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Abstract: The Cu' salts [Cu(CH;CN),JPF and [Cu-\
(oDFB),]PF with the very weakly coordinating anion
Al(OC(CF;),),~ (PF) as well as [Cu(NEt;),|PF compris-
ing the unique, linear bis-triethylamine complex [Cu-
(NEt;),]* were synthesized and examined as catalysts
for the conversion of monophenols to o-quinones. The
activities of these Cu' salts towards monooxygenation of
2,4-di-tert-butylphenol (DTBP-H) were compared to
those of [Cu(CH;CN),]X salts with “classic” anions
(BF,~, OTf", PF¢"), revealing an anion effect on the
activity of the catalyst and a ligand effect on the reaction
rate. The reaction is drastically accelerated by employ-
ing Cu"-semiquinone complexes as catalysts, indicating
that formation of a Cu" complex precedes the actual
catalytic cycle. This result and other experimental
observations show that with these systems the oxygen-
ation of monophenols does not follow a dinuclear, but a
mononuclear pathway analogous to that of topaquinone
cofactor biosynthesis in amine oxidase. )

Introduction

Copper-containing enzymes catalyze a variety of biological
oxidation and oxygenation reactions.””! One important
enzyme in this context is tyrosinase (TY, Scheme 1a). This
type3 copper enzyme mediates the hydroxylation and
subsequent two-electron oxidation of L-tyrosine to L-dop-
aquinone, corresponding to the first step of melanin

biosynthesis."**! The related enzyme catechol oxidase,
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Scheme 1. a) Reactions performed by tyrosinase (TY) and catechol
oxidase (CO). Centre: schematic drawing of the oxy-form of the active
site. b) Catalytic reaction of the phenolic substrate DTBP-H to o-
quinone DTBQ and CC-coupling side product CCcP. c) Topaquinone
cofactor biosynthesis mediated by the mononuclear Cu" centre of
amine oxidase (AO).

lacking monophenolase activity, generates L-dopaquinone
by oxidation of L-dopa.[®”! Melanin plays an important role
in UV-protection, immune response and wound healing in
plants and animals.”! Key information regarding the reac-
tivity of TY has been obtained from small-molecule model
systems, and small structural changes have often been found
to have a major impact on their activity.l"! The first catalytic
system was developed by Réglier et al., being able to convert
2,4-di-tert-butylphenol (DTBP-H) to 3,5-di-tert-butylquinone
(DTBQ) (Scheme 1b).”! Over the years further catalytic TY
model systems, all with at least bidentate N-donor ligands,
were developed and investigated regarding their properties
by Casella et al.,"”! Stack et al.,"'* Ottenwaelder and Lumb
et al.,">l Herres-Pawlis et al.l'"'"! and others.['®

The fundamental mechanism of TY activity, proceeding
via a u-n’#’-peroxo-dicopper(Il) species, has been firmly
rooted in the literature for decades (Scheme la). The
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formation and detection of corresponding intermediates as
well as their impact on catalytic activity thus have always
been  of central importance in TY  model
chemistry.[*121171920 T order to obtain more information
about the factors influencing the performance of the
catalysts, our group focused on the improvement of TY
model compounds based on mononuclear copper(I) com-
plexes. Within this project steric and electronic effects of
primarily applied bidentate N-donor ligands were investi-
gated in detail.***?* Catalytic runs usually involve 50 equiv
of monophenol along with 100 equiv of NEt; with respect to
a mononuclear Cu' vprecursor  (Bulkowski-Réglier
conditions).”* Nevertheless, conversion of the starting
monophenol to the desired o-quinone was always found to
be far from complete.”*?**2! In order to explain the low
turnover numbers, we looked for possible decomposition
pathways of the catalysts leading to dead-end species. In this
context, the dinuclear Cu" complex [Cu,(u-F)(dmPMP),]-
(PFs);  (dmPMP =2-[(3,5-dimethyl-1H-pyrazol-1-yl)meth-
yl]pyridine) was isolated from the pyrazole-based dmPMP
system that exhibited a comparatively low (11 %) conversion
of DTBP-H to DTBQ.”! Importantly, the bridging fluoride
anion can only originate from the PF,~ counterion, indicat-
ing that an instability of the anion may indeed lower the
catalytic activity of such a TY model system.®!

