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ABSTRACT: A copper complex, [(PV-tmpa)Cu"](ClO,), (1) s /'\];—F’?

[PV-tmpa = bis(pyrid-2-ylmethyl){[6-(pivalamido)pyrid-2-yl]- Ng\l, | Enhanced .
methyl}amine], acts as a more efficient catalyst for the four- de- 4H* @ E}éu% Catalytic Reactivity
electron reduction of O, by decamethylferrocene (Fc*) in the *%\1: —_-"““"%.b
presence of trifluoroacetic acid (CF;COOH) in acetone as \_4 ’

compared with the corresponding copper complex without a
pivalamido group, [(tmpa)Cu"](ClO,), (2) (tmpa = tris(2-
pyridylmethyl)amine). The rate constant (k) of formation of
decamethylferrocenium ion (Fc**) in the catalytic four-electron
reduction of O, by Fc* in the presence of a large excess CF;COOH and O, obeyed first-order kinetics. The kg, value was
proportional to the concentration of catalyst 1 or 2, whereas the k,, value remained constant irrespective of the concentration of
CF;COOH or O,. This indicates that electron transfer from Fc* to 1 or 2 is the rate-determining step in the catalytic cycle of the
four-electron reduction of O, by Fc* in the presence of CF;COOH. The second-order catalytic rate constant (k) for 1 is 4
times larger than the corresponding value determined for 2. With the pivalamido group in 1 compared to 2, the Cu'/Cu'
potentials are —0.23 and —0.05 V vs SCE, respectively. However, during catalytic turnover, the CF;COO™ anion present readily
binds to 2 shifting the resulting complex’s redox potential to —0.35 V. The pivalamido group in 1 is found to inhibit anion
binding. The overall effect is to make 1 easier to reduce (relative to 2) during catalysis, accounting for the relative k., values
observed. 1 is also an excellent catalyst for the two-electron two-proton reduction of H,O, to water and is also more efficient
than is 2. For both complexes, reaction rates are greater than for the overall four-electron O,-reduction to water, an important
asset in the design of catalysts for the latter.

0, 2H,0

Catalytic O, Reduction

B INTRODUCTION mechanistic insight into the role of metal—dioxygen inter-
mediates in the catalytic cycle in the two-electron and four-
electron reduction of O,.>°~>* With regard to copper—dioxygen
intermediates, trans-y-1,2-peroxo-, u-n":"-peroxo-, and bis-u-
oxo-dinuclear copper complexes (Chart 1), have been
extensively studied in reactions of low-valent metal complexes
and 0,.¥7%

We recently reported that u-n*n*-peroxo- and bis-p-oxo-
dinuclear copper complexes were readily reduced by two

Cytochrome ¢ oxidases (CcOs), with a bimetallic active-site
consisting of a heme a and Cu ion (Fe,/Cug), catalyze the
four-electron reduction of dioxygen (O,) to water by the
soluble electron carrier, cytochrome c.'~* Extensive efforts have
been devoted to develop synthetic Fe,;/Cug analogues, because
the four-electron four-proton reduction of O, has attracted
much attention from the viewpoint not only of great biological
interest® ™" but also of technological significance such as in fuel
cells."””™"> Multicopper oxidases such as laccase (possessing
centers of four copper ions per functional unit) can also

Chart 1. Copper—Dioxygen Intermediates

catalyze the four-electron four-proton reduction of O,, (the = B

« " R . 16—22 LCu:C/ uilL LCU_','H_\I>CUIL == LC" /Cu"L

ORR”) at potentials approaching 1.2 V (vs RHE). Thus, 5

it has become of interest to study discrete coordination (trans—p—1,2-peroxo)  (u—1n?:n>—peroxo) bis(u-o0x0)

complexes with copper ion for such studies. In fact, certain Cu Cu-Cu, 4.4 A ) Cu~Cu,36A Cu-Cu, 2.7 A
Tas ~ W0-0) ~ 830 cm~ W0-0) 710-760 cm-1 w0-0) ~ 600 cm™?

complgxes .h:?ve recently been reported to exhibit el.ectro hora 525, 615 nm Ax S50-385 v A ~300, 400 nm

catalytic activity for the four-electron four-proton reduction of

02.14’23_29 In contrast to such heterogeneous systems,
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complexes in homogeneous systems have provided valuable Published: March 20, 2013

W ACS Publications  © 2013 American Chemical Society 6513 dx.doi.org/10.1021/ja3125977 | J. Am. Chem. Soc. 2013, 135, 65136522


pubs.acs.org/JACS

Journal of the American Chemical Society

equivalents of one-electron reductants such as decamethylfer-
rocene (Fc*), leading to the catalytic four-electron reduction of
0, by Fc*.* We also reported that [(tmpa)Cu"](ClO,) (tmpa
= tris(2-pyridylmethyl)amine), which afforded the trans-u-1,2-
peroxo-dinuclear copper complex ([(tmpa)Cu"(0,)-
Cu"(tmpa)]**) as an intermediate formed from [(tmpa)-
Cu']*/0, chemistry, also catalyzed the four-electron reduction
of O, by Fc* in the presence of perchloric acid (HCIO,) in
acetone.*® In contrast to the case of y-1%:5>-peroxo- and bis--
oxo-dinuclear copper complexes, the trans-y-1,2-peroxo com-
plex with TMPA ligand could not be reduced by Fc* without
also the presence of an acid such as HCIO,.** However, the
role of an acid in the catalytic four-electron reduction of O,
with the trans-p-1,2-peroxo complex has yet to be clarified.
Thus, it is interesting to study the homogeneous catalytic four-
electron reduction of O, by Cu complexes with a weaker acid.

