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Abstract

The kinetics and thermodynamics of formation of Cu(ll)-superoxo (Cu-O,) complexes by the
reaction of Cu(l) complexes with dioxygen (O,) and the reduction of Cu(ll)-superoxo complexes
to dinuclear Cu-peroxo complexes are discussed. In the former case, electron transfer from a Cu(l)
complex to O, occurs concomitantly with binding of O,°~ to the corresponding Cu(ll) species.
This is defined as an inner-sphere Cu(l1) ion-coupled electron transfer process. Electron transfer
from another Cu(l) complex to preformed Cu(ll)-superoxo complexes also occurs concomitantly
with binding of the the Cu(ll)-peroxo species with the Cu(ll) species to produce the dinuclear Cu-
peroxo (Cuy-05) complexes. The kinetics and thermodynamics of outer-sphere electron-transfer
reduction of Cu,-O, complexes are also been discussed in light of the Marcus theory of outer-
sphere electron transfer.
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1. Introduction

Reactions of copper(l) complexes with molecular oxygen (O2) play fundamental roles in
many chemical and biological processes [1-8]. Copper dependent proteins perform a diverse
array of oxidative and oxygenative reactions. In particular, dopamine-S-monooxygenase
(DBM) and peptidylglycine-a-hydroxylating monooxygenase (PHM) [9-11] enzymes
possess a so-called noncoupled binuclear active site [12], which comprises two Cu centers
separated by ~11 A. Dioxygen binding and substrate hydroxylation occur at one of the
copper sites designated as Cuy,. In an important PHM X-ray structure, a dioxygen-derived
species presumed to be an end-on bound cupric superoxide species (i.e., Cu'l-O-0O"") resides
adjacent to an inhibitory substrate analogue [10]. Many researchers regard the cupric
superoxo species as the reactive intermediate responsible for initiating oxidation via
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hydrogen-atom abstraction. Thus, extensive efforts have so far been devoted to elucidate
structures, electronic characteristics, and substrate reactivities of Cu-O, complexes [2-6,13—
15]. This review focuses on kinetics and thermodynamics of formation of mononuclear
copper-superoxo Cu-O, complexes as well as dinuclear copper-peroxo Cu,-O, complexes.
Whether the formation of Cu-oxygen complexes occurs via (1) stepwise outer-sphere
electron transfer from Cu(l) complexes to O,, followed by fast binding of O,"" to the
resulting Cu(1l) complex fragment or (2) binding of O, to Cu(l) complexes, followed by
inner-sphere electron transfer from Cu(l) complexes to O, is discussed in light of the
Marcus theory of electron transfer [16,17]. The favorable thermodynamics and kinetics of
formation and redox reactions of Cu-O, and Cu,-O, complexes are rationalized as the
primary goals of this review.

2. Kinetics and thermodynamics of formation of Cu-O, complexes

2.1. Mechanism of electron transfer from Cu(l) complexes to O,

Outer-sphere electron transfer from Cu(l) complexes with LH (tris(2-pyridyl-methyl) amine
= TMPA) ligands shown in Fig. 1 to O in acetonitrile (MeCN) at 298 K is highly
endergonic, i.e., the free energy of electron transfer (A Gg) is largely positive (A Gg >> 0),
judging from the less negative one-electron oxidation potentials of [(LH)Cu!(MeCN)]*
(&(cu/cu’y vs. SCE = -0.03 V for LH, —=0.09 V for LBY -0.12 V for LMeO) [18] as
compared with the one-electron reduction potential of O, (£O2/0,°7) vs. SCE = -0.86 V)
[19]. Despite these extremely unfavorable energetics of electron transfer from [(LH)Cul]* to
0y, [(LMCU* (Amax = 338 NM, max = 5600 M~1 cm™1) reacts rapidly with O, in
propionitrile (EtCN) forming the 1:1 adduct [(LH)Cu"'(02")]*, (Amax = 410 NM, &max =
4700 M~ cm™1) [20,21]. At low temperature, [(LR)Cu(RCN)]* reacts in a reversible fashion
with Oy to form [(LR)Cu!'(05")]*, which further reacts reversibly with [(LR)Cu(RCN)]* ion
to form the dinuclear 2:1 Cu,0, adduct, as discussed later.

There are two possible reaction pathways for the formation of the Cu-superoxo complex: (1)
outer-sphere electron transfer from [(LR)Cu'(MeCN)]* to O,, followed by binding of the
resulting O,"" to the Cu(ll) center to produce [(LR)Cu'!(0,°7)]* and (2) binding of O, to
Cu(l) complexes, followed by inner-sphere electron transfer from Cu(l) complexes to O, as
shown in Scheme 1.

