 8019 5107 60
H(40) 5384 6064 5320 50
H(41) 4737 5290 5689 71
H(42) 3348 5229 5192 77
H(43) 2613 5925 4332 70
H(51A) 1439 9271 1774 145
H(51B) 2019 9407 2696 145
H(51C) 1901 8769 2366 145
H(52A) 2597 9624 1714 101
H(52B) 2474 8987 1377 101
H(53A) 4342 9343 2793 175
H(53B) 3974 9284 3529 175
H(53C) 2871 9771 2550 200
H(53D) 3425 9749 1978 200
H(54A) 4493 10127 3337 281
H(54B) 3635 10139 3465 281
H(54C) 3715 10222 2548 281
H(54D) 4474 9953 3078 281
H(54E) 3909 9977 3658 281
H(54F) 3781 10414 2900 281
H(62) 7931 7520 609 67
H(63) 6751 8039 294 68
H(64) 5941 7925 1131 64
H(65) 6338 7381 2345 73
H(67) 8419 6359 1666 56
H(68) 7440 6319 2822 56
H(73) 9235 7884 1355 62
H(74) 9942 8730 1893 76
H(75) 10789 8768 3223 70
H(76) 10902 8005 4158 59
H(80) 11163 6049 4347 45
H(81) 11353 5292 3561 62
H(82) 10664 5222 2149 68
H(83) 9726 5898 1494 68
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ExPeRIMENTAL ParRT

Table 5.Hydrogen coordinates ( x i))and isotropic displacement parameter%(/io

3)_
X y z U(eq)
H(93) 7324 7812 3646 70
H(94) 7841 8673 4296 83
H(95) 9150 8742 5083 82
H(96) 10068 8010 5100 58
H(100) 10383 6041 5337 49
H(101) 9743 5255 5665 70
H(102) 8353 5179 5191 81
H(103) 7599 5881 4284 74
H(11A) 9132 10377 3041 437
H(11B) 9352 9931 3795 437
H(11C) 8455 10143 3401 437
H(11D) 9354 9563 2757 409
H(11E) 8562 9857 2232 409
H(11F) 7653 8735 1690 166
H(11G) 7709 9402 1595 166
H(11H) 6554 9070 1789 140
H(11l1) 6996 9560 2420 140
7068 8918 2731 140

H(11J)
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