We report herein that a copper complex, [(PV-tmpa)Cu"]-
(ClO,), (1) [PV-tmpa = bis(pyrid-2-ylmethyl){[6-
(pivalamido)pyrid-2-ylmethyl}amine],**® which has a pivala-
mido group, acts as a more efficient catalyst for the four-
electron reduction of dioxygen (O,) with Fc* in the presence
of trifluoroacetic acid (CF;COOH) which is a much weaker
acid than HCIO, in acetone as compared with the
corresponding copper complex without a pivalamido group,
[(tmpa)Cu"](ClO,), (2). The role of CF;COOH in the
catalytic four-electron reduction of O, with 1 is clarified on the
basis of kinetic and electrochemical studies and detection of
trans-y-1,2-peroxo and Cu(II) hydroperoxo intermediates at
low temperature in the absence and presence of CF;COOH,
respectively. Direct comparisons are made between the
behaviors of 1 and 2 with that of CF;COOH as the acid
source, to understand why 1 acts as a better O,-reduction
catalyst.

The two-electron two-proton reduction of hydrogen
peroxide to water is also a critically important reaction in
societal energy concerns.’”*" If H,0, or a metal—(hydro)-
peroxide species is an intermediate in the hoped-for four-
electron four-proton reduction of O, to water, it is desirable to
design/develop catalysts that take H,O,-to-water faster than
the O,-to-H,O reaction occurs, to ensure efficiency. Another
purpose in the study of hydrogen peroxide reduction (or
oxidation) mechanism(s) is for future efforts in “H,0O, fuel cell”
technology.so’51 For these reasons, we have also initiated a
research program in hydrogen peroxide reduction chemistry.
We also describe here experiments demonstrating that
complexes [(PV-tmpa)Cu"](ClO,), (1) and [(tmpa)Cu"]-
(ClO,), (2) are catalysts for this process, using Fc* as
reductant and CF;COOH as proton source.

B EXPERIMENTAL SECTION

Materials. Commercially available reagents, decamethylferrocene
(Fc*), perchloric acid (70%), trifluoroacetic acid, hydrogen peroxide
(30%), and Nal (Wako Pure Chemical Industries) were the best
available purity and used without further purification. Acetone was
dried according to the literature procedures® and distilled under Ar
prior to use. Copper comglexes ([(PV-tmpa)Cu"](ClO,), (1)** and
[(tmpa)Cu''](CIO,), (2)***) were prepared according to literature
procedures.

Reaction Procedure. The catalytic reduction of O, was observed
by the spectral change in the presence of various concentrations of
CF;COOH at 298 K using a Hewlett-Packard 8453 photodiode-array
spectrophotometer with a quartz cuvette (path length = 10 mm).
Typically, an acetone solution of CF;COOH (0—5.0 X 1072 M) was
added by means of a microsyringe to an O,-saturated acetone solution
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containing [(PV-tmpa)Cu"](ClO,), (1) or [(tmpa)Cu"](ClO,), (2)
(4.0 x 1075 M) and Fc* (2.0 X 107 M). The concentration of Fc**
was determined from the absorption band at 4,,,, = 780 nm (& = 500
M em™ at 298 K and 600 M~! cm™ at 213 K). The & value of Fc**
was estimated by the electron-transfer oxidation of Fc* with
[Ru™(bpy);](PFs);. The limiting concentration of O, in an acetone
solution was prepared by a mixed gas flow of O, and N,. The mixed
gas was controlled by using a gas mixer (Kofloc GB-3C, KOJIMA
Instrument Inc.), which can mix two or more gases at a certain
pressure and flow rate. The amount of H,O, was determined by the
titration by iodide ion. The diluted (X 10) acetone solution of the O,
reduction product was treated with an excess of Nal. The amount of
I;” formed was then determined by its visible spectrum (4, = 361
nm, & = 2.5 X 10* M~ em™).>> UV—vis absorption spectra and
spectral changes at low temperature were recorded on a Hewlett-
Packard 8453A diode array spectrophotometer equipped with a liquid
nitrogen-chilled Unisoku USP-203-A cryostat.

Kinetic Measurements. Kinetic measurements for fast reactions
with short half-lifetimes (within 10 s) were performed on a UNISOKU
RSP-601 stopped flow spectrophotometer with a MOS-type high
selective photodiode array at 298 K using a Unisoku thermostatted cell
holder. Rates of electron transfer from Fc* to 1 were monitored by the
rise of absorption bands due to Fc**. All kinetic measurements were
carried out under pseudo-first-order conditions; concentrations of Fc*
was maintained to be more than in 10-fold excess compared to the
concentration of 1.

