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ABSTRACT: Metal clusters in enzymes carry out the life-sustaining
reactions by accumulating multiple redox equivalents in a narrow potential
range. This redox potential leveling effect commonly observed in Nature has
yet to be reproduced with synthetic metal clusters. Herein, we employ a fully
encapsulated synthetic tricopper complex to model the three-electron two-
proton reductive regeneration of fully reduced trinuclear copper cluster
Cu'Cu'Cu'(4,-OH,) (FR) from native intermediate Cu"Cu"Cu"(y;-O)
(NI) in multicopper oxidases (MCOs). The tricopper cluster can access four
oxidation states (LLI to ILILII) and four protonation states ([Cu,(3-O)]
LH, [Cu;(u;-OH)]L, [Cus(u;-OH)]LH, and [Cu,(u;-OH,)]L, where LH
denotes the protonated ligand), allowing mechanistic investigation of
proton-coupled electron transfer (PCET) relevant to MCOs. Seven
tricopper complexes with discrete oxidation and protonation states were
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characterized with spectroscopy or X-ray single-crystal diffraction. A stepwise electron transfer—proton transfer (ET—PT)
mechanism is established for the reduction of Cu"Cu"Cu"(13-O)LH to Cu"'Cu"Cu'(1;-OH)L, while a stepwise PT—ET mechanism
is determined for the reduction of Cu"Cu'Cu'(y;-OH)LH to Cu'Cu'Cu’(y,-OH,)L. The switch-over from ET—PT to PT—ET
mechanism showcases that the tricopper complex can adopt different PCET mechanisms to circumvent high-barrier proton transfer
steps. Overall, three-electron two-proton reduction occurs within a narrow potential range of 170 mV, exemplifying the redox
potential leveling effect of secondary proton relays in delivering multiple redox equivalents at metal clusters.

B INTRODUCTION

Multielectron transfer is ubiquitous in energy conversion and
storage reactions in enzymes, e.g., oxygen reduction,’ oxygen
evolution,” CO, reduction,” and nitrogen fixation.* Nature has
evolved multimetallic active sites capable of temporary
accumulation of multiple redox equivalents before substrate
turnover. A salient example is multicopper oxidases (MCOs,
Figure 1A), which catalyze the four-electron reduction of O, to
H,O, a life-sustaining reaction that is often coupled with the
oxidation of various substrates. The trinuclear copper cluster
(TNC) gathers three electrons from an adjacent type 1 Cu
(T1) electron transfer site (13 A away) to generate the fully
reduced Cu'Cu'Cu' state (FR) before activating O, to form the
Cu"Cu"Cu" cluster (native intermediate, NI, Figure 1B)."* "'
Three-electron and three-proton transfer to NI regenerates FR,
completing the catalytic cycle. Considering the mild redox
potential of the T1 site (300—800 mV vs NHE),"” it is
remarkable that a single T1 site can deliver three electrons
consecutively to the TNC.

Understanding how multi-electron-transfer reactions are
performed at metal clusters can provide crucial insights into
catalyst design for energy conversion and storage."’ At present,
it is not clear how to construct a synthetic metal cluster that
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reproduces the function of biological metal clusters in storing
multiple redox equivalents in a narrow potential range. For
instance, multielectron transfer of synthetic metal clusters
typically requires a potential span of 1—2 V (Figure 2A)."*™"*
In biological settings, covering such a wide potential range is
challenging from both thermodynamic and kinetic perspec-
tives, so Nature often employs proton-coupled electron
transfer (PCET) to reduce the potential gap between adjacent
redox couples, leveling the redox potential of multielectron
transfer."”""~*' This “redox potential leveling” effect results
from alternating delivery of protons and electrons, which
avoids localized charge buildup. Indeed, two carboxylate
groups (D94, E487, PDB: 1ZPU) in the secondary
coordination sphere of TNC sites have been proposed to
serve as a proton relay during regeneration of FR from NL®’
However, the molecular mechanism by which proton relays
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assist PCET at the tricopper center is difficult to study.”®
Currently, no synthetic models would permit probing of the
synergy of a tricopper site with the hydrogen-bonding network
in the secondary coordination sphere. It is also challenging to
investigate these intricate ET and PT steps with proteins, due
to the similar spectroscopic features of ET/PT tricopper
intermediates.