The rate constant (4t) of outer-sphere electron transfer is given by Eqn. (1),

ky=Zexp (~AG*/RT) (1)

where Zis the frequency factor that is taken as 1 x 1011 M~1 s™1 at 298 K [16,17]. The free
energy change (A G) of electron transfer is given by the Marcus equation [Eqn. (2)] [16,17],

AG*=(1/4)(1+AG/A)? (2

where A is the reorganization energy of electron transfer and A G is the free energy change
of electron transfer, which is given by Eqn. (3),

AG=c[E(D**/D)-E(A/A*T)] (3)
where ¢eis the elementary charge, and £(D**/D) and £(A/A"") are the one-electron oxidation

potential and the one-electron reduction potential of an electron donor (D) and acceptor (A),
respectively.
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The reorganization energy of electron transfer (1) is given as an average of the
reorganization energies of electron exchange between D and D** (1p) and that between A
and A"~ (1) [Eqn. (4)] [16]. The Ap value of [(LH)Cu'"|2*/[(LH)Cu'T* can be

A=A +4,)/2 @)

determined from the A value of electron transfer from decamethylferrocence (Fc*) to
[(LH)Cu''2* as follows. The second-order rate constant (k) of electron transfer from Fc* to
[(LMcu?tis 1.1 x 10° M1 s71 at 298 K [22]. The Avalue is 1.29 eV by using Eqgns. (1)
and (2) from the A Gvalue (= & £(D**/D) — E(A/A*") = -0.05 eV). The Ap value of
[(LHcu"2H/[(LH)Cul]* is 1.58 eV by using Eqn. (4) using the A4 value of Fc*/Fe** (1.01
eV) [23]. Since the A value of O,/0,°~ is 1.89 eV [23], the A value of electron transfer
from [(LH)Cu']* to O, is estimated to be 1.74 eV by using Eqn. (4). Then, the k. value of
outer-sphere electron transfer from [(LH)Cu']* to O, is evaluated to be 5 x 10723 M1 571 at
298 K. The observed & value for formation of [(LH)Cu!'(0,")]" is 5.8 x 10’ M1 s71in
EtCN at 298 K [18]. Because this 4 value is 1030 times larger than the estimated value of
outer-sphere electron transfer from [(LH)Cu']* to O,, the latter cannot be the rate-
determining step in formation of [(LH)Cu'!(0,"")]*. Thus, binding of O, to [(LH)Cu']* may
occur first, accompanied by dissociation of a solvent molecule (RCN); this is followed by
electron transfer from [(LH)Cu']* to O, within the complex, Scheme 1. Because there was
no intermediate observed in formation of [(LH)Cul!(0,*")]* [18], binding of O, to
[(LH)Cu'l* may be too weak to be detected. Once electron transfer occurs in
[(LHCu!(0)]*, binding of 05"~ to [(LH)Cu'T* in [(LH)Cu'/(0,°7)]* is much stronger than
binding of O, to [(LH)Cu']* in [(LH)Cu!(O,)]*. In such a case, electron transfer from
[(LH)Cu'l* to O, and the stronger binding to O, should occur in a concerted manner. Such
an electron transfer is classified as a “Metal ion-Coupled Electron Transfer” (MCET) [24—
28]. The electron-transfer process is also defined as an inner-sphere pathway rather than an
outer-sphere pathway, because there is significant interaction prior to electron transfer and
the ligand is exchanged from MeCN to O,*~ upon electron transfer [29,30].

The fast binding of O,"~ to [(LH)Cu!']2* was confirmed by Smirnov and Roth using
stopped-flow measurements of the reaction of O,*~ with [(LH)Cu'")?* in 4:1 DMF:THF at
193 K [31]. Within the dead-time of the stopped-flow, the reaction of [(LH)Cu'']* (5.5 x
1074 M) and Oy~ (1.25 x 1074 M) gives [(LH)Cu''(0,)]* and [{(LH)Cu''},(0,27)]12* [31].
The rate constant of outer-sphere electron transfer from 05"~ to [(LH)Cu']2* was also
estimated by using Eqns. (1) and (2) to be 2.4 x 10* M~1 571, which is much smaller than the
observed rate constant (> 1 x 108 M~1 s71) [31]. Thus, electron transfer from O,"~ to
[(LH)Cu''2*, which is reverse of electron transfer from [(LH)Cu']* to O, in Scheme 1, also
occurs via an inner-sphere pathway following binding O"~ to [(LH)Cu!']2* rather than
occurring via an outer-sphere pathway.

Cyclic voltammetry measurements carried out on [(LR)Cu']* revealed that the A(Cu'l/Cu')
values vary such that as the R group becomes more electron-donating (i.e., R = OMe, Bu vs.
H), more negative £(Cu'!/Cu') values are observed making it easier to oxidize Cu(l) to
Cu(ll); thermodynamically more stable Cu(ll) complexes result [18]. The observed ligand
effects upon A(Cu''/Cu') correlate to the difference in ligand basicity. The pKj values for
pyridine, 4-Me-pyridine (similar to 4-tBu-pyridine), 4-MeO-pyridine, and 4-Me,N-pyridine
are 5.21, 6.03, 6.58, and 9.70, respectively [32]. In contrast to the change in £Cu'l/Cu'), the
rate constants for formation of [(LR)Cu!!(0,"")]* fall into a small range between 1.2 x 104
and 3.1 x 10* M~1 s71 at 183 K with ligand LR having different substituent groups (R = H,
Me, Bu, MeO) [18]. This indicates that the O, association rates are hardly affected by these
variations in ligand electronic environment. The O,-binding processes are accompanied by
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significant activation enthalpies (7.0-7.6 kcal mol~1) and small positive activation entropies
(0-5 cal K=1 mol1) [18]. The insensitivity of the O,-binding rate constant toward variations
of substituents in LR in R groups may be rationalized by the importance of the
accompanying dissociation of a coordinated EtCN from the Cu(l)-complex during the O,
binding process. This is supported by the significant solvent effect on the O, binding
process. When the reaction of [(LH)Cu']* with O, was performed in weakly coordinating
solvents such as acetone and tetrahydrofuran (THF), the stopped-flow Kinetics revealed that
a superoxocopper(11) species [(L™)Cu!'(02")]* with Aax = 420 nm formed within the
stopped-flow mixing time (even at 183 K) [18]. The rate constant in THF at 183 K is
estimated to be larger than 2 x 106 M~1 51, which is two-orders magnitude larger than the
value in EtCN (1.2 x 10* M~1s71) [18].