Electrochemistry. Cyclic voltammetry measurements of Cu(II)
complexes were performed on an ALS 630B electrochemical analyzer
and measured in the absence and presence of CF;COOH in deaerated
acetone solutions containing 0.1—0.5 M [(n-butyl),N]PF¢ (TBAPF,)
as a supporting electrolyte at room temperature or as otherwise noted.
A conventional three-electrode cell was used with a platinum working
electrode (surface area of 0.3 mm?) and platinum wire as the
counterelectrode. The Pt working electrode (BAS) was routinely
polished with BAS polishing alumina suspension and rinsed with
acetone before use. The potentials were measured with respect to the
Ag/AgNO; (0.01 M) reference electrode. All potentials (vs Ag/
AgNO;) were converted the values vs SCE by addition of 0.29 V.>* All
electrochemical measurements were carried out under an atmospheric
pressure of nitrogen or argon as noted.

EPR Measurements. EPR spectra were recorded on a JEOL JES-
REIXE spectrometer. The magnitude of modulation was chosen to
optimize the resolution and signal-to-noise (S/N) ratio of the
observed spectra under nonsaturating microwave power conditions.
The g values and hyperfine coupling constants were calibrated using a
Mn®>* marker.

ESI Mass Measurements. Electrospray ionization mass spectrom-
etry (ESI-MS) data were obtained using an API 1S0EX quadrupole
mass spectrometer (PE-Sciex), equipped with an ion spray interface.
The sprayer was held at a potential of +5.0 kV or —4.4 kV for positive
or negative ion detection modes, respectively, and compressed N, was
employed to assist liquid nebulization. The orifice potential was
maintained at +30.0 V or —40.0 V for positive or negative modes,
respectively.

Theoretical Calculations. DFT calculations of copper complexes
were performed on a 32-processor QuantumCube using using
Gaussian 09, revision A.02.%° The geometry optimization carried out
at the UCAM-B3LYP/6-311G(d) level of theory.**™> Graphical
outputs of the computational results were generated with the
GauﬁsgView software program (ver. 3.09) developed by Semichem,
Inc.

B RESULTS AND DISCUSSION

Four-Electron Reduction of O, with Fc* Catalyzed by
1 in the Presence of CF3COOH. The addition of a catalytic
amount of 1 to an acetone solution of Fc*, O,, and CF;COOH
at 298 K results in the efficient oxidation of Fc* by O, to afford
Fc**. When more than 4 equiv of Fc* relative to O, (i,
limiting [O,]) was employed, 4 equiv of Fc** was formed in
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the presence of excess CF;COOH (Figure 1a). It has also been
confirmed that no H,0, is detected, via iodometric titration

as shown in Figure 3b. The k,, values at a fixed concentration
of 1 (0.040 mM) are constant with changes in the
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Figure 1. (a) UV—vis spectral changes in four-electron reduction of
0, (11 mM) by Fc* (2.0 mM) with [(PV-tmpa)Cu™]** (1) (0.040
mM) in the presence of CF;COOH (25 mM) in acetone at 298 K. (b)
Time courses of absorbance at 780 nm due to Fc** with [(PV-

tmpa)Cu"]** (1) (red) and [(tmpa)Cu"]** (2) (blue).

experiments (Figure S1 in the Supporting Information (s1).*

Thus, the stoichiometry of the catalytic reduction of O, by Fc*
is given by eq 1. The four-electron reduction of O, by Fc*

4Fc* + Oy + 4CF3COOH —— 4Fc¢*+ + 2H,0 + 4CF,CO0- (1)

B —js Sy 13
I’EI;LNH f[r:,fj
N -

i N_/
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N evampacuter ) XN (empaycue: )

with catalyst (1) in the presence of CF;COOH was also
confirmed at 193 K (Figure S2 in SI). Time courses of
formation of Fc** comparing results for [(PV-tmpa)Cu"]** (1)
and [(tmpa)Cu"]** (2) under the same reaction conditions are
shown in Figure 1b. Complex 2 is also a catalyst for four-
electron O,-reduction (Figure 1b). It is also clearly seen from
Figure 1b that the rate of reaction with [(PV-tmpa)Cu']** (1)
is significantly greater than that with [(tmpa)Cu"]** (2).
Time profiles for the absorbance at 780 nm due to Fc**
formed by this four-electron O,-reduction chemistry by Fc*
with various concentrations of [(PV-tmpa)Cu'']** (1) in the
presence of CF;COOH in O,-saturated acetone at 298 K are
shown in Figure 2a, obeying pseudo-first-order kinetics (see
inset of Figure 2a). The observed pseudo-first-order rate
constants (k,,,) are proportional to concentrations of 1 and 2
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Figure 2. (a) Time profiles of formation of Fc** monitored by
absorbance at 780 nm (¢ = 500 M™! cm™) in electron transfer
oxidation of Fc* (2.0 mM) by O, (11 mM), catalyzed by [(PV-
tmpa)Cu]** (1) (0.020—0.12 mM) in the presence of CF,COOH
(25 mM) in acetone at 298 K. Inset: First-order plots. (b) Plots of kg,
vs [(PV-tmpa)Cu"]** (1) (red) and [(tmpa)Cu"]** (2) (blue).
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Figure 3. Plots of k., vs (a) [O,] and (b) [CF;COOH] in electron-
transfer oxidation of Fc* (2.0 mM) by O,, catalyzed by [(PV-
tmpa)Cu"]** (1) (red) and [(tmpa)Cu™]** (2) (blue) (0.040 mM) in
the presence of CF;COOH in acetone at 298 K.