Recently, we reported the first tricopper complex that can
access all four oxidation states from ILILII to LLL>* The
tricopper cluster is embedded in a macrocyclic TREN,, (TREN
tris(2-aminoethyl)amine) ligand that provides a rigid
coordination environment, leading to lower reorganization
energy of electron transfer. The empty TREN motif on top of
the tricopper cluster may serve as a pendant proton relay
(Figure 2B), mimicking the function of carboxylate groups
adjacent to the TNC. The supramolecular construct of TREN,
prevents the pendant proton relay from collapsing into the
tricopper center, preserving the cavity as a proton reservoir.
Building on this system, we herein demonstrate the three-
electron two-proton PCET from CuCu"Cu"(y;-O) to
Cu'Cu'Cu'(u,-OH,) (Figure 2B). The proton-coupled reduc-
tion of ILILII to LLI occurs within a narrow potential range of
170 mV, reflecting the redox potential leveling effect of the
pendant proton relay. The synergistic delivery of electron and
proton at the tricopper cluster serves as a prototype for
multiple proton-coupled electron transfer at multimetallic
active sites.

B RESULTS AND DISCUSSION

[TREN,HCu"Cu"Cu"(u5-0)** as a Synthetic Model for
NI. One-pot reaction of TREN, [Cu'(MeCN),]PF4 and
paraformaldehyde affords a mixed-valent
[TREN,Cu''Cu'Cu'(u;-OH)](PF4); complex
(Cu"Cu'Cu'(;-OH)L, L denotes the TREN, ligand).”” The
tricopper y;-OH species have been isolated and characterized
in LLI/ILLI/ILILI oxidation states.”” To prepare a synthetic
model for NI (Cu"Cu"Cu"(u3-0)), we attempted to further
oxidize the tricopper cluster to the ILILII state using two
equivalents of oxidant. Treatment of Cu'Cu'Cu'(y;-OH)L
with two equivalents of tris(4-bromophenyl)ammoniumyl
hexafluorophosphate (0.67 V vs Fc/Fc' in MeCN, Figure
3A) in MeCN resulted in instantaneous bleaching of the dark
blue color of ammoniumyl to a yellow solution. The UV—vis
spectrum of the tricopper product (Figure S1A), presumably at
the ILILII oxidation state, shows a peak at 690 nm (¢ = 1100
M~ ecm™), which is different from that of Cu"Cu"Cu'(;-
OH) (850 nm, £ = 1250 M~! ecm™).

Single crystals of the fully oxidized tricopper ILILII cluster
were grown from vapor diffusion of diethyl ether to acetone
after partial anion exchange with BF,” (see the Supporting
Information). The X-ray diffraction analysis reveals a highly
symmetric tricopper complex with five positive charges (Figure
3B), suggesting the ILILII oxidation state. The central ligand
could be assigned as either y3-OH or y5-O (Figure 3A). In the
latter case, a proton has been transferred to the top TREN to
form Cu"Cu"Cu"(u5-O)LH, where LH denotes a protonated
TREN, ligand. We were unable to crystallographically
differentiate the central ligand as y;-O or u;-OH; therefore,
we turn to the spectroscopic characterization of the tricopper
complex at the ILILII state.

In contrast to ILILI/ILLI/LLI states, the tricopper complex
at the ILILII state does not exhibit a O—H stretch in infrared
spectroscopy, suggesting the central ligand is a y;-O instead of
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Figure 3. (A) Intramolecular proton transfer at the ILILII state. (B)
Solid-state structure of (Cu'Cu’Cu"(y;-O)LH. All H atoms,
counteranions, and solvent molecules are omitted for clarity. (C)
Infrared spectra of tricopper complexes from the ILI to ILILII state.
(D) Plot of crystallographically determined Cu—O and Cu--Cu
distances as a function of the tricopper oxidation state.

u;-OH (Figure 3C). The assignment of u;-O is further
supported by the off-trend Cu—O and Cu---Cu distances at the
ILILII state (Figure 3D). The Cu--Cu and Cu—O distances
generally increase with higher oxidation states due to the
stronger Coulombic repulsion.22 However, the ILILII state
does not follow this trend. Both Cu--Cu and Cu—O distances
at the ILILII state are shorter compared to the ILILI state
(Figure 3D), suggesting the charge of the central ligand
increased from p;-OH™ to u3-O*>7, which results in a
contraction of the tricopper cluster due to the stronger
interactions between Cu" and u;-O*". The intramolecular
proton transfer (IPT) from y;-OH to the top of L is likely due
to the increased acidity of the y;-OH at the ILILII state. We
were unable to measure the pK, of the y;-OH™ motif because
the acidic proton is buried inside the cryptand. Nonetheless,
the pK, of a similar [Cu'y(u;-OH)]** cluster has been
reported by Suh et al. to be ca. 4.65 in H,0,”” which is much
lower than that of TREN-H" (pK, = ca. 10.27 in H,0).”*
Conversely, backward IPT from LH to the u;-O is expected if
the tricopper cluster is reduced from ILILII to a lower
oxidation state due to the increasing basicity of y;-O (vide
infra).

