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The electrochemical and photoredox properties of copper(ll)
thiopyrazolone Schiff base complexes 1-9 with imine and
thiolate coordination, showing variable degrees of
tetrahedral distortion, were investigated by means of
combined electrochemical and spectroscopic techniques in
the temperature range of 193-293 K. The cyclic
voltammograms of 1-9 in butyronitrile revealed that the
reduction and oxidation paths are strongly dependent on the
geometry of the CuN,S, moiety. Due to the strong
delocalization of the singly occupied redox orbital (SOMO)
the oxidations and reductions occur in a narrow potential
range. The one-electron-reduced 1(r)-9(r) and oxidized 1(0)-
9(0) products were electrogenerated and stabilized inside
optically transparent thin-layer electrochemical (OTTLE)

cells at variable temperatures and could be characterized for
the first time by UV/Vis spectroscopy. The reduced formal
d® copper(l) species absorb only weakly in the visible
region. The oxidized products 1(0)-9(o) show several strong
absorptions in the visible region due to the presence of
formal d® copper(lll) species. The spectral information
allowed assignment of the initial photoproducts. Irradiations
in donor media such as THF or EtOH initially produces 1(r)-
9(r). No photoreduction was observed in tBuOH which
cannot liberate reducing H,. The primary oxidized species
1(0)-9(0) were formed in chlorinated acceptor solvents
(CHCI53) on UV irradation. Fast relaxation to the ground state
prevents the photoredox reactions from CT or LF excited
states.

Introduction

Recently we have shown that the photocatalytic oxygen-
ation of terpenes like a-pinene induced by iron(111) porphy-
rins leads in the presence of copper(ll) complexes with
[CuN,S,] constitution to rearrangement of a-pinene to lim-
onene (beside the formation of oxygenation products).
[CuN,S,] complexes containing Schiff base ligands with im-
ine and thiolate coordination sites (Figure 1) are of particu-
lar significance in that photocatalytic rearrangement. Be-
cause it is assumed that photoinduced electron-transfer pro-
cesses between iron(l11) porphyrins, [CuN,S,] complexes
and a-pinene occur, the spectroscopic, electrochemical, and
photochemical properties of the copper(ll) complexes
themselves were investigated to obtain more insight into the
rather intricate function of these complexes. This paper
summarizes results obtained from combined electrochemi-
cal and photochemical investigations of copper(ll) com-
plexes of Schiff base ligands with imine and thiolate coordi-
nation sites.

The well-known procedure of the synthesis of these li-
gands by condensation of the 4-benzoyl-5-mercapto-3-
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methyl-1-phenylpyrazole with selected diamines has been
applied to derivatives of phenylene-1,2-diamineB! with
the intention of studying the influence of a coupling w-sys-
tem between the pyrazole units on the redox behavior. The
investigated systems complete a series of tetrahedrally dis-
torted complexes reported by L. Hennig et al.®. The re-
duction potentials were expected to be strongly dependent
on the geometry of the donor sphere surrounding the cop-
per ion but this trend could not be experimentally con-
firmed by L. Hennig et al. It appeared, therefore, necessary
to extend the series by more planar complexes to recognize
the trends in the redox properties and reactivity of the
singly reduced and oxidized species.

The investigated complexes 1—9 belong to the compara-
tively few examples of stable copper(l1) thiolate complexes
studied so far.® In general, previous research done on these
compounds was focused on aspects of biomimetic model-
ling of the active site behavior of biological Type | copper
centres with regard to their structural and reduction
properties. However, oxidation of these compounds has re-
cieved little attention. Further investigation is required in
this field. Notably, the first stable copper(lll) thiolate com-
plex [Cu(phmi)](PPh,)] [phmi = 1,2-phenylenebis(2-mer-
capto-2-methylpropionamide)] has recently been described
in the literature. [

Ferraudi and Muralidharan reviewed the photochemistry
of copper complexes in 1981.11 A review of research until
the early 1990s is given by Horvath and Stevenson.!®! Only
little is known, however, about photochemical properties of
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Figure 1. Structural scheme of the Cu'' Schiff base complexes used
displaying the different backbones R

~
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copper(l1) thiolate complexes with large chelating ligands. !
To our knowledge, only copper(ll) complexes with thio-
ethers*® or dithiolate derivatives (dithiocarbamate,!**~14
maleonitriledithiolate,*>~° dithiooxalate!?>2% etc.) have
been studied photochemically so far.

The detailed spectroscopic and photochemical charac-
terization of large systems like the studied Schiff base com-
plexes 1—9 is complicated by strong delocalization of the
frontier orbitals and low symmetry.[?2 Nevertheless, the
presence of intense low-energy charge-transfer absorption
bands and the accessibility of two or more oxidation states
suggest a variety of photoredox reactions. A redshift of the
CT absorptions correlated to the tetrahedral distortion of
the CuN,S, moiety is observed.® Due to the better separ-
ation of the charge-transfer bands, it was important to find
out whether redox reactions can be initiated by electronic
excitation into the corresponding electronic transitions, or
from other excited states, with regard to potential appli-
cation of these light-sensitive compounds as catalysts in
homogeneous photocatalytic systems.