Herein, we first report on the influence of counterions
on the catalytic activity of copper(I) complexes regarding
the monooxygenation of phenols (anion effect). To this end
we examine a series of simple copper(I) salts containing the
same ligands, but different anions as catalysts for this
reaction. We demonstrated earlier that, besides the well-
described activity of systems containing bi- and tridentate
ligands, simple [Cu(CH;CN),]PF, also exhibits tyrosinase-
like activity.” So we use different [Cu(CH;CN),]X salts (1-
X; X=BF,,, OTf", PF, and AIl(OC(CF;);),” =PF, cf
Scheme 2) for the catalytic monooxy-genation of phenols,
focusing on the conversion of DTBPH to DTBQ (Sche-
me 1b).

Whereas the BF,”, OTf" and PFy salts comprise
“classic” medium- to weaker-coordinating anions, PF repre-
sents a very weakly coordinating anion that both proved to
be stable towards dissociation®?! and in multiple cases led
to increased catalytic activities.”**) Notably, such a very
weakly coordinating anion has never been used before in
reactivity studies of copper monooxygenase models. Having
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X = BFy, OT, PFg, AI(OC(CF3)3)s = PF (1-X) 2-PF
—|+
Et;N— Cu'—NEt; Al(OC(CFa)a)s
3-PF

Scheme 2. Copper(l) salts employed for the conversion of DTBP-H to
DTBQ in this study.

Angew. Chem. Int. Ed. 2022, 61, €202202562 (2 of 9)

Research Articles

Angewandte

intemationaldition’y) Chemie

examined the influence of the anion, we will then vary the
ligand environment of the Cu' complexes and in this context
compare 1-PF with [Cu(oDFB),|PF (2-PF, oDFB=1,2-
difluorobenzene) and [Cu(NEt;),|PF (3-PF) regarding their
catalytic monooxygenase activities (ligand effect). Notably,
3-PF contains the first linear Cu' complex coordinated by
two tertiary monoamine ligands and also represents the first
homoleptic metal complex with these ligands (Scheme 2).
Based on detailed experimental evidence, a mechanism for
the monooxygenation of phenols catalyzed by 1-, 2- and 3-
PF is proposed. In contrast to the well-established, dinuclear
mechanism of TY (Scheme 1a), the hypothetical pathway is
mononuclear and corresponds to the (stoichiometric) topa-
quinone (TPQ) cofactor biosynthesis in the enzyme amine
oxidase (AO, cf Scheme 1c).”** The post-translational
conversion of a nearby tyrosine to the TPQ cofactor of its
mononuclear copper active site is an additional feature to
the primary function of this enzyme, the oxidation of amines
to aldehydes.”**33 Importantly, the biosynthesis of TPQ
represents the second known pathway (besides TY) for a
copper-mediated monooxygenation of phenols in nature and
to date has not been observed in a catalytic fashion, neither
in biology nor in synthetic chemistry. Therefore, the results
presented herein establish a new, mononuclear scenario for
the catalytic conversion of monophenols to o-quinones in
biomimetic copper chemistry.

Results and Discussion

To study the influence of the counterion (anion effect) on
the catalytic activity of simple copper salts regarding the
monooxygenation of phenols, we first employed the series
of Cu' acetonitrile complexes [Cu(CH;CN),]X (1-X) con-
taining anions X of variable coordination strength and
stability (X=BF,”, OTf", PF¢"). Importantly, the salts with
BF,” and OTf", both slightly stronger coordinating than
PF, =, showed 7% and, resp., 11 % yield, lower than the
PF,~ system which gave 15 % yield (Table 1 and Figure 1a).
A similar trend was observed for the reaction rate which
was also found to increase in the sequence BF,” <OTf <
PF¢~, concomitant with a decreasing anion coordinating
ability.”"! This suggests that the anion affects the catalytic
activity through coordination to the metal center, which
causes blocking of the active site and lowers the reaction
rate. A second factor decreasing the yield may be a
decomposition of the anion, leading to destruction of the
catalyst and formation of dead-end species like the u-
fluorido complex [Cu,(pu-F)(dmPMP),](PF,); (see above).*!