[TREN,Cu'Cu'Cu'(u,-OH,)1** as a Synthetic Model for
FR. The fully reduced TNC features a tricopper LLI cluster
with a H,O ligand (Figure 1B). To prepare a synthetic model
for FR, we treated the [TREN,Cu'Cu'Cu'(u;-OH)](BAr%,),
complex (Cu'Cu'Cu'(u;-OH)L, BAr", = 3,5-bis-
(trifluoromethyl)phenyl)borate)** with one equivalent of

1711

Brookhart’s acid [(Et,0),H]BAr", in tetrahydrofuran (THF)
(Figure 4A). The resulting colorless solid was crystallized from

A
| K N | S
N cu (Et,0),H BAr, . Cu
Hl THF ul
| |
o) I OH I
cu™ Tty cu— Ccu
B
N\si NN
o N :;HO 2.82
WO 7
\\‘%\\“” 3 1669 q(?“‘\‘BW\s(m\
cut—>1 >cus cul—ai\——Cu3
375 Cuz a0 304 Cuz 29"
cu'cu'cul(us-OH)L Cu'Cu'Cul(uy-OH,)L
c

Figure 4. (A) Synthesis of Cu'Cu'Cu'(1,-OH,)L. (B) Bond distance
(A) information on Cu'Cu'Cu'(,-OH,)L and Cu'Cu'Cu(,-OH,)L.
(C) Single-crystal XRD of Cu'Cu'Cu'(y,-OH,)L with thermal
ellipsoids of 50% probability. All H atoms, counteranions, and solvent
molecules are omitted for clarity.

acetone after a counteranion exchange with PF4~ (see the
Supporting Information). '"H NMR analysis of the product
(Figure S3B, red spectrum) shows several sharp 'H peaks,
distinct from the broad resonances of Cu'Cu'Cu'(y;-OH)L
(Figure S3B, blue spectrum), suggesting the protonated
tricopper LLI complex is more rigid and has a lower symmetry
than Cu'Cu'Cu'(3-OH)L. Importantly, the OH signal of ys-
OH (1H, 1.35 ppm) has shifted downfield (2H, 9.1S ppm),
indicating conversion of y;-OH to u-OH,. The assignment of
the y-OH, peak at 9.15 ppm was confirmed by a deuterium-
labeling experiment (Figure S22). The significant downfield
chemical shift suggests the ;-OH, motif is hydrogen-bonded to
a nitrogen atom from the top TREN.

Single-crystal X-ray diffraction analysis of the colorless
crystals grown from acetone shows a tricopper LLI complex
with a u,-OH, ligand bridging between two Cu' centers
(Figure 4C). The remaining Cu' does not interact with the O
atom (Figure 4B, right, Cu3--O: 2.82 A) and adopts a
distorted tetrahedral geometry with four TREN nitrogen
donors. Compared to the Cu--O distances in Cu'Cu'Cu'(;-
OH)L (Figure 4B, left, Cu--O: 1.89 A) with one negative
charged p-OH ligand, the elongated Cu---O distances (Figure
4B, right, Cul--O: 2.09 A, Cu2---0: 2.07 A) in Cu'Cu'Cu'(u,-
OH,)L suggest weaker interactions between copper atoms and
the neutral u-OH, ligand. Based on the three outer-sphere
counterions and two protons of the aqua ligand, the product is
formulated as Cu'Cu'Cu'(y,-OH,)L. One H atom on u,-OH,
is hydrogen-bonded to a TREN nitrogen with a N—O distance

https://doi.org/10.1021/jacs.1c10948
J. Am. Chem. Soc. 2022, 144, 1709-1717


https://pubs.acs.org/doi/suppl/10.1021/jacs.1c10948/suppl_file/ja1c10948_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c10948/suppl_file/ja1c10948_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c10948/suppl_file/ja1c10948_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c10948/suppl_file/ja1c10948_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c10948?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c10948?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c10948?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c10948?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c10948?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c10948?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c10948?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c10948?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c10948?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

of 2.59 A, which removes the C; symmetry typically observed
in TREN, tricopper y-OH and p-O clusters (Figure 4C).*
The low-symmetry X-ray diffraction (XRD) structure of
Cu'Cu'Cu'(u,-OH,)L is reflected by the well-resolved
methylene (CH,) '"H NMR resonances (Figure S3). None-
theless, the single '"H NMR peak of x-OH, indicates rapid
exchange of the two protons residing on the p,-OH, ligand
(Figure 4C).