Results and Discussion
Electronic Absorption Spectra

The electronic absorption spectra of the Schiff base li-
gands employed feature an intense band system in the UV
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region (see Figure 1). The spectral data of the ligands are
listed in Table 1. These transitions are, in accordance with
their intensities, attributable to t—mn* transitions within the
aromatic system and the azomethine or the thiolate chro-
mophores. They occur at lower energies for the Schiff bases
with aromatic coupling between the two imine groups
linked by phenylene or biphenylene units. The less intense
bands in the near ultraviolet may also arise from n—n*
transitions since they are too intense to be assigned to
n—n* bands. These absorptions disappear on depro-
tonation of the ligands during coordination of the metal
ion.

Table 1. UV/Vis-spectroscopic data of the free ligands H,1—H,9 in
CHCI; at 293 K

Ligand Band
Amax [NM] (& [~ em ™)

H,1 271 (37300), 321 (34000), 419 (11700)
H,2 276 (35500), 318 (35800), 421 (11900)
H,3 275 (34800), 317 (35100), 419 (12300)
H,4 271 (36000), 321 (36000), 426 (10900)
H,5 277 (26100), 314 (31200), 399 (11700)
H,6 281 (24500), 310 (29900), 394 (11100)
H,7 282 (25600), 311 (31200), 394 (11400)
H,8 271 (32800), 321 (26300), 419 (10600)
H,9 284 (37900), 344 (28300), 446 (12100)

The electronic absorption spectra of the copper(l1) com-
plexes 1—9 exhibit UV absorption bands that can be as-
signed to intraligand (IL) transitions. They are only slightly
shifted relative to those of the corresponding uncoordinated
Schiff base ligands (Table 2). The UV/Vis region displays
bands or shoulders which have been assigned to li-
gand-to-metal (c,n-SR—Cu'') charge-transfer transitions
(LMCT)™ as reviewed by Schugar.®’l For example, 5
shows a shoulder at 346 nm and a relatively strong and
broad absorption at 438 nm with a shoulder at 520 nm. In
contrast to that, two intense bands in the visible region are
observed for 9 (530 nm and 659 nm), together with a
shoulder at 355 nm (Table 2). These bands exhibit a red
shift on going from a square-planar to a pseudotetrahedral
geometry of the CuN,S, chromophores, i.e. from 1 to
9.122.291 It should be recalled that strict assignment cannot
be given due to strong delocalization of the frontier or-
bitals. 22

Ligand field transitions (LF or d-d) at Cu'' could not be
localized due to strong overlap with CT bands in the visible
region. This is not surprising, as the LF transitions are also
expected to shift to lower energy with increasing tetra-
hedral distortion.[30:33]

Cyclic Voltammetry

Cyclic voltammograms of the complexes 1—9 were re-
corded in butyronitrile, as this solvent is also suitable for
spectroelectrochemical studies at variable temperatures (de-
scribed hereinafter). In selected cases THF was employed.
All complexes 1—9 can be oxidized and reduced within the
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Table 2. UV/Vis-spectroscopic data of the complexes 1—9 and their
redox products

Complex®  Band
Amax [nm] (e [in Mm~*em™4)

106 476, 410 (sh), 328, 273

1001 484 (sh) (4300), 410 (sh) (16200), 336 (41600), 275
(41400)

1(ir)olel 400 (sh) (5100), 310 (sh) (29700), 250 (65800)

1(io)irc 350 (sh) (10700), 270 (sh) (39500), 208 (61200)

2l 500 (sh) (2500), 405 (sh) (11900), 344 (32900), 275
(37500)

20 480 (sh), 460(sh), 375 (sh), 323, 256

2(ir)le 390 (sh) (2100), 280 (sh) (23800), 233 (48800)

2(io)llc 331 (sh) (7200), 240 (sh) (32500)

2(r)ellel 510 (sh) (1000), 420(sh), 330 (sh) (13800), 275 (sh), 234
(46200)

2(0)bIre 750 (sh) (1800), 628 (2500), 516 (5100), 439 (5000), 375
(sh), 330 (30900), 262 (34800), 239 (34200)

3t 500 (sh) (2500), 410 (sh) (12200), 345 (33600), 277
(39400)

41 505 (sh) (2500), 410 (sh) (14100), 350 (33700), 317
(28400), 279 (34000)

5lal 520 (sh) (1600), 438 (3500), 346 (sh) (10800), 275
(35600)

5b] 500 (sh), 420, 330 (sh), 275

5(r)lbe] 390 (sh) (3400), 330 (sh), 270 (36100)

5(0)b! > 900, 556 (1400), 432 (10100), 270 (sh) (15000), 251
(35900)

glal 610 (sh) (1900), 476 (3900), 339 (12100), 274 (36700)

6lo! 580, 473, 350 (sh), 322, 269, 224

6(r)lb< 440 (sh) (900), 330 (sh) (1200), 263 (39400)

6(0) 800 (2900), 550 (sh) (1800), 449 (9900), 340 (sh) (5900),
280 (sh) (24700), 250 (45400)

7t 599 (1900), 473 (3700), 341 (11500), 272 (35500)

glal 630 (sh) (1400), 522 (2100), 350 (sh) (10800), 279
(35500)

glal 659 (1600), 530 (1800), 355 (sh) (17000), 290 (51800)

giol 660, 511, 375 (sh), 334, 290

9(r)lbe 440 (sh) (2100), 350 (sh), 272 (32800)

9(o)e 733 (2600), 570 (sh), 469 (3900), 330 (sh) (15600), 290

(sh) (38900), 276 (39200)

@ In CHCI; at 293 K. — I In butyronitrile containing 3-107 m
BuyNPFg at 293 K. — [ Abbreviation (ir) denotes the secondary
reduction products, (r) the primary one-electron reduction prod-
ucts, (io) the secondary oxidation products, and (o) the primary
one-electron oxidation products.

potential window available in these solvents. The corre-
sponding redox potentials (vs. Fc/Fc*) are summarized in
Table 3. The representative cyclic voltammograms of 2, 5,
and 9 in butyronitrile are shown in Figures 2A—C, respec-
tively. The cathodic and anodic steps will be described sep-
arately.