The fast reaction of [(LH)Cu']* with O, in a weakly coordinating solvent such as THF was
monitored using techniques originally developed by Gibson and co-workers [33,34], as well
as diffusion controlled “flash-and-trap” experiments [35]. The photoinitiated ejection of
carbon monoxide from heme-CO adducts in the presence of O, has led to a wealth of
important information for proteins such as hemoglobin, myoglobin, and cytochrome ¢
oxidase [36-39], as well as synthetic iron-porphyrinate model compounds [35,40,41]. As is
observed for many heme proteins or complexes where CO binding to the reduced metal ion
(Fe(ll)) protects against rapid O,-reaction [35,40,41], [(LH)Cu!(CO)]* in THF solvent is
inert when appropriate mixtures of O, and CO are introduced at low temperatures (188-218
K) [42]. Under these conditions, light excitation (1gx = 355 nm, 8-10 ns pulse) into the
[(LH)Cu!(CO)]* metal-to-ligand charge transfer (MLCT) band results in the immediate
(within 10 ns) formation of the solvated species [(LH)Cu!(th)]* (Amax = 333 nm; Fig. 2A)
[43]. Subsequently, fast competing reactions occur (A, S~1 in Scheme 2), either
regenerating [(L™)Cu!(CO)]* [42] or forming [(L™)Cu"' (02" )" (Amax = 425 nm, 600 nm in
THF) [42]. The At is @ combination of two rate constants [Eqgn. (5)], and CO rebinding
dominates over

kfaSt:kco [ CO] +k02 [ 02] (5)

0,-binding to [(LY)Cul(thf)]*, ko > koo (Scheme 2) [42]. Values for kco were determined
in the absence of O,. The rate constant for the O,-reaction was thus determined from the
slope of the plot, Afa5t-kco[CO] vs. [O3].

Temperature-dependent kinetic studies on the O,-binding reaction of [(LH)Cu!(thf)]*
afforded activation parameters A/ = 7.6 kJ mol~t and AS* = -45 J mol~1 K=1 [42]. The
negative A S* value suggests that the reaction proceeds via an inner-sphere electron transfer
following O,-binding, which is controlled by the lability of the solvent molecule (Scheme
1). That O,-binding controls the mechanisms is also supported by the fact that the activation
entropy for the same reaction of the same complex in RCN is close to zero (14 + 18 J mol~1
K1) [20], because with the more strongly coordinating RCN (compared to thf) is substituted
by O, in an interchange rather than in an associative mechanism. Consequently, in THF,
without the interference of a coordinating solvent, the small A~* and negative A S value
indicate that O,-binding is basically unhindered. The temperature-dependent data allowed a
determination of the room-temperature second-order rate constant, kop = 1.3 x 10 M~1s71,
in fact greater than observed for O,-binding to any heme [42].

Free Energy of O,"~ to [(LH)Cu']2*

The free energy of formation of [(LM)Cu''(02")]* (AG) is +0.02 eV at 298 K [18]. From the
thermochemical cycle in Scheme 1, the binding free energy of O, to the Cu(ll) center of
[(LH)Cu'?* (AG) is estimated to be —0.81 eV (A G, = AG — A G). Such strong binding
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of O,°~ to a Lewis acidic Cu(Il) center lowers the free energy of the entire process, making
Cu(ll)-superoxide formation possible. MCET from one-electron reductants to oxygen is
related to the Lewis acidity of metal ions [45,46]. Charges and ion radii are important factors
to determine the Lewis acidity of metal ions. The end-on coordination of O,°~ to Sc3* has
been confirmed by observation of two different sets of six lines (14 and 21 G) due to the
hyperfine splitting of two different 170 atoms (/= 5/2), because the electron spin is more
localized at the terminal oxygen [47].