concentrations of O, (Figure 3a) and CF;COOH (Figure
3b). Thus, the rate of formation of Fc** is given by eq 2,

d[Fc™1/dt = ke, [1][Fc¥] )

where k., is the second-order rate constant of the catalytic four-
electron reduction of O, by Fc* with 1 in the presence of
CF;COOH in acetone at 298 K. The k, value for 1 was thus
determined to be 8.6 X 10> M~! s\,

The same kinetic equation (eq 1) was obtained when similar
experiments and analyses were carried out for the catalyst
[(tmpa)Cu"]** (2) (see blue plots in Figures 2 and 3), leading
to a k,, value for 2 determined to be 2.3 X 10* M~! s™', which
is about one-fourth of the k_, value determined for 1. Because
the catalytic rate is proportional to [1] and [Fc*] but is
constant with changes in concentrations of [CF;COOH] and
[O,], it can be concluded that the rate-determining step in the
catalytic cycle is electron transfer from Fc* to 1 and 2, ie,
reduction of the catalysts from the Cu" to the Cu' state,
whereupon O,-binding and reaction could occur. In order to
understand the reason why the catalytic reactivity of 1 is 4 times
larger than that of 2, the one-electron reduction potentials of 1
and 2 were examined using cyclic voltammetry (vide infra).

Effects of CF;COOH on One-Electron Reduction
Potentials of 1 and 2. Cyclic voltammograms of [(PV-
tmpa)Cu"]*" (1) and [(tmpa)Cu"]** (2) show reversible redox
couples at —0.23 and —0.05 V vs SCE, respectively (Figure 4).
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Figure 4. Cyclic voltammograms of (a) [(PV-tmpa)Cu"]** (1) and
(b) [(tmpa)Cu™]** (2) (1.0 mM) with CF;COONa (0—2.0 mM) in
deaerated acetone containing TBAPF, (0.10 M); scan rate 100 mV

s
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Thus, 1 is more difficult to be reduced as compared with 2.
Addition of CF;COONa to an acetone solution of 1 resulted in
only slight change in the one-electron reduction potential. In
the case of 2, however, the one-electron reduction potential is
shifted from —0.05 V to —0.35 V vs SCE in the presence of
CF;COONa (Figure 4b). This indicates that CF,COO~
coordinates to 2 and increases the metal ion’s overall electron
density (Scheme 1b), accounting for the large negative shift in

Scheme 1
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(@) f@‘NH_] fENj‘—NH
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9 < .
0
Scull —_— : n
{ . + _‘OJ'LCFg Pu\o\mcps
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reduction potential.’® A similar negative potential shift was
observed for 2 in the presence of CF;COOH whereas no
potential shift was observed for 1 under the same experimental
conditions (Figure S4 in SI).

ESI-MS analysis exhibits the strong corrdination of 2 with
CF;COO™ as the detection of mass peak at m/z = 466.1 due to
[(tmpa)Cu"(CF;CO0™)]* (see Figure SS in SI). The amido
oxygen atom of 1 already coordinates to the Cu(Il) center,
disfavoring CF;COO~ coordination (Scheme 1a). In contrast
to the case of 2, no MS peak shift was observed by the addition
of CF;COQ"™. Thus, the one-electron reduction potential of 1
becomes more positive in the presence of CF;COO™ as
compared with that of 2. This suggests that 1 can act as a
stronger electron acceptor than 2 in the presence of CF;COO™.

The binding of the amido oxygen to the Cu(II) center of 1 is
supported by the optimized structure by DFT calculations at
the UCAM-B3LYP/6-311G(d) level of theory in Figure S. The

Figure 5. Optimized structure of [(PV-tmpa)Cu"]** obtained by DFT
calculations with the UCAM-B3LYP density-functional and the 6-
311G(d) basis set. The SOMO obrital is shown in the right panel.

SOMO orbital is delocalized to the amide moiety. The SOMO
level of 1 (—0.275 €V) is significantly higher than those of
[(PV-tmpa)Cu"]*" isomers, where substituents are installed in
positions 4 and S of the pyridine ring (—0.327 eV for 4-
substituted isomer, —0.334 eV for S-substituted isomer), and
pivalamido-unsubstituted complex (2) (—0.327 eV). These
results indicate the stabilization by the coordination of the
amide oxygen to the Cu(Il) center of 1. It should be noted that
the X-ray crystal structure of [(PV-tmpa)Cu']* clearly shows
the coordination of the amido O-atom.**®
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Then, electron transfer from Fc* to [(PV-tmpa)Cu"]** (1)
was examined using the stopped-flow technique as shown in
Figure 6a, where the difference spectra obtained after the
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Figure 6. Difference absorption spectra observed in electron transfer
from Fc* (20 mM) to [(PV-tmpa)Cu™]** (1) (0.10 mM) (a) in
deaerated and (b) O,-saturated acetone at 298 K. Black; first difference
specturm. Red; final diffeernce spectrum. The spectra shown were
obtained by subtraction of the final spectrum (as reference) from the
observed spectra; the recovery of bleaching at 780 nm thus indicates
formation of Fc**.

reaction indicates the formation of Fc** (4,,,, = 780 nm) as the
recovery of bleaching by electron transfer from a large excess
Fc* to 1 occurs. The rate of formation of Fc** obeyed first-
order kinetics (see Figure S6 in SI), and the pseudo-first-order
rate constant increased lienarly with increasing concentration of
Fc** as shown in Figure 7. From the slope of the linear plot,
the second-order rate constant for electron transfer from Fc* to
1 was determined to be (1.2 + 0.1) X 10* M~ s™! in acetone at
298 K.