Reduction

In butyronitrile, the reduction of the complexes 5—9 on
the time scale defined by scan rates v = 50 mV/s is chemi-
cally reversible already at room temperature (see Figure
2C). The electron transfer is electrochemically reversible for
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Table 3. Electrochemical data of the complexes 1—91

Complex  Ep(red) AE, Epa(0x) AE, AE,(Fc/Fc*)
Butyronitrile

1 —1.03k1  — 0.31[1 0.105 0.100
1l —1.051  0.130 0.28¢ 0.100 0.100
1(ir) - - -0.3001  —

1(ir)e - - —0.2001  —

2 —1.041  — 0.34M] 0.095 0.105
21dl —0.96F1  0.175 0.27% 0.100  0.100
2(ir) - - -0.300  —

3 —1.0601  — 0.32[1 0.100  0.105
3 —1.08F1  0.110 0.25 0.100  0.100
3] —1.066  0.125 0.30f 0.100  0.100
3(ir) - - —-0.3201  —

4 —0.941  — 0.42M] 0.110 0.105
4ld) —0.981  0.110 0.378l 0.100  0.100
4[] —0.99€  0.150 0.35(¢l 0.110  0.100
4(ir) - - -0.2601  —

4(ir)e - - —0.24b1  —

5 —1.23F1  0.130 0.276l 0.115 0.105
6 —1.04€1  0.110 0.23M] - 0.100
6l —1.06l  0.175 0.210 0.150 0.110
7 —1.02  0.110 0.241 - 0.110
7 —0.971  0.100 0.28M"! 0.150  0.100
8 —0.89  0.100 0.25[1 - 0.1008!
8lfl —0.81€1  0.100 0.30M] 0.140  0.105M
9 —0.84€1  0.100 0.29%! - 0.100
9lel —0.80€  0.100 0.28[l 0.150  0.090
THF

2 —1.1901  — 0.371 0.100  0.100
2(ir) - - -0.36M  —

6 —1.08¢  0.110 0.31[ 0.110 0.110
9 —0.95(  0.110 0.30fl 0.110 0.110

@ Cyclic voltammetry, 5-10~* m solutions of the complexes in butyro-
nitrile or THF containing 3:10~* m Bu,NPFs, T = 293 K (unless
stated otherwise), Pt disk electrode (0.42 mm? apparent surface area),
scan rate v = 100 mV/s. Redox potentials given vs. E;,(Fc/Fc*) = 0.43
V and 0.57 V vs. SCE in butyronitrile and THF, respectively. Abbrevi-
ation (ir) denotes the secondary reduction products of 1—4, oxidizable
back to the parent comPIexes. — oI Chemically irreversible redox pro-
cess. — AT =213 K. — 4T = 230 K. — F1Chemically reversible redox
process. — 1T = 250 K. — 91CoCp, "/° employed as internal standard
redox system (E;, = —1.34 V vs. Fc/Fc™). —

7-9, but quasi-reversible for 5 and 6 (see Figure 2B and
Table 3). On the other hand, the reduction of the complexes
1-4 at room temperature is chemically totally irreversible,
as no anodic counterpeak was observed on the reverse an-
odic scan (see Figure 2A). The reduction in the latter case
produces species, denoted 1(ir)—4(ir) in Table 3, which ox-
idize on the reverse scan ca. 0.7 V more positively in com-
parison with the reduction potentials of the parent com-
plexes 1—4. The complexes 1—9 could be reduced com-
pletely with one equivalent of cobaltocene, which agrees
with the transfer of one electron. The cobaltocenium salts
of the anionic products 5(r)—9(r) persisted in the solution
for several minutes without any decomposition and could
be oxidized back completely to parent 5—9 by one equiva-
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Figure 2. Cyclic voltammograms of the complexes (A) 2 at 293, 240, and 213 K; (B) 5 at 293 K; (C) 9 at 293, 240, and 213 K (butyronitrile/
3.10~* M BuyNPFg, Pt disk microelectrode with 0.42 mm? disk area, scan rate v = 100 mV/s)

lent of FcBF,. The secondary anionic reduction products
1(ir)—4(ir) are also inherently stable, as confirmed by cyclic
voltammetry. Scan reversal beyond their anodic peaks (see
Table 3) led to the reappearance of the cathodic peaks due
to the reduction of 1—4. The recovery of 1 and 2 on oxi-
dation of 1(ir) and 2(ir), respectively, was further docu-
mented by corresponding UV/Vis spectroelectrochemical
experiments (see below). This behavior points to rapid con-
version of the primary one-electron reduction products
1(r)—4(r) to 1(ir)—4(ir) at room temperature, resulting in a
reversible conformational change (see below). Oligomeriz-
ation or polymerization reactions induced by the reduction
are less likely due to the limited conformational flexibility
of the ligand framework in the parent complexes 1—4 (see
Figure 1). As reported recently by Rasmussen et al.,3 a
tetranuclear cluster (Cuul,) is produced in the course of
the reaction between the more flexible deprotonated ligand
N,N’-(2,2'-biphenyldiyl)bis(4-aminomethyl-1,3-diphenyl-5-
thiopyrazole) and [Cu(CH3CN)]* in DMF.