The actual binding energies (A £) for a variety of metal ions with superoxide ion (O,"") have
been derived from the g,,-values of the EPR spectra of O,"—M™, providing a quantitative
measure of Lewis acidity of the metal ions [45]. The gy,-values of O, —M"* complexes
produced in the presence of a variety of closed shell metal ions become significantly smaller
than the value for O," itself due to the binding of metal ion with O, as ligand [47]. The
deviation of the g,,-value from the free spin value (g, = 2.0023) is caused by the spin-orbit
interaction as given by Eqn. (5) [48,49], where Ag is the spin-orbit coupling constant (0.014
eV) for oxygen [50] and A £'is the energy splitting of 7y levels due to the binding of M"* to
0,

AE=(g;,—ge)/24  (5)

The A Evalue obtained from the deviation of the g,,-value from the free spin value increases
in order: monovalent cations (M*) < divalent cations (M2*) < trivalent cations (M3*) [45].
The A Evalue also increases with decreasing the ion radius when the oxidation state of the
metal ion is the same. The same trend is observed for O,*~ adsorbed on the surface of
various metal oxides, which as well act as Lewis acids [52,53]. Scandium ion, which has the
smallest ion radius among the trivalent metal cations, gives the largest A £value (1.00 eV)
[45]. The A Evalues are directly correlated with the promoting effects of metal ions in
electron-transfer reactions [45,46]. However, this method can only be applied to
diamagnetic metal ions, since paramagnetic metal ion complexes with O,"~ do not generally
give EPR signals because of antiferromagnetic coupling or unfavorable conditions due to the
presence of an S = 1 ground state, as in the case of [(TMG)stren]Cu''(05")]* ((TMG)stren =
tris(2-(N-tetramethylguanidyl)ethyl)-amine [54].

A much more general and convenient method to provide a quantitative measure of the Lewis
acidity of metal ion salts is the fluorescence maxima of 10-methylacridone (AcrCO)-metal
ion salt complexes [55]. The fluorescence energy (/1vf) decreases with increasing the Lewis
acidity of metal ion salts, and the /Av¢ value provides quantitative measure of the Lewis
acidity of metal ions including paramagnetic and redox active species. The linear correlation
between the A £values and the /vs values was obtained as given by Eqn. (6) [55]. The
stronger the acidity of the Lewis acid metal ion salts, the

AE (eV)=-2.94 hv(eV)+8.70 (6)

larger is the A Evalue, the more red-shifted is the A% value, and the smaller is the /v
value. The A £ value of Cu(ClOy4), is 0.96 eV from the /v value, which is comparable to
the A Evalues of Fe(ClOy), (0.96 eV) and Co(ClQy4), (0.95 eV) [55]. The large A Evalue of
Cu(ClOy); is consistent with the large binding energy of O,°~ to the Cu(ll) center of
[(LHCu'2t (AE=0.77 eV).
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3. Reduction of Cu-O, complexes

3.1. Kinetics and thermodynamics of formation of Cu,-O, complexes

3.2. Hydride

The cupric-superoxo complex [(LR)Cu''(0,"")]" is further reduced by [(LH)Cu']* to form
the dinuclear 2:1 Cu,05 adduct, [{(LR)Cu''},(0,27)]%* [18]. The X-ray structure (the first in
Cus,-0O, chemistry) of [{(LR)Cu''},(0,27)]%* revealed that [{(LR)Cu''},(0227)]?* has a
bound dioxygen ligand coordinated as a u-1,2-peroxodicopper(Il) moiety, Amax = 525 nm (e
=10,500 M~1 cm™1), and vg.g = 831 cm-1 (resonance Raman spectroscopy) [20, 21]. Fig. 3
shows the UV-vis behavior when, for example, [(LM€O)Cu(EtCN)]* reacts with excess O, at
179 K [18]. Upon mixing of solutions of O, and [(LMEO)Cu(EtCN)]*, there is a fast
formation of the superoxo species [(LMEO)Cu!!(0,"7)]* with Ajax at 413 and 598 nm; this
quickly decays (~20 s) and is transformed into the dinuclear peroxo complex
[{(LMeO)Cu'"},(0,27)]2* with 525 and 595 nm absorptions. The inset of Fig. 3 shows the
absorbance versus time trace at 413 nm. The second-order rate constant of formation of
[{(LMeO)Cu'"},(0,27)]%* was 1.9 x 104 M1 s71 in EtCN at 183 K [18]. Electron transfer
from [(LMeO)Cul(EtCN)]* to [(LMeOYCu!(0,"7)]* may also occur via binding of the Oy*~
moiety of [(LMeO)Cu!'(0,"7)] to the Cu' complex, followed by inner-sphere electron transfer
from the Cu' complex to the O,"~ moiety to produce [{(LMeO)Cu!'},(0,27)]2*, as opposed
to outer-sphere electron transfer and binding (Scheme 3), because the activation entropy

(A S%) was large and negative (=11 cal mol~1 K1) [18].