In order to eliminate the described anion effect as far as
possible, the inert, unreactive and very weakly coordinating
anion Al(OC(CF;);),” (PF) was employed.””* The corre-
sponding copper(I) salt [Cu(CH;CN),]JPF (1-PF) has been
synthesized in the past by metathesis with the corresponding
Lit, TI* and Ag® salts.”*! These syntheses generate at
least one other metal salt (e.g. AgCl)®*)! as by-product,
introducing a potential impurity which in turn may affect the
catalytic activity. On the other hand, reaction of elemental
copper with the metal-free oxidant [NO]PF was found to
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Table 1: Tyrosinase-like activity for the conversion® of DTBP-H, mediated by [CuL,]X salts (L=CH,CN, n=4, X=BF,, OTf, PF, PF (1-X); L=0DFB,
NEt;, n=2, X=PF (2-PF and 3-PF)) and with a copper(ll)-semiquinone complex directly generated in situ starting from 1-PF or 2-PF and DTBQ.

[Cu(CH,CN)J" [Cu(oDFB),]"  [Cu(NEt),]"
BF, OTf PFe AI(OC(CF;);),~ AI(OC(CFs);),~ AI(OC(CFs);),~ 1-PF4+DTBQ 2-PF4DTBQ
(1-PF) (2-PF) (3-PF) (15°-PF) (2°°-PF)

yield/% (5h)® 7 11 15 38 39 40 40 40
reaction rate/10™*Mmin~"
0-5 min 0.65£0.08 1.28+£0.11 1.48+0.11 1.57+0.12 0.47+£0.07 0.450.07 3.52+£0.20  2.96+0.18
0-15 min 0.34+0.02 0.62+£0.03 1.26+0.04 1.9540.05 1.14+0.04 0.95+0.03 2.92+£0.07  3.19+0.07
0-30 min 0.24+0.01 0.44:+0.01 0.86+0.02 1.7940.03 1.48+£0.02 1.31+0.02 2214003  2.29+0.03
ratio of products'’ 88:6:6 66:9:25  81:14:5  49:40:11 50:39:11 48:42:10 43:451:11 46:411:12

[a] The reactions were carried out under Bulkowski-Regliér conditions,”*! using a solution of the Cu' salt (500 pm), DTBP-H (25 mm) and NEt,
(50 mm) in DCM. [b] The yield in relation to the substrate quantity was determined via UV/Vis spectroscopy. [c] The ratio of the reaction products
DTBP-H:DTBQ:CCcP (CCcP=3,3',5,5tetra-tert-butyl-2,2"-biphenol) was calculated from the 'H-NMR spectra. [d] The determined amount of
DTBQ was reduced by 1, since an equivalent was already present at the beginning of the reaction.

a) cat = [Cu(CH,CN),]JOTf b) cat = [Cu(CH;CN),JAI(OC(CF5),), c) cat = [Cu(NEt,),JAI(OC(CF,),),
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Figure 1. UV/Vis spectra measured during the oxygenation of a solution of a) [Cu(CH;CN),]JOTf, b) [Cu(CH;CN),]PF (1-PF), c) [Cu(NEt;),]PF (3-PF)
in DCM (500 pm each) in the presence of DTBP-H (25 mm) and NEt; (50 mm) during the first 5 h at room temperature; quartz cell length
[=0.1 cm. Bottom: Corresponding yield in relation to the substrate quantity (black dots) and reaction rate (red triangles) as function of time.

provide access to the target compound in high purity and
free of other metal salts (Scheme 3), analogous to the results
of Hayton and Underhill etal® The obtained [Cu-
(CH;CN),]PF (1-PF) proved to be highly active regarding

[NOJAI(OC(CF3)3)4

Cu 18 h, rt Cu |[18h,rt Cu 18 h, rt
CH3CN |- NO oDFB |- NO DCM/NEt;" | - NO
[Cu(CHZCN)4JAI(OC(CF3)3)s  [Cu(o-DFB),JAI(OC(CF3)3)s  [Cu(NEt3),]A(OC(CF3)s)s
1-PF 2-PF 3-PF
DCM/NEt;
20 min, rt