All stable reduction products 1(ir)—4(ir) and 5(r)—9(r)
are EPR-silent. This result is consistent with the formation
of one-electron-reduced, formal Cu' complexes; although,
the Extended-Huckel calculations on the fragments of the
parent complexes 2, 5, and 6 and the average imine N—C
distances (1.31 A for 81324l in the middle of the N=C/N-C
bond-length range®® (1.25—1.39 A) show that the singly
occupied redox orbital (SOMO) is strongly delocalized over
the cis-CuN,S, moiety.[??! It cannot be excluded, however,
that in the anionic reduction products 1(r)—9(r) the added
electron density resides more on the central Cu atom, for
example due to the mixing of the HOMO of the anions
with close-lying empty orbitals (LUMO and LUMO +1)
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which are largely localized®? on the electron-withdrawing
imine functions and the thiopyrazolone rings.

Within the series of the parent compounds 1—9 the ge-
ometry around the central ion strongly depends on the
flexibility of the backbone R connecting the two imine ni-
trogen atoms (see Figure 1). Thus, the rather rigid naphthyl-
ene and phenylene backbones in 1—4 impose only slightly
distorted square planar geometry, as documented by the
crystal structures of 1 and 2 showing 6 = 3.3° and 9.3°,
respectively (0 is the dihedral angle between the two
N—Cu-S planes in the crystal). In contrast to this, in 5
and 6 with the more flexible ethylene and propylene back-
bones, the value for 6 increases to 34.7° and 42.5°, respec-
tively, and 6 = 52.1° was determined for 8 (L. Hennig et
al.l) with the flexible 2,2’-biphenylene backbone enforcing
a large tetrahedral twist on the coordination polyhedron.
Even larger tetrahedral distortion from the planar geometry
was recently observed for a novel complex 10 with the back-
bone R = butylene, where 6 = 56°.13¢ In general, Cu' com-
plexes will prefer the tetrahedral coordination, which also
applies for the studied primary one-electron reduction
products 1(r)—9(r). We have indeed observed that the one-
electron reduction at room temperature is chemically
irreversible for the nearly square planar complexes 1—4,
while the thermal stability of 5(r)—9(r) nicely correlates
with the increased tetrahedral distortion in 5—9. We there-
fore propose that the secondary chemical reactivity of
1(r)—4(r) producing 1(ir)—4(ir) has its origin in a tetra-
hedral twist induced by the electron-transfer step. The elec-
trochemically quasireversible character of the reduction of
5 at room temperature may indicate some small confor-
mational change on going to 5(r) while the geometry of the
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coordination polyhedron of 6(r)—9(r) with respect to that
of the parent complexes 6—9 remains unchanged. It is note-
worthy that the size of the chelate ring, the nature (aro-
matic, aliphatic) and steric demands of the bridging system
in 1—7 possess rather limited influence on the reduction
potential. Only for the pseudotetrahedral complexes 8 and
9 an apparent positive shift of the reduction potential was
observed (see Table 3). This shift may arise from a stabiliz-
ing overlap between the © systems of the twisted 2,2'-bi-
phenylene and 2,2’-binaphthylene backbones, respectively,
and the &t system of the “4-benzyl” substituent at the thio-
pyrazolone rings, as judged from the crystal structure of
8.143%1 For example, the tetrahedrally most twisted complex
10 with the aliphatic butylene backbone R reversibly re-
duces at E,. = —1.03 V,*® i.e. again more negatively than
8 and 9 but identical to nearly planar 1—3 and less twisted
6 and 7.

Cyclic voltammetry performed at moderate scan rates has
revealed that the reduction of 2 becomes chemically revers-
ible at T = 230 K, as judged from I, /I, = 1 and disap-
pearance of the anodic peak due to the oxidation of 2(ir)
on the reverse scan. Between 243 and 213 K the AE, value
gradually increases relative to that of the Fc/Fc* internal
standard and the voltammetric response broadens, while
Ip.a/lpc again becomes less than 1 and I,v'/2 is virtually
independent of v (see Figure 2A). This behavior is charac-
teristic for an electrochemically quasireversible charge
transfer and suggests that, likewise 5(r) and 6(r) (see above),
also 2(r) and parent 2 may slightly differ in the coordination
geometry. A similar temperature dependent voltammetric
response was recorded for 3 and 4; chemical reversibility of
the reduction in the latter cases was, however, only achieved
at T = 213 K (see Table 3). In contrast to this, the one-
electron reduction of the nearly square planar complex 1
(6 = 3.3°) remains chemically irreversible even at T = 213
K.

No significant difference in the reduction path was ob-
served when cyclic voltammograms of 2, 6, and 9 were re-
corded in THF at T = 293 K, besides a shift of the re-
duction potentials to lower values by 40—160 mV (see
Table 3).