Cyclic Voltammetry Study of Tricopper Cryptate.
While many synthetic tricopper LLI complexes can model the
conversion of FR to NI, i.e., the activation of O, at tricopper
LLI to afford tricopper ILILII u-O or u-OH species,zs_‘?’4 none
can mimic the reductive regeneration of FR from NI, which is
equally essential for catalytic oxygen reduction reaction
(ORR). Most of the synthetic tricopper complexes are not
redox-active, whereas the regeneration of FR consists of a
formal three-electron and three-proton transfer that traverses
four discrete oxidation states from ILILII to LI The isolated
environment of TREN, not only enables reversible redox
behavior but also allows precise control of the total number of
protons that can access the tricopper cluster. Proton(s) in
TREN, can reside on either the y;-O/u;-OH or the top TREN
as ammonium, giving four possible “protonation states”, noted
as [Cus(p3-O)]LH, [Cus(us-OH)]L (Figure SA), [Cuy(us-
OH)]LH, and [Cus(u,-OH,)]L (Figure 6A). Theoretically,
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Figure S. (A) Two possible protonation states of the tricopper cluster
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proton level. Black: Cu"CuCu(y;-O)LH at 25 °C. Red:
Cu"Cu'Cu'(;-OH)L at 25 °C. Blue: Cu''Cu'Cu'(y5-OH)L at —40
°C. (C) Proposed redox mechanism of tricopper cryptate at the one-
proton level. Species in gray are not observed.
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(C) Proposed redox mechanism of tricopper cryptate at the two-
proton level. Species in gray are not observed.

the tricopper complex at each protonation state could access
four oxidation states from ILILII to LI, giving rise to a total of
16 unique species (Figure SC and Figure 6C). However, some
combinations of protonation and oxidation states are too
reactive to be observed (gray) and quickly converted to other
species via intramolecular proton transfer or disproportiona-
tion reaction. To understand the conversion between these 16
possible species, we performed cyclic voltammetry (CV)
studies of the tricopper complexes at one-proton and two-
proton levels.

At the one-proton level, the CV of Cu"Cu"Cu"(;-O)LH
shows two reduction events at —0.66 V (I) and —1.0 V (II) vs
Fc/Fc* (Figure SB, black trace). Based on our previous work,
the cathodic wave II at —1.0 V is from the reduction of
Cu"'Cu'Cu'(y5-OH)L to Cu'Cu'Cu'(u;-OH)L. Therefore, the
reduction I at —0.66 V should be assigned as the two-electron
reduction of Cu"CuCu"(u;-O)LH to Cu"Cu'Cu'(y;-OH)L.
Notably, this two-electron reduction process is coupled with an
intramolecular proton transfer from LH to y3-O. During the
reverse scan, the three one-electron oxidations were observed
at —0.95 V (II1), —0.47 V (IV), and —0.06 V (IV) vs Fc/Fc*
(Figure SB, black), which matches those observed from the
cyclic voltammogram of Cu"Cu'Cu'(u;-OH)L (Figure SB,
red).”” Anodic waves III, IV, and V are assigned to the
consecutive oxidation of Cu'Cu'Cu'(y;-OH)L to
Cu"Cu'Cu'(u;-OH)L, Cu'"Cu"Cu'(y;-OH)L, and eventually
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V) is irreversible, suggesting the electron transfer is coupled Cu'Cu'Cul (- OH)L
with an IPT to afford Cu"Cu"Cu"(u3-O)LH (Figure 5C). 8161 Cu"Cu'Cu'(u; O)LH
This hypothesis was confirmed by a CV experiment at low %12 - - - - Simulated
temperature (Figure SB, blue). At—40 °C, the IPT process £
slows down, and the cathodic wave for the reduction of 081
Cu"Cu"Cu"(u3-OH)L was revealed at —0.19 V (Figure SB, 0.4 = ~ L
blue, VI). 00
At the two-proton level, the CV of Cu'Cu'Cu'(y,-OH,) 500 600 700 800 900 1000
shows two oxidation peaks at —0.20 V (i) and 0.24 V (ii) vs Wavelength (nm)
Fc/Fc* (Figure 6B, black). During the reverse scan, three one- B \ L
electron reductions at 0.10 V (iii), —0.32 V (iv), and —0.72 V Ny cd ET Ny cu T Cu
(v) vs FC/FC'* were observed (Figure 6B, black). Overall., the “;\(I)\ | stepl Cu;‘cl)\ i stepll CUJ(I)\C !
CV of the tricopper complex at the two-proton level (Figure Cu Cu Cu