Scheme 3. Synthesis of the copper salts used in this study.
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the monooxygenation of DTBP-H, as evidenced by a
strongly increased yield of 38 %, which represents the
highest value observed with this substrate so far (Figure 1b).
Notably, in all of these reactions the C—C coupling product
CCcP is formed to some extent (cf Scheme 1 and Table 1).
Its relative yield, however, is much lower for the salts with
PF (22 %) as compared to those with classic anions (50 %
(BF,"), 74% (OTf"), 26 % (PF;")), indicating that 1-PF is
also more selective than the other systems. Finally, PF
further accelerates the reaction, leading to a reaction rate
increasing in the sequence X=BF, <OTf <PF, <PF
(Table 1). This indicates that the anion affects both the
product yield and the reaction rate, probably by competing
with the substrate for the binding site at the metal center
(anion effect).
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As PF already represents one of the most stable and
least coordinating anions, it is likely that the reaction rate
cannot be increased much further by changing the anion.
Therefore, the question arose as to what extent the ligand
influences the reactivity and whether a weaker coordinating
ligand than acetonitrile may lead to a higher activity.
Notably, such a system would combine the effect of a stable
and very weakly coordinating anion with a highly reactive
copper(I) center, leading both to high yields and reaction
rates. In 2009, one of us presented such a system with
[Cu(oDFB),]PF (2-PF), combining the weakly binding
ligand 1,2-difluorobenzene (0DFB) with a weakly coordinat-
ing counterion.’”’ However, like in the case of 1-PF, a salt
metathesis with Cul, AgF and LiPF in oDFB was employed
for the synthesis of 2-PF, leading to silver impurities.
Therefore, we applied our new protocol of oxidizing
elemental copper with [NO]PF to the synthesis of the latter
complex, but this time in oDFB (Scheme 3). This success-
fully led to highly pure [Cu(oDFB),|PF (2-PF) and allowed
measurement of a Raman spectrum of this compound for
the first time (Figure S1).

Conversion of DTBP-H to DTBQ catalyzed by 2-PF
under Bulkowski-Réglier conditions”>! gave a yield of 39 %,
almost the same value as obtained for 1-PF. However, the
reaction rate for the first 5 minutes was significantly lower
than observed for the latter, even below the value of 1-BF,.
These results indicate a ligand effect influencing the reaction
rate, as opposed to the anion effect, which leads to increased
yields and reaction rates with weaker coordination ability of
the anion when the same ligand is used. To shed light on the
origin of this ligand effect, the catalytic process has to be
considered in more detail. Especially in case of 2-PF, it is
highly probable that during catalysis the weakly bound
oDFB is exchanged by NEt; of which 100 equiv are also
added under the chosen conditions (see above),’*! primar-
ily to deprotonate the employed monophenol;” but it may
also act as a ligand.

To examine whether a NEt; complex is initially formed
when 2-PF is employed as catalyst, we tried to directly
synthesize a [Cu(NEt;),]" salt. Again, PF was chosen as
counterion. As no homoleptic monoamine complex with any
metal ([M(NR;),]"", R=alkyl) has been structurally charac-
terized so far, it was unclear whether a direct synthesis of
[Cu(NEt;),|PF is feasible. There are a few examples of
compounds containing chelating diamine ligands™*! or the
linear ammine complex [Cu(NH,),]*,*! which indicated that
an analog with acyclic monoamine ligands could be acces-
sible. A first attempt to synthesize the target compound in
analogy to 1- and 2-PF by oxidation of copper did not lead
to a well-defined product, probably due to decomposition of
the anion and/or oxidation of the amine (Scheme 3, for
more detail see Supporting Information).

Therefore, this complex was prepared by ligand ex-
change of 2-PF with NEt; in DCM (Scheme 3). This led to
[Cu(NEt;),]PF (3-PF) in phase-pure form according to
XRPD (Figure S7). Moreover, this new compound could be
structurally (Figure 2) and spectroscopically (Figure S3-S6)
characterized (for more details see Supporting Information).
The crystal structure shows an almost perfectly linear
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Figure 2. a) Molecular structure of [Cu(NEt;),]PF (3-PF), b) view on the
N—Cu—N axis of the [Cu(NEt;),]* cation (H atoms are omitted for
clarity) and c) the interdigitated ethyl groups shielding the copper
center (H atoms with space filling model).