Oxidation

Oxidation of 1—9 in butyronitrile occurs, independently
of the geometry of the CuN,S, core, in a narrow potential
range (see Table 3). At v = 100 mV/s oxidation of the nearly
square planar complex 1, in contrast to its reduction, is a
both chemically and electrochemically reversible one-elec-
tron process independently of the applied temperature be-
tween 293 and 213 K. Of course, at T = 330 K for example,
the oxidized species of 1 will decompose. In consequence
of the increasing tetrahedral distortion of the coordination
polyhedron, the oxidation of the complexes 2—10 at T =
293 K is chemically irreversible at v = 100 mV/s (see Table
3). The oxidation of the complexes 2—4 on this subsecond
time scale is still an one-electron process and the primary
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oxidation products 2(0)—4(0) are detectable on the reverse
anodic scan (I, ¢/l 2 = 0.4—0.5). At T = 255 K the second-
ary chemical reactivity of 2(0)—4(0) becomes completely
suppressed, as judged from I, /l,, = 1 (see Figure 2A).
The one-electron-oxidized complex 5(0) does not fit within
the series, being exceptionally stable even at room tempera-
ture (see Figure 2B). On the other hand, complex 6 is oxid-
ized in a chemically totally irreversible step which corre-
sponds with transfer of two electrons (n,,, = 2). Proceeding
to 7—9 the oxidation remains chemically irreversible but the
number of transferred electrons at v = 100 mV/s again de-
creases to Nupp, =~ 1.5 for 7 and ngp, = 1 for 8 and 9 (see
Figure 2C). Scanning at low temperatures revealed that the
oxidation of 6 at T = 230 K becomes chemically reversible
(Napp = 1) while for 9 T = 220 K is required to stabilize the
cation 9(0) at v = 100 mV/s. The corresponding cations 7(0)
and 8(o) remain unstable even at T = 213 K. It is note-
worthy that, opposite to 1—4, the one-electron oxidation of
6—9 producing 6(0)—9(0) is electrochemically quasirevers-
ible while the one-electron reduction of these complexes un-
der identical conditions is electrochemically reversible (see
Table 3). This redox behavior may indicate that, likewise
1-4 and 1(r)—4(r) (see above), also 6—9 and 6(0)—9(0) in
butyronitrile slightly differ in the coordination geometry of
the CuN,S, core. In the case of 5 the little conformational
change applies both for 5(r) and 5(0).

In sharp contrast to the cyclic voltammetric response in
butyronitrile, the complexes 2, 6, and 9 oxidize in THF at
room temperature in a both chemically and electrochemi-
cally reversible one-electron step (see Table 3). Addition of
an excess of PPh; to the THF solution of 9 converts the
oxidation of the latter complex to a chemically totally
irreversible two-electron process while the chemically re-
versible one-electron reduction remains unaffected.

The one-electron-oxidized complexes 1(0)—9(0) can be
viewed in first approach formally as d8-Cu'"" species. Their
preference for the square-planar geometry of the CuN,S,
polyhedron may explain the electrochemically quasirevers-
ible character of the one-electron oxidation of the strongly
tetrahedrally distorted parent complexes 5—9. This descrip-
tion is, however, too oversimplified as the SOMO of 1-9 is
known to be strongly delocalized over the whole CuN,S,
moiety, with a major contribution from the two sulfur
atoms.[?? For example, oxidation of the derivative of 2 with
the thiolate donors replaced by oxygen functions occurs sig-
nificantly more positively [2-O: Ej,(0ox) = 0.9 V and
Epc(red) = —1.38 V vs. Fc/Fc* in butyronitrile at T = 293
K; the one-electron reduction is chemically reversible at v =
100 mV/s]. It can therefore be accepted that the one-elec-
tron oxidation mainly affects the stability of the Cu—S
bond(s). The chemical irreversibility of the oxidation and
its overall two-electron character have probably its origin in
the cleavage of the Cu—S bonds, followed by closure of in-
tra- or intermolecular disulfide S—S bonds in 1(io)—9(io),
the secondary oxidation products. The latter processes be-
come significantly accelerated for the tetrahedrally twisted
complexes 6—9, pointing to the role of conformational
change induced by the electron transfer to the anode, and
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in the presence of strongly coordinating ligands like bu-
tyronitrile or PPhs, which may occupy the coordination
sites abandoned by the sulfur atoms. This anodic path ex-
plains the increased chemical reversibility of the primary
one-electron oxidation step in weakly coordinating THF.

UV/Vis Spectroelectrochemistry

UV/Vis spectra of primary and secondary redox products
of 1-9, detected by cyclic voltammetry were recorded in
situ at variable temperatures by using appropriate OTTLE
cells. The main goal of these experiments was to obtain
spectroscopic information needed for correct assignment of
species generated on photo-induced reduction and oxi-
dation of selected complexes under study. The UV/Vis spec-
troelectrochemical data are collected in Table 2.