6B, black) shifted anodically by ca. 200 mV compared to that
at the one-proton level (Figure 6B red), reflecting the
increased charge as a result of protonation.”® The anodic
wave i at —0.20 V can be assigned to a two-electron oxidation
coupled with IPT from Cu'Cu'Cu'(y,-OH,)L to
Cu""Cu"Cu'(u;-OH)LH. The following oxidation ii is from
Cu"'Cu"'Cu'(;-OH)LH to CuCuCu®(y;-OH)LH. The
three sequential cathodic waves iii, iv, and v in the reverse
scan are assigned to the sequential reduction from
Cu"CuCu"(u;-OH)LH to Cu'Cu'Cu'(u,-OH,)L, where the
last reduction v is believed to couple with an IPT from LH to
#3-OH. The small anodic wave at —0.61 V (vi) is assigned to
the oxidation of Cu'Cu'Cu'(;-OH)LH (see the Supporting
Information, Figure S27).

In summary, the CV study shows that the proton affinity of
the p;-O/p;3-OH ligand in the tricopper complex changes as a
function of the oxidation states. On two occasions, the electron
transfers are coupled with intramolecular proton transfer, i.e.,
Cu"'CuCu"(u5-O)LH to Cu"Cu'Cu'(p;-OH)L at the one-
proton level and Cu"Cu'Cu'(u;-OH)LH to Cu'Cu'Cu'(,-
OH,)L at the two-proton level. The mechanisms of these two
PCET reactions were further investigated with spectroscopy.

PCET from Cu"Cu"Cu'"(u5-O)LH to Cu"Cu'"Cu'(u;-OH)L.
To understand the mechanism of PCET from Cu"Cu"Cu"(y5-
O)LH to Cu"Cu"Cu'(i;-OH)L, we examined the chemical
reduction of Cu"Cu"Cu'(y;-O)LH at low temperature,
attempting to capture the intermediate Cu''Cu"'Cu'(u3-O)LH
before IPT. Treatment of Cu"Cu”Cu"(u;-O)LH with one
equivalent of cobaltocene (Cp,Co) at —90 °C affords a stable
species with a UV—vis band at 630 nm (& = 3150 M~ cm™),
which was assigned at Cu"'Cu"Cu'(y3-O)LH. Warming up the
solution to —80 °C leads to the consumption of
Cu"Cu"Cu'(u3-O)LH due to IPT. However, the expected
Cu"Cu”Cu'(y3-OH)L was not observed. Instead, the final
UV-—vis spectrum (Figure 7A, green traces) can be
deconvoluted into a mixture (red dashed) of
Cu'Cu"Cu"(43-O)LH (blue) and Cu"Cu'Cu'(u;-OH)L
(orange) in a 1:1 ratio. The overall reaction can be rationalized
by a disproportionation mechanism (Figure 7B): (i)
Cu''Cu''Cu'(u;-O)LH is reduced by Cp,Co to
Cu""Cu"Cu'(u3-O)LH, which undergoes (ii) IPT to afford
Cu"Cu"Cu'(u;-OH)L, which is (iii) immediately reduced by
another equivalent of Cu"Cu"Cu'(u3-O)LH to Cu"'Cu'Cu'(y5-
OH)L. The disproportionation reaction also regenerates a half-
equivalent of Cu"Cu"Cu"(;-O)LH, finally resulting in a 1:1
mixture of Cu’Cu'Cu'(y;-OH)L and Cu"Cu"Cu"(p;-O)LH.
This proposed mechanism is consistent with the redox
potentials of Cu"Cu"Cu'(y;-OH)L/Cu"Cu'Cu'(y;-OH)L

1713

cu'cu"cu'(u5-O)LH cu'cu"Cu'(uz-0)LH cu'cu''Cu'(u3-O)LH

E=-0.63V Stepll E=-052V
I I
NH‘ Cu N Cu
0.5 “cl) +05 4l
1L Il I
cu " Tcu i ~cu

cu''cu'cu'(us-0O)LH cu'cu'Cul(us-OH)L

Figure 7. (A) UV—vis spectrum of treatment of Cu"Cu"Cu'(y5-O)
LH with one equivalent of Cp,Co at —80 °C. The final spectrum after
the disproportionation (green trace) can be fitted with a 1:1 ratio of
Cu"Cu'Cu'(u5-OH)L and Cu"Cu"Cu"(1;-O)LH (red dashed trace).
(B) Proposed mechanism of the one-electron reduction of
Cu''Cu''Cu'"(u3-O)LH to Cu''Cu'Cu'(g;-OH)L and
CuIICuIICuII(ﬂ3-O) LH in a 1:1 ratio.

(—0.52 V) and Cu"Cu"Cu"(1;-O)LH/Cu" ' Cu"Cu'(y;-O)LH
(—0.66 V, Figure S26), suggesting the proposed electron
transfer (Figure 7B, step III) is thermodynamically favorable.