(N1-Cul-N11 178.84(6)°) Cu' complex with two amine
ligands exhibiting tetrahedral geometry at the nitrogen
atoms  (Cul-N1-C1/3/5  109.78(11)°/111.25(11)°/110.04-
(11)0).[43]

The cation has overall S; molecular symmetry, almost
identical to the calculated gas phase geometry, which can be
attributed to the anion and its very weak secondary
interaction to the cation (Figure $54).1*/

Thus, with 3-PF we were able to obtain the first
structurally characterized, homoleptic monoamine metal
complex. Regarding the relative stabilities in the series of
homoleptic [Cu(NEt;),]" complexes with x=2, 3 and 4,
DFT calculations show that the bis-amine complex [Cu-
(NEt;),]* is the only stable one, as optimization of the tris-
and tetrakis-complexes leads to decoordination of one or,
resp., two amine ligands. With a difference of —186 kJmol™
in the gas phase and —157kJmol™ in DCM solution
(Figure S52, S53), [Cu(NEt;),]* should also be much more
stable than [Cu(oDFB),]* and therefore should be directly
accessible from the latter (for more details see Supporting
Information), in agreement with the experimental findings
(see below). Oxygenation of DTBP-H in the presence of 3-
PF leads to the formation of DTBQ in 40 % yield, which
again is practically the same value as in the presence of 1- or
2-PF (Table 1, Figure 1c). This confirms that influences of
anion coordination and dissociation on the attainable yields
are absent in these three systems, in contrast to their analogs
with “classic” anions (BF,”, OTf  and PFy, cf Figure 3).
However, the ligands influence the initial rates of the
catalytic reaction (cf Table 1).

Further information on these issues is provided by
monitoring the time dependence of the reaction rate for all
catalytic reactions over a longer period (180 min., Figure 4).
As evident from this Figure, the rate goes through a
maximum for 1-, 2- or 3-PF, reflecting the presence of an
induction period before the maximum activity is reached.
The actual catalytically active species thus forms from the
Cu' salts 1-, 2- or 3-PF but at different rates depending on
their ligands (CH;CN (1-PF), oDFB (2-PF) or NEt; (3-PF)),
which means that these complexes are in fact precatalysts.
Notably, the absolute values of the rates and their time
course are almost identical for 2- and 3-PF, suggesting that a
rapid ligand exchange in 2-PF, in situ generating 3-PF,
occurs in the presence of NEt; (Figure 4). This hypothesis is
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Figure 3. Yields of DTBQ achieved upon reaction of DTBP-H (25 mwm)
with O, in the presence of NEt; (50 mwm) and different Cu' salts

(500 pm) after 5 h as function of the counterion and the complex
cation.
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Figure 4. Reaction rates of the oxygenation of DTBP-H (25 mwm) to
DTBQ catalyzed by different Cu' salts (500 pm) in the presence of NEt;
(50 mm) during the first 3 h.

also in accordance with the calculated energies of these
complexes (see above). By contrast, if 1-PF is employed as
(pre)catalyst, the reaction rate is significantly higher com-
pared to 2- and 3-PF at the beginning of the reaction, and
the maximum is reached at shorter reaction times. After-
wards, it decreases again, approaching similar rates as 2- and
3-PF. This suggests that the reactive species is formed faster
with 1- than with 2- or 3-PF, which is compatible with the
fact that the initial reaction rates are higher for al/l 1-X salts
(with X=BF,”, OTf", PF,~ and PF) than for 2- and 3-PF
(Figure 4). However, the reaction rate of 1-PF exceeds the
rates of the other 1-X salts, and it goes through a maximum
in the course of the reaction, whereas for the other 1-X
systems the rates monotonically decrease from the begin-
ning. This indicates that the “full” catalytic activity of the
[Cu(CH,CN),]" complex requires the presence of the
aluminate counterion, whereby an induction period applies
to reach that activity.
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In order to rationalize the experimental findings, a
mechanistic cycle is proposed (Scheme 4). Accounting for
the observed induction period, it starts at the level of Cu'
salts which oxygenate the first substrate molecule in a
preliminary reaction sequence (Scheme 4, top), forming the
active catalyst of the actual catalytic reaction (Scheme 4,
bottom). Whereas the preliminary reaction sequence may
proceed through a mono- or a dinuclear mechanism (see
below), the actual catalytic cycle cannot be dinuclear as it is
based on Cu", precluding formation of a u-#%:y’-peroxo
intermediate from two Cu' centers and O,. Instead, it can be
anticipated to follow the other known scenario of phenol
monooxygenation in nature, the biosynthesis of TPQ in AO,
which is mononuclear (see above).F'?>*4l According to
these considerations, we assume that during the induction
period, the Cu' salt reacts with O, and one substrate
molecule to form a Cu"-semiquinone complex (Scheme 4a).
Addition of substrate and base to this species leads to
liberation of 3,5-di-fert-butylsemiquinone (DTBSQ) and
formation of a phenolate-copper(IT) complex (Scheme 4b),
starting the actual catalytic cycle. Following the mechanism
of TPQ biosynthesis,***! the phenolate ligand in inter-
mediate b converts to a phenoxyl radical, reducing Cu"
Cu'. The Cu' phenoxyl complex (Scheme 4c) reacts with O,
to give d, a bridging peroxo intermediate, which is