If outer-sphere electron transfer from [(LMeO)Cu!(EtCN)]* to [(LMEO)Cul(0,")]" is the
rate-determining step, the activation entropy would be close to zero [17]. The one-electron
reduction potential of [(LR)Cu!'(0,*)]* (R = H, Bu, MeO) has yet to be determined
because of the instability of [(LR)Cu!!(0,")]*, precluding the determination of the binding
energy of [(LR)Cu!'(0,27)] with [(LR)Cu'']2*. The overall reactions to form the
peroxodicopper(ll) complexes ([{(LR)Cu'"}»(0,27)]2*) are accompanied by strongly
negative reaction enthalpies and activation entropies, which indicates that these reactions
proceed via an inner-sphere electron transfer following O,-binding, as shown in Scheme 3.
This analysis was also discussed and applied to Cu(I1)-superoxo complex formation, as
described in Scheme 1. The thermodynamic stability for [{(LR)Cu!'},(0,27)]?* shows
relatively small differences with A 4°in the range —18 to —19 kcal mol~1 [18].

Reduction of Cu-O, complexes

As described above, Cu(ll)-superoxo complexes are mostly unstable and usually are
converted to corresponding dinuclear Cu,-O, peroxo complexes. However, Cu(ll)-superoxo
complexes can in some cases oxidize substrates prior to their reaction with corresponding
Cu(l) species to form the Cu,-O, peroxo complexes. Itoh and coworkers reported that
mononuclear copper(11)-superoxo complexes obtained by the reactions of copper(l)
complexes supported by ligands LX [1-(2-p-X-phenethyl)-5-(2-pyridin-2-ylethyl)-1,5-
diazacyclooctane; X =MeO, H, NO5] undergo hydroxylation of their ligand phenethyl
sidearm [56]. Such reactivity is another form of instability of Cu(ll)-superoxo complexes
with respect to investigation of the reactivity of Cu(ll)-superoxo complexes on C-H bond
activation with external substrates, although Cu(ll)-superoxo complexes exhibit phenol O-H
bond cleavage reactions [57,58]. When the Cu! complex [LCu']* of a ligand L, previously
employed by Masuda and co-workers [59], namely, [bis(pyrid-2-yImethyl) {[6-
(pivalamido)pyrid-2-ylJmethyl}amine], was exposed to O, in 2-methyltetrahydrofuran
(MeTHF) solvent at —125 °C, however, a stable superoxo adduct [LCu''(0,"")]* (Fig. 4) was
formed, exhibiting UV-vis absorptions [Amax = 410 nm (3700 M~ cm™1), 585 nm (900 M1
cm™1), 741 nm (1150 M~ cm™1)] characteristic of a mononuclear end-bound Cu'! superoxo
complex (Fig. 5a) [60]. Resonance Raman spectroscopic data confirmed the formulation of
[LCu''(0,"7)]* as an end-on superoxo-containing complex with O-O and Cu-O stretches of
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1130 and 482 cm™1, respectively [60]. These values are higher than those for all cupric
superoxo complexes previously described: +{O-O) for the one structurally defined side-on
bound cupric superoxo complex is 1043 cm~1 [61], while those for the end-on bound species
range up to 1122 cm=1;. (Cu-O) varies from 422 to 474 cm™1 [54,58,60-62]. DFT
calculations suggested that the superoxo moiety in [LCu''(O,"")]* forms an intramolecular
H-bond with either the a or B oxygen, which would contribute to the relative stability of
[LCu''(0,7)]* and can account for the higher O-O and Cu-O frequencies [60].

The [LCu!'(05")]* complex was EPR silent and quite stable, decaying only very slowly
(half life > 4 h) with conversion to [{(LCu')},(0,27)]%*, a u-1,2-peroxodicopper(ll)
complex [Amax = 541 nm (9900 M~1 cm~1)] that is otherwise observed when [LCu']* is
oxygenated at —80 °C [59]. The stability of [LCu!'(O,"")]* allowed to investigate the
reactivity on C—H bond activation with external substrates (vide infra).

[LCu''(0,°7)]* is unreactive toward a number of commonly employed C-H substrates, such
as dihydroanthracene, xanthene, and 10-methyl-9,10-dihydroacridine, which are substrates
possessing C-H bonds that are significantly weaker than those found for the DM and PHM
substrates (dopamine, 85 kcal mol™1; hippuric acid, 87 kcal mol~1) [12]. However, the
addition of an excess of 1-benzyl-1,4-dihydro-nicotinamide (BNAH), an NADH analogue
that is both a strong H atom (H") and hydride (H™) donor [63,64], to solutions of
[LCu''(0,°7)]*, leads to the decay of the latter, as observed by UV-vis spectroscopy (Fig.
5a) [60]. The decay dynamics of [LCu'/(0,"")]* with large excess BNAH at —125 °C obeyed
pseudo-first-order kinetics [60]. The decay was also first-order in [BNAH] and thus the
second-order rate constant could be determined to be 0.19 M~1 s™1 (Fig. 5b). When BNAH
was replaced by the 4,4’ -dideuterated analogue, 1-benzyl-1,4-dihydro[4,4"-2H,]-
nicotinamide (BNAD), a significant slowing of the reaction occurred with the second-order
rate constant of 0.016 M1 s™1; Fig. 5b) [60]. This gives a large kinetic deuterium isotope
effect (KIE) of 12.1. This KIE value is comparable to the KIE of 10 reported for C-H bond
cleavage of BNAH by a frans-dioxomanganese(V) porphyrin, which proceeds via proton-
coupled electron transfer rather than simple electron transfer [65]. The oxidized product of
BNAH was BNA™. The overall stoichiometry of the reaction observed is shown in Scheme
4, where the reduced product of [LCu'!(0,°")]* was the u-1,2-peroxo-dicopper(11) complex
[{(LCu'")}2(0,27)]2*, which was identified by its characteristic UV-vis absorption bands
(vide supra).