The PCET from Cu"Cu”Cu"(y3-O)LH to Cu"CuCu'(ys-
OH)L can occur in concerted or stepwise mechanisms, i.e.,
initial transfer of a proton followed by electron transfer (PT—
ET), electron transfer followed by proton transfer (ET—PT),
or concerted proton—electron transfer (CPET), where a
proton and an electron are transferred in a single kinetic step
(Figure 8A)."'%?1 Both CV and UV—vis studies at low
temperature suggest an ET—PT mechanism since the
reduction of Cu"Cu"Cu"(y3-O)LH initially affords the
intermediate Cu''Cu"Cu'(u3-O)LH, which readily converts
to Cu"CuCu'(u;-OH)L. The kinetics of the IPT from
Cu"Cu”Cu'(43-O)LH to Cu"Cu"Cu'(uy-OH)L was inves-
tigated by variable-temperature UV—vis spectroscopy by
monitoring the decay of Cu'Cu'Cu'(y;-O)LH. The first-
order rate constant of IPT was determined from —50 to —80
°C (see the Supporting Information). According to the Eyring
analysis (Figure 8B), the activation enthalpy (AH*) and
entropy (AS¥) for IPT at the ILILI state are 9.9 + 0.8 kcal/
mol and —20 + 4 cal/(mol K), respectively.

PCET from Cu"Cu'Cu'(u5-OH)LH to Cu'Cu'Cu'(u,-OH,)L.
Analogously, the reduction of Cu"Cu'Cu'(y;-OH)LH to
Cu'Cu'Cu'(,-OH,)L can proceed through an ET—PT, PT—
ET, or CPET mechanism. Treatment of Cu"Cu'Cu'(y;-OH)L
with one equivalent of [(Et,0),H]BAr’, at 20 °C did not
result in detectable spectral changes, suggesting the proto-
nation likely occurred at the top TREN to give Cu"Cu'Cu'(5-
OH)LH (Figure 9A). '"H NMR analysis of the reaction
mixture shows the same paramagnetic resonances similar to
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Figure 8. (A) Mechanisms of PCET from Cu"'Cu"Cu"(u;-O)LH to
Cu"Cu"Cu'(u;-OH)L. (B) Eyring plot of IPT2 from Cu"Cu"Cu"(y,-
O)LH to Cu"Cu"Cu'(y;-OH)L (red).
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Figure 9. (A) Protonation of Cu"Cu'Cu'(y;-OH)L and subsequent
PCET conversion to Cu''Cu'Cu'(y;-OH,)L. (B) Eyring plot of PCET
from Cu"Cu'Cu'(u;-OH)LH to Cu'Cu'Cu’(i,-OH,)L with deca-
methylferrocene (Fc*) as the reductant.

those of tricopper ILLI starting materials (Figure S18), further
supporting that the proton was transferred to the top TREN
instead of the Cu"'Cu'Cu'(y;-OH) core. Addition of
decamethylferrocene (Fc*) to Cu"Cu'Cu'(u;-OH)LH led to
its PCET conversion to Cu'Cu'Cu'(,-OH,)L in quantitative
yield, as evidenced by "H NMR analysis (Figure S18, spectrum
3). However, no intermediate, e.g,, Cu'Cu'Cu'(u,-OH)LH or
Cu"Cu'Cu'(4,-OH,)L, was detected by UV—vis, '"H NMR,
and bulk electrolysis study (Figure S25). Nonetheless, the rate
of PCET can be determined with variable-temperature UV—vis
by recording the spectral decay of Cu"Cu'Cu'(u;-OH)LH
(Figure S13) from 0 to 30 °C. Eyring analysis reveals AH* =
16 + 1 kcal/mol and AS* = 5.6 + 3.5 cal/(mol K) for the
PCET (Figure 9B).
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Since no reaction intermediate was detected, further kinetic
analysis and CV simulation were performed to investigate the
mechanism of the PCET from Cu"Cu'Cu'(u;-OH)LH to
Cu'Cu'Cu'(u,-OH,)L. To investigate a stepwise ET—PT
mechanism, we attempted to generate the putative inter-
mediate Cu'Cu'Cu'(y,-OH)LH from protonation of
Cu'Cu'Cu'(y,-OH)L (Figure 10). The reaction of