pre-
catalyst

induction 2 HNEty
period

]

Cu''—CH

DTBP-H
NEt;

DTBSQ
HNEt;0H

iu” @

'B
P

catalyst
HZO +
0,
DTBP-H catalytic
NEt;
cycle
+ ks
gy | 'BUQBU
3 s, @

Cu”’OH

Scheme 4. Proposed mechanism for the conversion of DTBP-H to
DTBQ, starting from simple Cu' salts. For clarity, the counterion and
additional ligands such as CH;CN or NEt; have been omitted.
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subsequently transformed to the o-quinone complex (Sche-
me 4e) by O—O cleavage. Addition of base and substrate
releases the product and closes the catalytic cycle. In order
to investigate the starting point or identify an early
intermediate of the proposed mechanism (Scheme 4), a
stoichiometric reaction of sodium 2,4-di-tert-butylphenolate
(NaDTBP) and O, in presence of 3-PF was performed,
avoiding actually entering the turnover regime. The use of
3-PF ensures that the necessary NEt; is present as coligand
during the reaction, like under catalytic Bulkowski-Réglier
conditions,”* but without excess, which could lead to
replacement of the bound substrate.

The UV/Vis spectra of this reaction initially show a
shoulder between 350 and 500 nm slowly increasing in
intensity (Figure 5 top). As the reaction proceeds, a double
band feature with maxima at 385 and 400 nm and a broad
shoulder at ~430 nm emerges which previously has been
attributed to free DTBSQ.”? In agreement with this, an
EPR spectroscopic analysis of the reaction solution shows

2000

anaerobic
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N S —— 90 min

P R —— 180 min
N, ——300min

\  ——4days

1000 4

¢/ molL":cm™

300 400 500 600
Wavelength / nm

0.75
— 183K

-PF
EFi0s 90 min O,
203K

1
o]
t e § o 213K
u
e 223K
DCM, —— 223 K, 30 min
183 K203 K

By 263 K

) —— 273K
T~ 293 K

N

\ 'Bu o)

N\
300 400 500
Wavelength / nm

Absorbance

0.25 |\

Figure 5. Top: UV/Vis spectra measured upon conversion of NaDTBP
(500 pm) in DCM in the presence of 3-PF (500 pm) during 4 days.
Bottom: UV/Vis spectra measured during the oxygenation of 1-PF
(500 pm, DCM) in the presence of 4 equiv DTBP-H and 4 equiv NEt; at
a temperature range from 183-293 K.
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the presence of an organic radical (Figure S40). The
formation of semiquinone (SQ) was further confirmed by a
stoichiometric reaction of DTBP-H and NEt; with 2-PF and
O, (Figure S41).

To check whether SQ is also formed under (quasi-)
catalytic conditions, the oxygenation was performed with 1-
PF in the presence of a slight excess of DTBP-H (4 equiv)
and NEt; (4 equiv) at low temperatures, in order to detect
possible intermediates. The UV/Vis spectra measured under
these conditions resemble the one of the stoichiometric
reaction, exhibiting an absorption feature at 397 nm as well
as two shoulders at ~385 and ~430 nm (Figure 5 bottom,
Figure S42 for similar experiments with 2-PF). Upon heating
up to room temperature a bathochromic shift of the
absorption occurs and the characteristic quinone band of the
product DTBQ evolves at 405 nm. These findings indicate
that the formation of SQ precedes the formation of quinone
and implies the presence of a copper-based oxygenation
reaction, which is in accordance with the proposed induction
period (Scheme 4 top).