40
30F 1.2x10°8 M1 s}
T [
» @]
520 |
8
K
10 0/1.3x103 Mg
0 1 1 1 1
0 05 10 15 20 25
[F¢c*], mM

Figure 7. Plots of pseudo-first-order rate constants vs [Fc*] in
electron transfer from Fc* to 1 in deaerated (closed circles) and O,-
saturated (open circles) acetone at 298 K.

In the presence of O,, electron transfer from Fc* to [(PV-
tmpa)Cu']** (1) also occurs as shown in Figure 6b, where the
formation of Fc** is accompanied by formation of the p-1,2-
peroxo dicopper(Il) complex, [{(PV-tmpa)Cu"},(0,>7)]*
(Aax = 515 nm).*® The second-order rate constant of electron
transfer was determined from a linear plot of the pseudo-first-
order rate constant vs [Fc*] shown in Figure 7 to be (1.3 +
0.1) x 10° M~! s}, which agrees with the rate constant in the
absence of O, (vide supra). > Because electron transfer from
Fc* to 1 coincides with formation of the peroxo complex
(Figure S6 in SI), as soon as the Cu(II) complex is reduced to
the Cu(I) complex, this is rapidly converted to the peroxo—
dicopper(II) complex (vide infra).

The k. value of electron transfer from Fc* to [(PV-
tmpa)Cu']** (1) [(1.2 + 0.1) x 10> M~ s7'] is significantly
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smaller than the value found for 2 (1.1 x 10° M~! s71)%*
because the one-electron reduction potential of 1 (—0.23 V vs
SCE) is more negative than that of 2 (—0.05 V) as shown in
Figure 4. In the presence of CF;COO~, the significant
deceleration effect on the electron-transfer reduction of 2
with Fc* was observed by the addition of CF;COOH (k,, = 2.3
x 10> M™' s7") (Figure 2b) and CF;COONa (k,, = 2.2 X 10
s") (Figure S7 in SI).

Detection of Intermediates in Catalytic Four-Electron
Reduction of O, by Fc* with [(PV-tmpa)Cu'"]>* (1).
Intermediates in the catalytic four-electron reduction of O,
by Fc* with 1 were examined step by step at low temperature
(vide infra). Addition of Fc* to an O,-saturated acetone
solution of 1 resulted in formation of the y-1,2-peroxodicopper-
(I1) complex, [{(PV-tmpa)Cu},(0,>)1** (Ape = 515 nm)*®
and Fc** (1,5 = 780 nm) as shown in Figure 8a.°> The peroxo

(a) 2.0

(b) 2.0

15 15

@

g g

210t S0
0.5 0.5

ol - .
400 600 800
Wavelength, nm
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Figure 8. (a) Absorption spectra of 1 (0.10 mM) in O,-saturated
acetone before (blue) and after (black) addition of Fc* (0.50 mM) at
213 K. (b) Absorption spectra of 1 (0.10 mM) in the presence of
CF,COOH (0.10 mM) in O,-saturated acetone before (blue) and
after (black) addition of Fc* (0.50 mM) at 213 K.

complex is formed via electron transfer from Fc* to [(PV-
tmpa)Cu']** (1) (eq 1) as shown in eqs 4 and 5 as reported
previously.*® The electron transfer is fast enough to observe the
peroxo complex, because no further reaction of the peroxo
complex occurred without CF;COOH at 213 K. The Cu'
complex ([(PV-tmpa)Cu']") reacts with O, to produce the
superoxo complex, [(PV-tmpa)Cu"(0,°7)]* (eq 4), which was
previously detected at very low temperature (148 K) in 2-
methyltetrahydrofuran.*®® However, we could not detect the
copper(I)—superoxide adduct, because, as monitored by UV—
vis spectroscopy,”® formation of u-1,2-peroxodicopper(II)
complex, [{(PV-tmpa)Cu"},(0,>7)]*" is faster than the
addition of O, to the copper(I) species under the present
conditions at 213 K.

[(PV-tmpa)Cu'T" 4+ 0, = [(PV-tmpa)Cu"(0,*7)]*
)
The superoxo complex is converted to the peroxo complex
by further reaction with Cu' complex (eq 5).*

|:(PV—tmpa)CuITr + [(PV-tmpa) CUII(Oz._)]+

— [{(PV-tmpa)Cu""},(0,*")1** (3)

In the presence of one-equivalent of CF;COOH added to 1,
however, no absorption band (4., = 515 nm)*® due to [{(PV-
tmpa)Cu''},(0,>7)]*" was observed although the formation of
Fc** occurred, as shown in Figure 8b. This indicates that the
peroxo complex is protonated by CF;COOH to produce the
hydroperoxo complex ([(PV-tmpa)Cu"(OOH)]*) and [(PV-
tmpa)Cu']** (eq 6).
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[{(PV-tmpa)Cu"},(0,>)** + CECOOH
— [(PV-tmpa)Cu"(OOH)]" + [(PV-tmpa)Cu"]**

+ CECOO” (6)

The hydroperoxo complex was not reduced by Fc* in the
absence of excess CF;COOH, whereas [(PV-tmpa)Cu"]*" was
reduced by Fc* to [(PV-tmpa)Cu']*, which is converted to
[{(PV—tmpa)CuH}z(Ozz_)]2+ (eq 7) via the reactions in eqs 4
and S. Then the overall reaction is given by eq 8.