Like BNAH, 1,3-dimethyl-2,3-dihydrobenzimidazole (BzImH) possesses a weak C—H bond
but has markedly different bond strengths in comparison to BNAH (homolytic, bond
dissociation energy = 73.4 kcal mol~1 vs. 70.7 kcal mol~1 for BNAH; heterolytic, hydride
affinity = 49.5 kcal mol~1 vs. 64.2 kcal mol~ for BNAH) [66]. Kinetic studies revealed that
the oxidation of BzImH occurs ~2.4 times slower than that of BNAH, with a second-order
rate constant of 0.078 M~1 s71 (Fig. 5b). The slower rate of C-H oxidation of BzImH
(stronger H™ donor) than of BNAH (stronger H* donor) thus suggests that at least for these
substrates, the preferred mode of C-H activation by [LCu!'(05")]* is via rate-limiting
homolytic C-H bond cleavage, i.e., hydrogen atom transfer (HAT) or concerted proton-
coupled electron transfer. Thus, C-H activation by [LCu'/(O,"")]* occurs much faster than
an alternative inner-sphere electron transfer pathway which would produce the dinuclear
peroxo complex shown in Scheme 3.

4. Electron-transfer reduction of Cu,O, complexes

As described above, the u-1,2-peroxodicopper(11) complex [{(LCu'")},(0,27)]2* was not
further reduced by BNAH. Similarly no electron transfer from a one-electron reductant Fc*
to [{(LHCu')},(0,27)]2* occurred in MeCN [22]. In contrast with these p-1,2-
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peroxodicopper(l1) complexes, a side-on bound - 72: 77-peroxodicopper(11) complex can be
readily reduced by electron transfer from Fc* (vide infra) [67]. A binuclear copper(l)
complex, [Cu'5(N3)(MeCN),](BArF), (N3 = (-(CH,)3-linked bis[2-(2-pyridyl)ethyl]-
amine), BArF = tetrakis(pentafluorophenyl)borate), reacts with O, to afford the - 7%: 77-
peroxodicopper(ll) complex [Cu'',(N3)(0,27)]2* (Scheme 5 where L here is a solvent
molecule) [68]. Electron transfer from Fc* to [Cull5(N3)(0,%7)]%* occurs to produce two
equivalents of Fc** in acetone at 193 K [Eqgn. (7)] as shown in Fig. 6, where the decay of
absorbance at 490 nm due to [Cu''5(N3)(0,)]?* is accompanied by the appearance of
absorbance at 780 nm due to Fc** (inset of Fig. 6) [67]. The one-step reaction in Fig. 6
suggests that initial electron transfer from Fc* to [Cu'l»(N3)(0,)]%* is the rate-determining
step followed by another rapid electron transfer from Fc* to [Cu!l5(N3)(0),]*. The second-
order rate constant (k) of electron transfer from Fc* to [Cull5(N3)(0,)]%* is 18 M1 s71 at
193 K [67].

[Cull,(N3)(02)]” +2Fc* — [Cul,(N3)(0),]+2Fc™  (7)

When Fc* was replaced by a weaker electron donor (Me,Fc), no electron transfer from
MeyFc to [Cul'5(N3)(0,27)]%* occurred at 193 K [67]. When MeyFc is replaced by N, N,V
",V -tetramethylphenylenediamine (TMPD), however, electron transfer from TMPD to
[Cul5(N3)(0,%27)]%* occurred efficiently to completion as indicated by disappearance of the
absorption band at 490 nm due to [Cu''5(N3)(0,%7)]%*, which was accompanied by
appearance of the absorption band at 600 nm due to TMPD*"* [69,70]. Based on the one-
electron oxidation potentials of TMPD (£(TMPD**/TMPD) = 0.12 V vs. SCE) [70] and
MesFc (E(MesFct/MesFe) = 0.26 V vs. SCE) [71,72], the oneelectron reduction potential of
[Cull5(N3)(0,%27)]%F is estimated to be 0.19 + 0.07 V vs. SCE [67].

The u- 17 7P-peroxodicopper(ll) complex [Cu'',(N3)(0227)]2* was also produced by
electron transfer from Fc* and octamethylferrocene (MegFc) to [Cul',(N3)]4* followed by
the reaction of [Cu',(N3)]?* with O, [67]. The temperature dependence of rate constants of
electron transfer from Fc* to [Cu'',(N3)]4* and [Cu'',(N3)(0,27)]2* was examined and the
Eyring plots obtained are shown in Fig. 7 while the activation parameters obtained from
these Eyring plots are listed in Table 1 [67].