If a SQ-complex is part of the mechanistic scenario and
is formed during the induction period, using a Cu"-SQ
complex (Scheme 4, a’) directly as catalyst should signifi-
cantly increase the reaction rate by bypassing the slow
conversion of the precatalyst to the catalyst (Scheme 4,
dotted arrows). To check this hypothesis, a Cu"-SQ complex
(15¢-PF), directly generated in situ from 1-PF and DTBQ
(Scheme 4, a’), was employed as a catalyst for the oxygen-
ation of DTBP-H. In fact, catalytic conversion to DTBQ
occurred with the same yield as observed for the parent Cu'
complex 1-PF (Table 1), but with a considerably higher
initial reaction rate (Figure 4, green bars). Importantly, the
high initial reaction rate does not increase further in the
course of the reaction, passing through a maximum (as for 1-
PF itself), but decreases monotonically in the course of the
reaction. This shows that the induction period of the
catalytic reaction now is eliminated, which in turn confirms
that it involves oxygenation of one phenol to SQ, being
accompanied with the oxidation of Cu' to Cu" (Scheme 4
top). Analogous investigations with 2-PF and 25¢-PF lead to
similar results (Figure S21-S23). In contrast to 15¢-PF, a
maximum of the reaction rate is observed for 2°¢-PF after
15 minutes. This lag is caused by the addition of NEt;,
leading to release of DTBQ and probably formation of
thermodynamically favored 3-PF (Figure S21-S23).

Electronic absorption data of free DTBSQ are scarce.
Only one publication gives absorption maxima of neutral
DTBSQ, but no extinction coefficients are quoted.* In
order to further characterize DTBSQ, 2°¢-PF was proto-
nated with HNEtPF in the presence of 1equiv NEt; as
additional ligand. This led to disappearance of the absorp-
tion maxima observed for 2°¢-PF (377 nm/1727 molL'cm !,
485 nm/2179 molL'cm™), whereas at 297 nm
(7369 molL'cm™) and 396 nm (2398 molL'cm™") two new
absorption maxima appeared (Figure 6). The band shape of
the feature at 396 nm resembles that of free DTBSQ
obtained from oxygenation of DTBP-H in the presence of 3-
PF and 1-PF (see above, Figure 5 top and bottom), implying
that protonation of 2°%-PF leads to release of DTBSQ. After
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Figure 6. UV/Vis spectra of the reaction of 2°%-PF (1.5 mwm) with one
equivalent each of HNEt;PF and NEt; (1.5 mm) in DCM; Inset: enlarged
view of the UV/Vis-spectrum of 2°%-PF after protonation.

addition of substrate (50 equiv) and base (100 equiv) under
O, the formation of quinone is observed (Figure S39).

Of key importance with regard to the proposed reaction
mechanism is also the nature of oxygen intermediates.
Relevant information regarding this point can be derived
from spectroscopic or kinetic data. As no copper-oxygen
intermediates could be isolated at low temperature (Fig-
ure S44-S49), kinetic measurements with 1-PF were con-
ducted (for more details see Supporting Information). The
reaction order with respect to Cu was determined with 1-PF,
which showed the highest activity of the presented systems.
Moreover, to exclude the influence of the induction period
and bypass the underlying preliminary reaction sequence
(Scheme 4 top), the Cu"-SQ complex (1°¢-PF, Scheme 4, a')
was employed as catalyst, similar to the proposed intermedi-
ate a.