2Fc* + 2[(PV-tmpa)CuH]2+ + O,

— 2" + [{(PV-tmpa)Cu'}, (0, )" (7)
2Fc* 4 [{(PV-tmpa)Cu"},(0,>7)** + 0O,
+ 2CECOOH
— 2Fc™* + 2[(PV-tmpa)Cu"(OOH)]" + 2CECOO™
(8)

In the presence of excess CF;COOH (10 mM), Fc* was fully
converted to Fc** as shown in Figure 9. This indicates that
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Figure 9. (a) UV—vis spectral changes observed in electron transfer
from Fc* (0.50 mM) to [(PV-tmpa)Cu™]** (1) (0.10 mM) in O,-
saturated acetone at 213 K (black to orange). UV—vis spectral changes
observed by addition of CF;COOH (10 mM) (orange to red). UV—
vis spectral changes observed in catalytic reduction of O, monitored by
the formation of Fc** at 780 nm (red to purple). (b) Absorption time
profiles at 515 nm due to the y-1,2-peroxo complex and at 780 nm due
to Fc**.

proton-coupled electron transfer from Fc* to [(PV-tmpa)-
Cu"(OOH)]" may occur to regenerate [(PV-tmpa)Cu"]** (1)
(eq 9), providing for the overall catalytic oxidation of Fc* by
excess O, with 1.

2Fc* + [(PV-tmpa)Cu'(OOH)]* + 3H"

— 2Fc** 4 [(PV-tmpa)Cu"** + 2H,0 (9)

Copper Hydroperoxo Complexes. The hydroperoxo
complex [(PV-tmpa)Cu(OOH)]* can also be produced by
the reaction of [(PV-tmpa)Cu"]** (1) with H,O, in the
presence of base (Me,NOH) in acetone at 213 K (eq 10) as
shown in Figure 10a.

[(PV-tmpa)Cu"*" + HO,” — [(PV-tmpa)Cu"(OOH)]"
(10)

The absorption maxima at 398 and 760 nm and shoulder at 640
nm are assigned to [(PV-tmpa)Cu"(OOH)]*. The ligand-to-
metal charge-transfer absorption at 398 nm is typical for what is
observed for other ligand-Cu'-hydroperoxo complexes.*”%+¢
Overall, these absorption bands are somewhat blue-shifted as
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Figure 10. (a) UV—vis spectral changes observed (blue to green) in
the addition of H,0, and Me,NOH to an acetone solution of (a)
[(PV-tmpa)Cu™]** (1) (0.50 mM) and (b) [(tmpa)Cu™]** (2) (0.50
mM) in deaerated acetone at 213 K.

compared with those known already known for [(tmpa)-
Cu"(OOH)]* * and also observed here, see Figure 10b.

The formation of [(PV-tmpa)Cu"(OOH)]* was also
confirmed by EPR as shown in Figure 11. The EPR spectrum

g=221
A;=128G
——

(a)

g=221 gu=2.03
As1esG T Ma=BEG
—_————

(b)
g=221 gy=2.02
A=135G vy Ay=60G

(c)
gy=2.02
Ay=60G

2400 2700 3000 3300 3600
Magnetic Field, G

Figure 11. EPR spectra of (a) [(PV-tmpa)Cu"]** (1)(0.50 mM)
observed at 77 K, (b) [(PV-tmpa)Cu"(OOH)]* produced by reaction
of Fc* (0.50 mM) with 1 (0.50 mM) in the presence of CF;COOH
(0.50 mM) in O,-saturated acetone at 213 K and observed at 77 K. (c)
[(PV-tmpa)Cu(OOH)]* produced by the reaction of 1 (0.50 mM)
with H,0, (1.0 mM) and Me,NOH in deareated acetone at 213 K,
observed at 77 K.*7°

of [(PV-tmpa)Cu"(OOH)]* produced by the reaction of [ (PV-
tmpa)Cu'']*" with HO,™ in acetone (part c) with g, = 2.21,
IA,l =135 G, g = 2.02, Al = 60 G is virtually the same as that
produced by the reaction of Fc* with [(PV-tmpa)Cu"]** in the
presence of CF;COOH in O,-saturated acetone (part b), but it
is different from that of [(PV-tmpa)Cu"]** itself (part a) (g, =
221,1A,1 =128 G, g = 2.03, 1A = 86 G).** The EPR spectrum
of [(tmpa)Cu"(OOH)]* is also different from that observed for
[(tmpa)Cu"]* (Figure S8 in SI).