With regard to copper—dioxygen intermediates,u- 77: 77-peroxodicopper(11) complexes are
well known to be capable of reversible conversion to corresponding bis-z-oxodicopper(ll)
complex isomers [73-76]. If electron transfer from Fc* and MegFc to [Cu''5(N3)
(02)]%*occurred via the conversion to the putative isomeric bis--0xo intermediate
([Cu'5(N3)(0)2]%%), the observed rate constant (ops) Would be given by Eqn. (8),

kobs=ket Ko (8)

where Kj is the equilibrium constant for isomerization between [Cu'',(N3)(0,)]?* and
[Cu'M»(N3)(0),]2*, that shown in Scheme 6 (via bis-u-oxo complex). The K value is
expected to be much smaller than 1 (Kj < 1), because no bis-z-0xo intermediate has been
observed in this case. In such a case, the observed rate constant (kgps) would be much
smaller than the rate constant of electron transfer to the putative bis-z-0xo intermediate
(kobs K ket) and the observed activation entropy would not be the same as that of electron
transfer, because it would be given as the sum of the activation entropy of electron transfer
(AS” ~ 0) and the entropy of the formation of the bis-x-0xo intermediate (A S, < 0),
ASops”™ = ASe + A S, (< 0). Virtually the same A S” values (~ 0) for electron transfer from
Fc* and MegFc to [Cu''5(N3)]** and [Cu'',(N3)(0,)]2* given in Table 1 clearly indicate that
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electron transfer from Fc* and MegFc to [Cu''5(N3)(02)]%* occurs directly rather than via
the interconversion from [Cu'',(N3)(05)]?* to the corresponding bis-u-oxo intermediate
followed by rapid electron transfer from Fc* and MegFc (Scheme 6).

Because the one-electron reduction potential of [Cu'l5(N3)(0227)]%* was evaluated as 0.19
0.07 V (vide supra), the A G values for electron transfer from Fc* and MegFc were evaluated
to be —0.27 £ 0.07 and —0.23 + 0.07 eV, respectively. Then, the A value of electron transfer
from Fc* and MegFc to [Cull5(N3)(0,%27)]%* was estimated from the g and A G values
using Egns. (1) and (2) to be 2.2 £ 0.1 eV, which is significantly larger than the value of
electron transfer from ferrocene derivatives to [Cu'',(N3)]** [67]. The larger A value of
[Cully(N3)(0,%7)]%* as compared with [Cu'',(N3)]4* is consistent with direct electron
transfer from ferrocene derivatives to [Cu'',(N3)(0,27)]2*, which would require a large
reorganization energy associated with the cleavage of the O-O bond.

As concerns the chemistry of another ligand-copper system we’ve studied, a bis-z-
oxodicopper(l11) complex is produced by the reaction of dioxygen with a mononuclear
copper complex, [Cul(BzPY1)]* (BzPY1 = N,A-bis[2-(2-pyridyl)ethyl]benzylamine) [77]
following its electron transfer reduction from Fc* to a copper(ll) complex precursor
[Cul(BzPY1)]2* (Scheme 7) [67]. The spectroscopic monitoring of the formation of the bis-
u-oxodicopper(111) complex [{Cu(BzPY1)}2(02)12* (Amax = 390 nm) by the reaction of
the Cu' complex with O, is shown in Fig. 8 [67]. Electron transfer from Fc* to
[{Cu(BzPY1)},(0)]]2* occurs rapidly upon mixing in acetone even at 193 K to produce
two equiv of Fc** (Fig. 8). The same immediate reaction occurs with the weaker electron
donors such as 1,2”-dimethylferrocene (Me,Fc) and even ferrocene (Fc) as well.
[Cu!l(BzPY1)]2* acts as an efficient catalyst for the four-electron reduction of O, by Fc* in
the presence of protons (Scheme 7) [67].

5. Concluding remarks

Reactions of Cu(l) complexes with O, occur via concomitant electron transfer from Cu(l)
complexes to O, and binding of O, to Cu(ll) complexes rather than stepwise electron
transfer followed by binding processes. This is defined as inner-sphere Cu(ll) ion-coupled
electron transfer to produce the corresponding Cu(ll)-superoxo complexes. The further
reduction of these by Cu(l) compounds may also occur via Cu(ll) ion-coupled electron
transfer from Cu(l) to the Cu(ll)-superoxo species to produce dinuclear Cu,-O, complexes.
Different types of Cup-O, complexes, u-1,2-peroxodicopper(1l), w- 7 172-
peroxodicopper(ll) and bis-u-oxodicopper(l11) complexes, are produced depending on the
ligands utilized. The reactivity of the electron-transfer reduction of Cu,-O, complexes is the
greatest for bis-z-oxodicopper(I11) complexes, although the electron-transfer reduction of a
-1 mP-peroxodicopper(Il) complex occurs directly without prior conversion to an isomeric
bis-x-oxodicopper(I11) complex. In any case, inner-sphere Cu(ll) ion-coupled electron
transfer from Cu(l) complexes to O, is much faster than the outer-sphere electron transfer
pathway, enabling the catalytic reduction of O, by outer-sphere one-electron reductants such
as Fc*, which is a coordinatively saturated compound. It is expected that the range of copper
complexes which are effective in the catalytic O, reduction will be further expanded by a
fuller understanding of Cu(O;) and Cuy(O,) compound reduction properties, along with
elaborated ligand design, leading to varying O, adduct Cu,0, structures and chemistry.
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Fig. 1.
TMPA ligands (LR) employed for Cu complexes.
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Fig. 2.