At concentrations up to approx. 600 um a linear (first-
order) dependence of the reaction rate on the concentration
of 13¢-PF was determined (Figure 7, red). This indicates that
the conversion of the substrate to the o-quinone (catalytic
cycle, Scheme 4 bottom) in fact occurs through a mono-
nuclear copper(Il) species. If 1-PF is employed instead of
15¢-PF, a linear dependence of the reaction rate is observed
as well (Figure 7, blue) but, as expected, with lower values.
This suggests that the preliminary reaction sequence
(Scheme 4 top) also follows a mononuclear mechanism.
Nevertheless, it could still be mediated by a dinuclear
copper-oxygen species if formation of a primary, mononu-
clear CuO, adduct is rate-limiting."® Notably, the formation
of (mononuclear) Cu"™-SQ species resulting from monoox-
ygenation of a phenolic substrate coordinated to a dinuclear
u->:n>-peroxo/bis(u-oxo) complex has been observed before
in small-molecule model systems of TY.['*!4430 In tyrosi-
nase itself, a SQ intermediate formed by oxygenation of a
tyrosine residue of the Caddie protein has been detected as
well. This reaction appears to play an important role in the
activation of this enzyme."*!
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Since DTBP-H is an electron-rich substrate, it is of
interest to determine whether other, especially less electron-
rich substrates can be oxygenated as well. Hence, the
reactivity of 1-PF was investigated regarding the monoox-
ygenation of a series of different phenols (3-fert-butylphenol
(3TBP-H), 4-methoxyphenol (MeOP-H), 4-tert-butylphenol
(4TBP-H), 4-methylphenol (MeP-H) and phenol (PhOH)).
Conversion to the corresponding oxygenation products
could be observed for all substrates (Figures S24-S36). As
expected, a higher yield and rate were obtained with the
more activated substrate MeOP-H (49 %), whereas less
activated substrates led to lower yields (4TBP-H: 30 %,
3TBP-H: 24 %, MeP-H: 18 %, PhOH: 14 %) and rates than
obtained for DTBP-H (Table S3), which is in line with an
electrophilic character of a copper(I)-O, intermediate
involved in the catalytic cycle (Scheme 4 bottom). This is
supported by a Hammett style analysis giving a negative
Hammett parameter p (Figures S37). Moreover, an inverse
kinetic isotope effect of ky,p =0.85 was determined by using
2D-4-tert-butylphenol as substrate!* (for more details see
Supporting Information), reflecting a rate-limiting formation
of the o-complex (Scheme 4, d) by attack of the electrophilic
CuO, species.™ Finally, low-temperature UV/Vis measure-
ments with 1-PF and 3TBP-H, resp., MeP-H as well as NEt;
(4 equiv each) confirmed the SQ formation preceding that
of quinone (Figure S43), as found with DTBP-H as substrate
(Scheme 4 top).

Conclusion

In this study, a new protocol is presented for the synthesis of
the Cu' salts [Cu(CH;CN),]PF (1-PF), [Cu(oDFB),]PF (2-
PF) and the unique, linear bis-triethylamine Cu' complex
[Cu(NEt;),|PF (3-PF). Investigations regarding the tyrosi-
nase-like activity of these and Cu' salts [Cu(CH;CN),]X with
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“classic” anions X=BF,”, OTf™ and PFs~ showed that (i)
the counterion has an influence on the product yield (anion
effect) and the highest catalytic activity of the [Cu-
(CH;CN),]* complex is achieved with the aluminate
counterion; (ii) for catalysts with this counterion, the initial
reaction rate depends on the ligands (CH;CN, oDFB, NEt;;
ligand effect); (iii) the formation of the quinone product
(DTBQ) is linearly dependent on the (pre)catalyst concen-
tration and therefore proceeds via a mononuclear mecha-
nism; and (iv), if Cu"-SQ complexes 1°¢-PF and 25¢-PF are
employed as catalysts for the monooxygenation of DTBP-H,
similar yields, but much higher initial reaction rates are
observed than for the parent Cu' salts. This can be explained
by an induction period in which the latter are converted to
Cu"-SQ complexes. The corresponding preliminary reaction
sequence thus can be bypassed by directly using 15¢-PF and
25C_PF.

Based on the experimental results, including a Hammett
analysis and a kinetic isotope experiment, we propose a
mechanism of the copper-mediated conversion of mono-
phenols to o-quinones starting from simple copper(I) salts.
Importantly, the involved catalytic cycle only contains
monomeric, mono-cationic Cu" complexes, which are partic-
ularly well stabilized by weakly coordinating anions, in
agreement with the observed increased activities of such
species when this type of anion is employed. Moreover, the
proposed reaction path differs from the well-established
dinuclear mechanism of phenol monooxygenation, mediated
by the type3 copper protein TY. Instead, it follows the other
known copper-based pathway of phenol monooxygenation
in nature, which is associated with the TPQ cofactor biosyn-
thesis in AO. Whereas the reaction mediated by that
enzyme is stoichiometric, our results demonstrate that this
scenario can well be turned into an efficient catalytic mode
in biomimetic copper chemistry.
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