Reduction

The one-electron reduction of 5 (Figure 3A), 6 and 9
(Figure 3B) in butyronitrile at 293 K, and 2 in butyronitrile
at 190 K (Figure 3C) in the course of the OTTLE experi-
ments yielded the stable species 5(r), 6(r), 9(r), and 2(r) as
single products. This assignment was based on the thin-
layer cyclic voltammograms recorded during the reduction
and reverse reoxidation steps, which corresponded with the
chemically reversible redox couples observed in ordinary
cyclic voltammograms under identical conditions. In all of
these cases retention of isosbestic points was observed and
the reoxidation of the anionic products resulted in full re-
covery of the parent complexes. The UV/Vis spectra of the
anions are characterized by the presence of an intense band
between 230 and 275 nm with an apparent shoulder at ca.
330 nm. The charge-transfer absorption bands of the parent
complexes in the visible region disappeared. Instead, the
anions 2(r), 5(r), 6(r), and 9(r) absorb only weakly between
380 and 500 nm.

The UV/Vis spectrum of square-planar 2(r) also shows a
weak absorption at 510 nm (see the insert to Figure 3C).
This band is missing in the UV/Vis spectrum of the second-
ary reduction product 2(ir) generated during the one-elec-
tron reduction of 2 in butyronitrile at 293 K (see Figure
3C). The rest of the UV/Vis spectrum of 2(ir) closely re-
sembles that of 2(r), pointing to a very similar bonding situ-
ation in both anions. For example, oxidation at the posi-
tively shifted anodic potential of 2(ir) (see Table 3) also led
to the complete reappearance of the UV/Vis spectrum of
2, in agreement with the cyclic voltammetric behavior (see
above). Almost identical spectroscopic responses were ob-
served for the chemically irreversible one-electron reduction
of nearly square planar 1 at 293 K and for the reverse oxi-
dation of 1(ir) (see Table 2 and Figure 3C).

Oxidation. Electrochemical oxidation of 2, 5, 6, and 9 in
butyronitrile at 193 K within the UV/Vis OTTLE cell pro-
duced stable cations 2(0), 5(0), 6(0), and 9(0). As depicted
in Figure 4 and summarized in Table 2, the electronic ab-
sorption spectra of these cations typically exhibit several
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Figure 3. UV/Vis-spectroscopic changes accompanying electro-
chemical reduction of 5 (A), 9 (B), and 2 gC) in butyronitrile at 293
and 193 K (inset) within an OTTLE cell12728]

absorption bands covering the whole visible region between
400 and 900 nm. Their assignment was not attempted, par-
ticularly due to the strong electronic delocalization of the
parent complexes, which probably also persists in the one-
electron-oxidized species. The cation 2(0) was still observ-
able at 230 K whereas 5(0) existed a few minutes even at
293 K. The oxidation of 2 at room temperature only yielded
the stable secondary product 2(io) which does not absorb
in the visible region (see Table 2). Interestingly, reverse re-
duction of 2(io) directly resulted in full recovery of the par-
ent complex 2. The same result was obtained for the corre-
sponding planar complex 1, regardless of the chemically re-
versible one-electron oxidation of the latter complex at 293
K on the subsecond time scale of cyclic voltammetry. Pro-
vided 1(io)—9(io) contain intra- or intermolecular disulfide
linkages, as argued above, their reduction is then largely
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localized on this function, resulting in rapid recoordination
of the reduced thiolate appendages and the recovery of
1-9.

A

wanelength/ nm

Figure 4. UV/Vis-spectroscopic changes accompanying electro-
chemical oxidation of 2 (Ag, 5 (B), and 9 (C) in butyronitrile at 193
K within an OTTLE cell[?®!

Photochemistry

The photochemical experiments have been carried out to
investigate the possibility to initiate photoinduced electron-
transfer processes producing oxidized or reduced species
from the parent copper(ll) complexes.

Photoreduction

Continuous photolysis of complexes 1—9 with full output
of the mercury lamp in donor solvents EtOH or THF at

Eur. J. Inorg. Chem. 1999, 303—312

room temperature led to bleaching of the bands in the vis-
ible region within approximately 30 min. Identical spectral
changes were monitored when wavelengths A;,, < 310 nm
were excluded. The photoreactions became accelerated in
the presence of electron donors such as N(CH,CH,OH),
(TEA). No photoreduction took place in tBuOH within 30
min (T = 303 K), presumably because this solvent does not
liberate a-hydrogen atoms, in contrast to THF and EtOH.
The UV/Vis-spectral changes accompanying the photore-
duction of complex 9 at 293 K are depicted in Figure 5A
(Mirr > 315 nm). Identical spectral changes were monitored
upon the electrochemical one-electron reduction of this
complex within the OTTLE cell. The same behavior was
observed for 8. The increase of absorbance around 450 nm
is a characteristic feature of the primary reduced anions 8(r)
and 9(r). The conversion is complete within ca. 60 min. The
photoreduction requires strictly anaerobic conditions. Full
recovery of the starting complexes was observed on air
exposure of the photogenerated anions 8(r) and 9(r) if the
irradiation was stopped before side reactions started.

|
1\
g I 400 50 600 700
l wenelength/ nm
|
300 40 50 80
5 wenelength/ nm

425 450
wanelengthy nm

30 40 500 600 700 800
wanelengy nm

Figure 5. UV/Vis-spectroscopic changes accompanying continuous
photolysis of 9 (A) at 293 K, 5 (B) at 193 K in THF (4, > 310
nm, t,, = 0, 10, 20, 35, 50, 70 s)

Photochemical generation of the reduced complexes
5(r)—7(r) failed at room temperature, though the spectro-
electrochemical investigations reveal their thermal stability.
Continuous photolysis in THF at low temperatures (T =
213 K), however, yielded the expected anionic complexes.
The formation of 5(r) at T = 193 K is shown in Figure 5B.