When Fc* was added to an acetone solution of [(PV-
tmpa)Cu'’(OOH)]*, no electron transfer from Fc* to [(PV-
tmpa)Cu(OOH)]* occurred, as shown in Figure 12. In the
presence of excess CF;COOH, however, proton-coupled
electron transfer (PCET) from Fc* to [(PV-tmpa)-
Cu"(OOH)]* occurred, leading to the catalytic two-electron
reduction of H,0, by Fc*. Similar UV—vis spectral changes
were observed with [(tmpa)Cu"(OOH)]* as shown in Figure
S9 in SI, however, where the rate of PCET reduction of H,0,
by Fc* with 2 was much slower than the rate with 1.
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Figure 12. (a) UV-—vis spectral changes and (b) time profile of
absorbance at 780 nm observed upon addition of hydrogen peroxide
(5.0 mM) to [(PV-tmpa)Cu"]** (1) (0.50 mM) and Me,NOH (0.50
mM) (blue to red) (first arrow), followed by addition of Fc* (0.50
mM) (red to purple) (second arrow) and then CF;COOH (25 mM)
(purple to orange) (third arrow) in deareated acetone at 233 K.

Catalytic Two-Electron Reduction of H,0, by Fc* with
[(PV-tmpa)Cu'"1?* (1) and CF;COOH. As mentioned in the
Introduction, it is of considerable interest to also design or
develop catalysts and elucidate mechanisms for hydrogen
peroxide to water reaction chemistry. The two-electron
reduction of H,O, by Fc* occurred with 1 in the presence of
CF;COOH in acetone at 298 K. The stoichiometry of the
reaction was confirmed as given by eq 11.

2Fc* + H,0, + 2CECOOH

— 2Ec** 4+ 2H,0 + 2CECOO
lor2

(11)

The rate of formation of Fc** for the H,0, reduction to water
in the presence of a large excess Fc* and CF;COOH obeyed
first-order kinetics (Figure 13a). This means the reaction rate is
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Figure 13. (a) Rise time profiles of absorbance at 780 nm in the
catalytic reduction of H,0, (0.10 mM) by Fc* (2.0 mM) with [(PV-
tmpa)Cu]** (1) (0—0.10 mM) in the presence of CF;COOH (25
mM) in deareated acetone at 298 K. (b) Plot of k., vs [[(PV-
tmpa)Cu"]*].

proportional to [H,0,]. The pseudo-first-order rate constant
was proportional to the concentration of 1 (Figure 13b). This
suggests that 1 efficiently catalyzes the two-electron reduction
of H,0, by Fc*. The pseudo-first-order rate constant at a fixed
concentration of 1 was constant with changes in concentrations
of CF;COOH (Figure S10 in SI). Thus, the rate of formation
of Fc** in the catalytic two-electron reduction of H,0, by Fc*
with 1 is given by eq 12.
d[Fc**]/dt = k_,[1][H,0,] (12)

From this, the k., value of the catalytic two-electron reduction
of H,0, by Fc* with 1 was determined to be 4.4 X 10* M~ s7".

cat
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This value is much larger than the k., value determined for
the catalytic four-electron reduction of O, by Fc* with [(PV-
tmpa)Cu"]** (1) (vide supra). This ensures the one-step four-
electron reduction of O, by Fc* with 1 in which, once electron
transfer from Fc* to 1 occurs, all the subsequent reactions are
much faster, leading all the way to the four-electron reduction
of O, to water. The finding that there is no dependence of k,
on the concentration of Fc* or CF;COOH is electron transfer
from Fc* to 1 (vide supra), the much faster reduction process
for H,0, by Fc* with catalyst 1 and CF;COOH must occur via
the Cu(Il) rather than the Cu(I) complex. Thus, we conclude
that coordination of H,O, to the Cu(II) center of 1 to produce
the hydroperoxo complex ([(PV-tmpa)Cu"(OOH)]*) is rate
determining. When this eventually forms, it undergoes rapid
PCET reduction in the presence of Fc* and CF;COOH (eqs 9
and 10).

For the case of [(tmpa)Cu"]** (2) as catalyst for H,O,
reduction to water, the kinetics are quite different than those
for [(PV-tmpa)Cu'"]*" (1) as shown in Figure 14. The rate of
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Figure 14. (a) Kinetic results on the catalytic reduction of H,0, (0.15
mM) by Fc* (2.0 mM) with [(tmpa)Cu"]** (2) (0—0.10 mM) in the
presence of CF;COOH (25 mM) in deareated acetone at 298 K. (b)
Plot of k() vs concentration of H,O,. Conditions: 2 (0.040 mM),
Fc* (2.0 mM), H,0, (0.05-0.20 mM), CH,COOH (25 mM) in
deareated acetone (c) Plot of kg Vs concentration of Fc*.
Conditions: 2 (0.040 mM), Fc* (2.0-5.0 mM), H,0, (0.15 mM),
CH;COOH (25 mM) in deareated acetone (d) Plot of k() vs
concentration of CF;COOH. Conditions: 2 (0.040 mM), Fc* (2.0
mM), H,0, (0.15 mM), CH;COOH (25—45 mM) in deareated
acetone.

formation of Fc** obeyed zeroth-order kinetics with respect to
the concentration of H,0,, (Figure 14a and b). The zeroth-
order rate constant (ky,(g)) is proportional to concentrations of
Fc** (Figure 14c) and CF;COOH (Figure 14d). The k, value
of the catalytic two-electron reduction of H,O, by Fc* with 2
was determined to be 1.3 X 10* M~ s~ as obtained from the
slope of the Figure 14c plot and the concentrations used for
[(PV-tmpa)Cu"]**(0.040 mM) and CF;COOH (25 mM).
Thus, the catalytic two-electron reduction of H,0O, by Fc* is
described by eq 13.