N ! 1
Cul H* NH Cu PT N\\ Cu
| Hcl) LT H(I) , H <|3 |
cu™  TScu cu™ " TScu cu— H Cu
gray trace red trace blue trace
A s
Cu'Cu'Cu'(y3—OH)L_—30 °C
44 Cu'Cu'Cu'(ys-OH)L acid_-30 °C|
Cu'Cu'Cu'(u;-OH)L acid_20 °C
834
j
<
2
821
e}
<<
14
04 T —
300 400 500 600
Wavelength (nm)
B 4
R?=0.9995
N
64 N\
N
N
-8
3
B3
E ‘1 0 b
3
-124 AH'= 21 + 1 kcal/mol
AS¢= 5.5 1.2 cal/mol K N
-14 T T T T
3.0 3.2 34 3.6 3.8 4.0
1000/T

Figure 10. (A) UV-—vis spectrum of the reaction between
Cu'Cu'Cu(u;-OH)LH and [(Et,0),H]BArF, at —30 °C (blue) and
20 °C (red). (B) Eyring plot of IPT steps from Cu'Cu'Cu'(y;-OH)
LH to Cu'Cu'Cu'(y,-OH,)L.

Cu'Cu'Cu'(;-OH)L and [(Et,0),H] BArF, at —30 °C affords
a new species with absorbance at 310 nm (e = 1428 M™' cm™,
red trace), which converts to Cu'Cu'Cu'(y,-OH,)L (4 = 320
nm, & = 1850 M~ cm™, blue trace) at 20 °C (Figure 10A).
The '"H NMR spectrum of the intermediate at —50 °C shows
two new broad peaks at 9.59 and 9.42 ppm in a 1:1 ratio
(Figure S20), consistent with a Cu'Cu’Cu'(u,-OH)LH species
with an ammonium R;N"H motif hydrogen-bonded to y,-OH
(Figure 10). The kinetics of IPT from Cu'Cu'Cu'(u;-OH)LH
to Cu'Cu'Cu'(4,-OH,)L was studied by monitoring the UV—
vis spectrum of the reaction at different temperatures (Figure
10B). The first-order rate constant of IPT from Cu'Cu'Cu'(y5-
OH)LH to Cu'Cu'Cul(y,-OH,)L is 0.039 s™' at 25 °C
(calculated from Eyring analysis, Figure 10B), which is slower
than the rate of PCET (0.34 s7%, 25 °C) (calculated based on a
Fc* concentration of 1.62 mM) at the same temperature,
strongly suggesting the Cu'Cu'Cu'(u;-OH)LH is not an
intermediate during the PCET from Cu"Cu'Cu'(u;-OH)LH
to Cu'Cu'Cu'(;-OH,)L. The stepwise ET—PT mechanism is
unlikely due to the slow rate of IPT (Figure 11A).

With a PCET rate of 207 M™' s' at 25 °C from
Cu"Cu'Cu'(u5-OH)LH to Cu'Cu'Cu'(u3-OH,)L (Figure 9A)
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Figure 11. (A) Mechanisms of PCET from Cu"Cu'Cu'(y;-OH)LH
to Cu'Cu'Cul(y,-OH,)L. (B) CV simulation results with a PT—ET
mechanism (red) or a CPET mechanism (blue). The experimental
cyclic voltammogram is shown in thick gray. *Rate constant
determined by CV simulation (25 °C). "Rate constant determined
by UV—vis kinetic experiment and converted to 25 °C by an Eyring
plot.

and an estimated K,, of ca. 107° for the IPT between
Cu"'Cu'Cu’(y;-OH)LH and Cu"Cu'Cu'(p;-OH,)L (Table
SS), neither the CPET nor PT—ET mechanism can be
excluded based on a thermodynamic exclusionary argument
(see the Supporting Information, Scheme S1). Therefore, we
turn to CV simulation of Cu'Cu'Cu'(u;-OH,)L at room
temperature to differentiate the two possible mechanisms (see
the Supporting Information).**” The simulated CV profile
with a CPET mechanism reveals the general redox behavior of
Cu'Cu'Cu'(;-OH,)L. However, the detailed voltammetric
features are not fully coincident with the experimental results
(Figure 11B, blue). For example, the simulated voltammogram
cannot reproduce the irreversible reduction around —0.7 V. In
contrast, CV simulations with a PT—ET mechanism
successfully replicated the experimental data as shown in
Figure 11B (red). The FitSpace analysis of the CV simulation
indicates the minimum forward rate constant for IPT1 is 256
s™!, which is still much faster than IPT2 (0.039 s, 25 °C),
explaining why the PT—ET pathway is favored over ET—PT
(Figure 11A). The simulated K,y of IPT1 and IPT2 are 6.5 X
107 and 8.8, respectively, suggesting the reduction of the
tricopper cluster changes the pK, of the p,-OH, ligand by
seven units.