The application of low temperature was not successful in
the case of 2(r). The absence of the weak absorption of
2(r) at 500 nm arising in the course of the electrochemical
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reduction, reveals that only the secondary product 2(ir) was
formed on irradiation of 2 in EtOH and THF, even at T =
193 K. This finding obviously fits with the lower stability
of the primary reduced complex 2(r) in comparison with
5(r)—9(r), as discussed in previous sections.

Photooxidation

Irradiation of 1—-9 in CHCIj; at 546, 436, and 366 nm did
not lead to any measurable photoreaction, although intense
CT absorption bands dominate in this region (see Table 2).
With A;, = 332 nm only minor spectral changes could be
detected within 60 min. A considerable acceleration of the
photoreaction was observed when shorter irradiation wave-
lengths (4, = 313, 302, and 254 nm) were applied, though
the absorbance of 1—9 does not deviate significantly at the
latter wavelengths from that at 334 or 366 nm. Notably, a
week absorbance (A = 0.004 vs. H,O; d = 1 c¢cm) of the
solvent CHCI; was measurable already at A = 313 nm (cut
off at ca. 250 nm).

Continuous photolysis (Ai;, = 254, 302 , and 313 nm) of
the complexes 1—9 in CHCI; only resulted in disappearance
of the visible and UV absorption bands. The bleaching re-
actions may indicate formation of secondary oxidized prod-
ucts as studied in the course of the corresponding UV/Vis-
spectroelectrochemical experiments (see Table 2).

In order to obtain evidence for the formation of the pri-
mary one-electron-oxidized species 1(0)—9(0) upon ir-
radiation in CHCIs;, flash photolysis experiments were car-
ried out at room temperature. The samples were excited
with 266 nm and 355 nm laser pulses. The ns transient ab-
sorption spectra were recorded in 10-nm steps for deaer-
ated, as well as oxygen-saturated solutions (Figure 6). The
expected increase of absorption in the visible region due to
the cationic species 1(0)—9(0) was indeed observed indepe-
ndent of the exclusion of oxygen, as displayed in Figure 7
for 2. Following the decay of this transient absorption on
the ns time scale showed that the cationic complexes exist
at room temperature only a few hundred ns. The lifetimes
1 of 1(0)—9(0) in oxygen-free CHCI; were estimated as-
suming a first- or pseudo-first-order decay. Values for t are
given in Table 4. The longer lifetimes of 2(0) and particu-
larly 1(0) relative to those of 6(0), 9(0), and particularly 8(0)
nicely agree with the cyclic voltammetric trends (see above).

In general, the photochemical reactivity of 1—9 in CHCI,
tracks the absorbance spectrum of the solvent CHCI;. The
observed reactions are therefore assigned to be solvent in-
itiated or to take place from CTTS excited states, which are
not manifested in the electronic spectrum of these com-
pounds in CHCIg.[%8l

No spectral changes could be monitored on excitation of
the complexes 1—9 with visible light (A > 400 nm) within
30 min. This behavior appears to be a result of relaxation
processes from CT excited states via LF excited states.

Conclusions

The thiolate sulfur atom of the complexes under study is
bound to an sp?-hybridized carbon atom. The coupling of
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Figure 6. Transient absorption spectrum of 2 in CHCI; measured
point-by-point 0.4 ps after laser excitation at 266 nm (see*), com-
pared with UV/Vis absorbance difference spectrum recorded on
one-electron oxidation of 2 in butyronitrile at 193 K (----) (see also
Figure 3C)
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Figure 7. Transient decay following flash excitation of 2 in CHCI;
at 266 nm on nanosecond (A) and microsecond (B) time scales

Table 4. Estimated lifetimes t of the photooxidized complexes

Cation  1(0) 2(0) 5(0)@ 6(0) 8(0) 9(0)

tlus] 3.1 1.2 - 05 0.2 1.0

@ The lifetime of 5(0) could not be estimated due to very weak de-
crease of optical density accompanying the formation of secondary
product sfrom 5(0).

the pyrazole-ring carbon atom and the sulfur p-orbitals
provides an easily conjugable framework to stabilize the thi-
olato copper(ll) linkage. This electronic coupling results in
a strong delocalization crucially influencing the electro-
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chemical and photochemical properties of 1—9. This kind
of strong delocalization seems to be responsible that photo-
chemical reactions can only be initiated by exciting intra-
ligand excited states whilst excitation of low-energy elec-
tronically excited states leads to fast radiationless deacti-
vation via d-d excited states.

Both thermally and photochemically induced reaction
pathways of 1—9 are summarized in Scheme 1. In general,
the same primary redox products, as studied by spectroelec-
trochemistry, are initially formed on photolysis in the ap-
propriate reducing and/or oxidizing media. Photoreduction
occurs in solvents bearing H, atoms. Photooxidation in
chlorinated solvents like CHCI; are solvent-initiated or in-
itiated by population of CTTS-excited states.