6519

d[Ec**]/dt = k_,[2][Fc* (13)

Thus, in this case, the coordination of H,0, to the
Cu(II)center of [(tmpa)Cu']** (2) is not the rate-determining
step in contrast to the case of [(PV-tmpa)Cu"]** (1) (vide
supra). In the latter case, the ligation step is inhibited by the
presence of the amido oxygen, as was also observed for
triflouroacetate binding (vide supra). This is not true for 2;
H,0, coordination and deprotonation is fast, and the rate-
determining step may be the PCET reduction of the
hydroperoxo complex of 2 (i.e., [(PV-tmpa)Cu"(OOH)]*) by
Fc* where the rate is proportional to the concentrations of Fc*
and CF;COOH (eq 13). Thus, as observed for many cases,
small changes in the ligand structure and/or environment in
proximity to the metal center can have profound effects on the
chemistry, here, by effecting a change in mechanism for
hydrogen peroxide reduction to water for catalyst 1 vs 2.

J[CECOOH]

B CONCLUSION

The reaction mechanism of the four-electron reduction of O,
by Fc* with [(PV-tmpa)Cu]** (1) in the presence of
CF;COOH in acetone at RT is summarized as shown in
Scheme 2. First, electron transfer from Fc* to 1 occurs to

Scheme 2
U [ I+
o, [LCu\O .0 ] [Lcul
7/ L
[LCu'* Lcu! /O\Cu”L
6 Cu” o
Fe*+ _N
r.d.s. \
F' el Leul LOH " === [LCu'P* +H,0,

[LCU"]2+

2Fc* + 2Ho,0  2Fc* + 3HY

produce Fc** and the corresponding Cu' complex, and this is
the rate-determining step (r.d.s.). This is followed by the fast
reaction of the Cu' complex with O, to produce a superoxo—
copper(Il) species which undergoes another very rapid
reduction and coordination by Cu' to produce the peroxo—
dicopper(II) complex.*® Both the superoxo and peroxo
complexes have been previously characterized.*® The peroxo
complex is protonated to produce the hydroperoxo complex,
which undergoes PCET reduction by Fc* and acid to give
water, accompanied by regeneration of 1.

For the catalyst [(tmpa)Cu"]** (2), which effects the same
over four-electron four-proton reduction of O, to water, Fc*
reduction of 2 to its corresponding Cu' complex is similarly rate
determining. However, the coordination of the amido oxygen
to the Cu(II) center of 1 significantly inhibits coordination of
bulky CF;COO~ to the Cu(Il) center, whereas this
trifluoroacetate anion readily binds to the Cu(II) center of 2.
In contrast to the bulky CF;COO™, O, and HO,™ may easily
access the coordination spheres of both 1 and 2. Overall,
electron transfer from Fc* to 2 is thus by comparison slowed,
since the CF;COO™ coordination shifts the redox potential of 2
to be more negative, making it harder to reduce. As a result,
more efficient catalytic four-electron reduction of O, by Fc*
occurred with 1 as compared to that with 2 in the presence of
CF;COOH.
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The catalytic two-electron reduction of H,O, by Fc* with
[(PV-tmpa)Cu"]*" (1) and [(tmpa)Cu"]*" (2) in the presence
of CF;COOH in acetone occurs much more rapidly than the
four-electron-reduction of O, by Fc* with 1 and 2; this is an
important attribute because if H,O, or a metal-(hydro)peroxo
species is or would be an intermediate, then, the overall
efficiency of the four-electron process is not compromised. The
catalytic reactivity of 1 is also higher than that of 2 in this two-
electron reduction of H,0, (Figures 13a vs Figure 14a). The
rate-determining step in the two-electron reduction of O, by
Fc* with 1 in the presence of CF;COOH is the coordination
and deprotonation of H,0,, which is followed by fast PCET
reduction of the Cu(I)-OOH complex, because the
coordination of the ligand amido oxygen to the Cu(Il) center
of 1 hampers the coordination of HO,™. In the case of 2 in
which the coordination site is open, HO,™ readily coordinates
to the Cu(Il) center to produce the Cu(Il)-OOH complex,
and now the PCET reduction becomes the rate-determining
step.

In summary, introduction of a pivalamido group on the tmpa
ligand periphery resulted in the enhancement of the catalytic
reactivity of the Cu(Il) complex of PV-tmpa in both the four-
electron four-proton reduction of O, as well as the two-electron
two-proton reduction of H,0, as compared with [(tmpa)-
Cu"]** as catalyst. In the quest for efficient and selective
dioxygen (a) catalytic four-electron four-proton and (b) two-
electron two-proton reduction chemistry as well as (c) efficient
catalytic two-electron two-proton reduction of hydrogen
peroxide, we continue to use ligand design and variations for
the generation and study of new copper complex catalysts and
survey of their reactivity patterns along with elucidation of their
mechanisms of action.
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