Difference spectra {[(L™)Cu'(X)]* - [(LH)Cu!(CO)]*} recorded after 355 nm excitation of
[(LHYCu!(CO)]* in tetrahydrofuran at 198 K under a 1 atm mixture of O,:CO = 7:3. The
spectra were recorded at differing delay times: (a, top). 0 to 2 us where [(LH)Cu'(thf)]*
(Amax, 333 nm) converts to a mixture of [(LH)Cu!(CO)]* and [(LH)Cu" (05" )] (Amax, 425
nm): squares (black spectrum), O us; circles (red spectrum), 0.5 us; diamonds (blue
spectrum), 2.0 us. The inset is an absorption transient monitored at 425 nm with a
superimposed first-order fit (red), Aops = 3.0 x 108 s~ and (b, bottom), 2 s to 40 ms where
[(LHcu'(0, )] converts to [(LH)Cul(CO)]*: squares (black spectrum), 2 us; circles (red
spectrum) 5 ms; diamonds (blue spectrum), 20 ms. The inset is an absorption transient
monitored at 425 nm with a superimposed first-order fit, Ay = 130 s™1. The spectrum
shown in solid green is that calculated as {Abs[(LH)Cu!'(0,*7)]* - Abs [(LH)Cu!(CO)]*}.
Figure adapted from reference 42.
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Fig. 3.
Absorption spectroscopic changes for the reaction of [(LMEO)Cu!(EtCN)]* with O, in EtCN

solvent at 179 K. Inset: Time profile for the absorbance at 413 nm due to
[(LMeO)cul'(0,")]*. Adapted from reference 18.
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Fig. 4.

(left) Representation of the cationic portion of the X-ray structure of [LCu']*(B(CgFs)47),
with N,O(amide) coordination (Cu-O = 2.190 A). (right) Calculated structure of
[LCuM'(05")]*, indicating the H-bonding interaction between the ligand and the anionic
superoxo ligand. Adapted from reference 60.

Coord Chem Rev. Author manuscript; available in PMC 2014 January 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Fukuzumi and Karlin

Page 18

(a) 2.0F
1.5 ‘2
o -
e <
© £°
£ 1.0+ -
o
0
<
0.5 1

400 500 600 700 800 900 000
Wavelength, nm

(b) T T T T Ll T Ll Ll
3.2x103

2.4x10°%

—

)
% 1.6x 103
X<

8.0x 10

103 [Substrate], M

Fig. 5.

(a) Spectroscopic changes of 0.4 mM [LCu'/(0,")]* in the presence of 8 mM BNAH at
-125 °C in MeTHF. The first spectrum recorded (green) is that immediately following
bubbling of O, through a solution containing [LCu']* and BNAH. Inset: pseudo-first-order
kinetics fit of the 741 nm data. (b) Plots of Aypg as a function of BNAH, BNAD, or BzIMH
concentration, used to determine the second-order rate constants. Adapted from reference
60.

Coord Chem Rev. Author manuscript; available in PMC 2014 January 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Fukuzumi and Karlin

Page 19

0.09
12 . L £
- 3
4 0.06 &
0.9 é’
0.03

0.6

Absorbace

0.3

0.0

400 500 600 700 800
Wavelength, nm

Fig. 6.

Formation and decay of the u-77: 77-peroxodicopper(11) complex [Cu''5(N3)(0227)12* (Amax
=490 nm) in the reaction of [Cu',(N3)]2* (0.10 mM) with Oy in the presence of Fc* (0.80
mM) in acetone at 193 K. The inset shows the time profiles of the absorbance at 490 nm
(black circles) and 780 nm (red circles) due to [Cu'',(N3)(0,27)]2" and Fc**, respectively.
Adapted from reference 67.
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Fig. 7.
Eyring plots of the rate constants (kg1 and Agrp) of electron transfer from Fc* and MegFc to
[Cul'5(N3)]4* and [Cu'l5(N3)(0,27)]2* in acetone. Adapted from reference 67.
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(a) Formation of the bis-u-oxo complex [{Cu''(BzPY1)},(0)2]%" (Amax = 390 nm) in the
reaction of [Cu!(BzPY1)]* (0.10 mM) with O, in acetone at 193 K. (b) Formation of Fc**
by addition of Fc* (0.70 mM) to the bis-z-0xo complex generated. The reaction occurred
upon mixing. Adapted from reference 67.
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Table 1

Activation parameters for electron transfer from Fc* and MegFc to [Cu'l,(N3)]4* and [Cu'',(N3)(0227)]2" in
acetone.

[Cu'' (N3)]** [Cu''2(N3)(O)PP*

Activation parameter
Fc* MegFc Fc* MegFc

AH, keal mol™t 87+ | 8502 | 96+0.3 | 10.3+0.3

AS, cal K1 0+2 -3+2 -3+2 -1+2
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