The oxidation takes place on the copper—sulfur moiety.
Obviously, the strong delocalization is responsible for the
similar values of the oxidation potentials. The primary one-
electron-oxidized products of copper(ll) thiolate complexes
could be characterized by UV/Vis spectroscopy at low tem-
perature.

The reduction behavior is strongly dependent on the ge-
ometry of the pseudotetrahedral N,S, donor set surround-
ing the Cu'"" ion. The stability of the primary one-electron-
reduced products increases with stronger tetrahedral distor-
tion. An opposite trend applies for the primary one-elec-
tron-oxidized species (formally d8-Cu'"') which prefer
square-planar geometry of the coordination sphere.

CTTS-excited states

Y

hv

+ acceptor (Cl)
- acceptor™ (CI)

or solvent initiated C NN ) IL-excited states
Cu
. /7 \
s s

The effect of different substituents on the redox behavior
of the nearly planar complexes 1—4 containing aromatic
backbones is not significant. The influence of the ligand
flexibility on the reduction of the complexes with aliphatic
backbones is reflected in the two-electron oxidation of the
complexes 6 and 7 in comparison with 8 and 9 on the time
scale of cyclic voltammetry. The oxidation path is signifi-
cantly influenced by the kind of donor solvents used. Thus,
strongly coordinating butyronitrile facilitates cleavage of
the Cu—S bonds in the primary one-electron-oxidized spe-
cies, followed by transfer of a second electron. This reactiv-
ity can be supressed in weakly coordinating THF.

Experimental Section

Synthetic Methods and Materials: All chemicals were of analytical
grade and were used as received from Aldrich [BuyNPFg, ferrocene
(Fc), cobaltocene (CoCp,), cobaltocenium hexafluorophosphate
(CoCp,PFg), PPhs]. Ferrocenium tetrafluoroborate (FcBF,) was
prepared according to a literature procedure.?¥! THF (Acros) was
dried with NaOH pellets, followed by distillation from Na/benzo-
phenone under nitrogen. Butyronitrile (Fluka) was freshly distilled
from CaH, under nitrogen. Solvents for photoredox reactions
(CHCIs, ethanol), from Merck (Uvasol) or Aldrich (tBuOH), were
degassed by means of ultrasound or bubbling solvent-saturated N,
through the solutions before use. The complexes 1—9 (Figure 1)
were synthesized according to literature procedures.>#22 Their pu-
rity was checked by elemental analysis and mass spectrometry.

CT-excited states

CT-excited states mixing with
l LF(d-d)-excited states

+ donor (H,)

- donor* (HY)

relaxation

secondary
;q:ggng;ry - C ) ( > — products
primary oxidized primary reduced
product 1(o})-9(o) starting complex P’Od"f-‘“("H(')
in the ground state
Scheme 1. General scheme of the electron-transfer pathway of the complexes 1—-9
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Instrumentation

Spectroelectrochemistry: Cyclic voltammetry was performed in bu-
tyronitrile or THF using a standard vacuum-tight single-compart-
ment cell equipped with a Pt disk working electrode of 0.42 mm?
apparent surface area polished carefully with a 0.25 pm diamond
paste. Pt gauze auxiliary and coiled Ag wire pseudoreference elec-
trodes were used. The redox potentials are reported versus the
E1/, potential of the ferrocene/ferrocenium (Fc/Fc™) couple used as
the recommended internal standard.?? Occasionally, the co-
baltocene/cobaltocenium (CoCp,*/°) couple was employed instead
of Fc/Fc™, using Eq»(CoCp,*°) = —1.34 V vs. Fc/Fc*.?% In bu-
tyronitrile E,,(Fc/Fct) = +0.43 V vs. SCE. "8 The cyclic voltam-
metric samples contained one of the 5:10~* M complexes 1—9 and
3-10! m BuyNPFg as supporting electrolyte. UV/Vis spectroelec-
trochemistry at variable temperatures was carried out with pre-
viously described optically transparent thin-layer electrochemical
(OTTLE) cells[?7128] placed into a Perkin-Elmer Lambda 5 spectro-
photometer equipped with a 3600 data station. The solutions were
typically 5:1072 M in the copper complexes 1—7 or less concen-
trated (near saturation) due to limited solubility of 8 and 9, and
3107 M in the supporting electrolyte. Potential control during
spectroelectrochemical experiments was achieved with a PA4 po-
tentiostat (EKOM, Czech Republic).

Photochemistry: The photochemical experiments were carried out
in 1-cm quartz cuvettes. The solutions typically contained ca.
5.1075 M 1-9. As light source served a high-pressure mercury lamp
USH 102DH (Ushio) equipped with appropriate filters or a mono-
chromator (AMKO). Electronic absorption spectra were recorded
in the course of the photochemical experiments with Cary 3
(Varian) and Perkin-Elmer Lambda 900 spectrophotometers.

Time-Resolved Spectroscopy: The third or fourth harmonic outputs
(355 or 266 nm) of an Nd-Yag laser (GCR-11, Quanta-ray) were
used for photoexcitation and a Xenon lamp (XBO 500, Narva) for
probing the transient absorption in the ns and ps experiments. The
light source for the ms experiments were two high-pressure mercury
flash lamps operating parallel (Narva). The absorption was probed
with an HBO 500 lamp (Narva). After each pulse, the sample solu-
tions were replaced to avoid accumulation of photoproducts.
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