B DISCUSSION

The reduction of NI back to FR in MCOs involves rapid
transfer of three protons and three electrons. All three ET's are
coupled with PT (Figure 1B).*” Our tricopper model system
demonstrates a similar process involving three electrons and
two protons from Cu"'Cu"'Cu"'(4-0) to Cu'Cu'Cul(y-OH,)
(Figure 12). We successfully reproduce the first and last PCET
in MCOs, where both processes involve PT to the central y;-O
ligand. Solomon et al. proposed that the high basicity of the ;-
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Figure 12. Summary of three-electron and two-proton conversion
from a Cu""Cu"Cu"(y5-O)LH to a Cu'Cu'Cu'(u,-OH,)L within 0.17
V.

O motif in NI plays a critical role in facilitating rapid
intramolecular electron transfer from the T1 site to the TNC
site.®”*" The reduction of the resting oxidized state, which
lacks the u3-O ligand, is 10° times slower. Our findings support
the critical role of the tricopper y;-O motif: the reduction of
the tricopper center causes a substantial increase in the basicity
of the central ligand y3-O or y;-OH ligand, which provides the
driving force for spontaneous IPT from the secondary
coordination sphere.

The mechanisms of the three-electron and two-proton
conversion from a Cu"Cu"Cu"(y;-O)L to a Cu'Cu'Cu'(y,-
OH,)L have been established via spectroscopic character-
ization of seven intermediates. An ET—PT mechanism was
observed from Cu"Cu"Cu"(1;-O)LH to Cu"Cu"Cu(u;-OH)
L state, while a PT—ET mechanism was established from
Cu"Cu'Cu'(u;-OH)LH to Cu'Cu'Cu'(u;-OH,)L (Figure 12).
Mechanism switch-overs between CPET, PT—ET, and ET—
PT within the same system”” have been observed as a function
of temperature,39 Lewis acid addition,* ligand basicity,“ and
substrate acidity.*” We reason that the mechanistic dichotomy
in our system is due to various IPT rates at different oxidation
states. The rate constant of IPT from u;-OH to y,-OH, at ILLI
(>256 s7!, 25 °C) is ca. 6000 times faster than that at ILI
(0.039 s7%, 25 °C), likely due to the easier Cu—O dissociation
as a result of the weaker Cu—O bond at the ILLI state.
Therefore, the PT—ET mechanism provides kinetic advantages
by bypassing a high IPT barrier at the LLI state. Analogously,
the ET—PT mechanism from p;-O to u,-OH bypasses IPT at
the ILILII state, which also features a strong Cu—O bond. In
summary, IPTs are faster at the ILLI and ILILI state due to the
ease of structural rearrangement as the result of the weaker
Cu—O bonds (Figure 3D).

To the best of our knowledge, the redox potentials of various
tricopper oxo/hydroxo intermediates in MCOs have not been
reported. Nonetheless, they are expected to be more anodic
than that of the T1 site (300—800 mV vs SHE),"*** since
intramolecular electron transfers T1 to the TNC site are
thermodynamically favorable. The redox potential of our
tricopper p-OH complexes in agueous phosphate buffer is
from —550 to 330 mV (vs SHE),” suggesting they are harder
to reduce than tricopper oxo/hydroxo intermediates in MCOs,
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perhaps due to the electron-donating nature of amine ligands
in TREN,. Despite these potential deviations, the redox
behavior of our tricopper complex at different protonated
states reflects the redox potential leveling effect of intra-
molecular proton transfer. At the same proton level, such as
Cu;(u5-OH), the potential difference between ILILII and LII
is around 0.9 V. However, when proton transfer is involved,
the complete reduction of ILILII to LLI state can be
accomplished in a narrow 170 mV range (Figure 12). The
observation of a redox-leveling effect in synthetic tricopper
clusters should enable new strategies to control proton-
coupled multiple electron transfer to metal clusters.

B CONCLUSION

In conclusion, our synthetic tricopper complexes successfully
replicated MCOs’ ability to accumulate multiple redox
equivalents within a narrow potential range. The three-electron
two-proton PCET conversion of Cu''Cu"Cu(p;-O)L to
Cu'Cu'Cu'(4,-OH,)L reflects the “redox potential leveling”
effect, which is crucial for biological metal clusters to
accumulate multiple redox equivalents. The difference in
reduction potentials from ILILII and LLI is reduced from 0.9
to 0.17 V in the presence of a simple proton relay. Our study
shows the interdependent nature of ET and PT during the
conversions between multimetallic oxo M,—O, hydroxo M,—
OH, and aqua M,—OH, complexes, which are central to
oxygen reduction reaction and oxygen evolution reaction, two
of the most important bioenergetic processes.
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