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Two mononuclear Cu" complexes with tetrapeptides incorporating a
L-2,3-diaminopropionic acid (dap) branching unit are reported to
undergo PCET and catalyse water oxidation. C-terminal His extension
of dap (L = 2GH) instead of Gly (L = 3G) lowers the pK, for Cu""H_,L
(9.36 vs. 9.98) and improves the TOF at pH 11 (53 vs. 24 s 3.

Reactions requiring the synchronous transfer of multiple protons
and electrons become energetically viable under mild conditions
through the catalytic promotion of proton-coupled electron transfer
(PCET) mechanisms that help circumventing high-energy inter-
mediates." Splitting water into its elements, which attracts growing
attention as a prospective renewable tool to generate H, as an
energy carrier,”™ ranks among reactions where PCET is of critical
importance. Water oxidation catalysts (WOCs) can improve the
efficiency of the oxidative half-reaction: 2H,0 — O, + 4H" + 4e™,
which has long been considered the bottleneck of the water
splitting process. Bioinspired, homogeneous WOCs (Fe,” Co,°
Ru,” or Ir %), although inherently less robust than heterogeneous
catalysts,” represent a meaningful source of mechanistic insight
into the multiple proton and electron-transfer events associated
with O, formation. A growing number of studies conclude that
PCET helps in stabilising high-valent M—O or M-O° inter-
mediates by preventing charge accumulation upon oxidation
and, as a consequence these intermediates can complete the
0-0 bond formation step.'® Cu has rich oxygen chemistry,""
yet, homogeneous WOCs involving this metal appeared only
recently, when surprisingly robust Cu" complexes with 2,2/
bipyridine (bpy, TOF ~ 100 s at pH 13)"* and subsequently,
with triglycylglycine (GGGG, or H-Gly-Gly-Gly-Gly-OH, TOF =33 s *
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Scheme 1 View of the dominant forms of Cu-peptide complexes at
basic pH. Red squares represent available sites for H,O coordination as
the fifth ligand.

at pH 11, Scheme 1)'® were reported as water oxidation electro-
catalysts. Modification of Cu"(bpy)(OH), by using 6,6'-dihydroxy-
bpy demonstrated the potential of tuning such systems toward
better efficiency (e.g:, reduced overpotential) by aiding proton
channelling.'* The modularity of peptides opens even more options
to affect the catalytic properties from the ligand side. Experimental
information is presented below in support of water oxidation
electrocatalysis at elevated pH in the presence of Cu complexes
with two different dap-based peptides: H-Gly-Dap(H-Gly)-Gly-NH,
(3G) and H-Gly-Dap(H-Gly)-His-NH, (2GH) (Scheme 1). These pep-
tides were reported to form stable 1:1 Cu™ complexes that are
distinguished by their ligand set and stability at basic pH resulting
from the equatorially coordinated C-terminal His residue in 2GH."
According to potentiometry, the predominant form of the
1:1 Cu" complex above pH 7 (L = 3G) or above pH 8 (L = 2GH)
is CuH_,L (1 and 2, respectively) alike. Parallel X-Band EPR, UV/
VIS and CD spectroscopic changes with increasing pH suggested a
{NH,,2N " ,NH,} equatorial ligand set for 1."*> Based on analogous
examples,'>'® a further deprotonation step resulting in Cu"H_;L
(1-H") in the case of 1 has been associated with proton loss from
an axially coordinated water molecule. In 2, Cu™ is bound by a
{NH,,2N",Ny,,,} equatorial set, involving the C-terminal histidine
residue. A similar 5,5,6 chelate pattern was also suggested for the
Cu" complex of the linear H-Gly-Gly-His-OH."” No further depro-
tonation of 2 was detected in potentiometry up to pH 11.

Chem. Commun.


http://crossmark.crossref.org/dialog/?doi=10.1039/c5cc00926j&domain=pdf&date_stamp=2015-03-10
http://dx.doi.org/10.1039/c5cc00926j
http://pubs.rsc.org/en/journals/journal/CC

Published on 03 March 2015. Downloaded on 17/03/2015 11:39:12.

Communication

%\
3 :A \

113

050 055 060 065 070 075 080 085
E vs. Ag/AgCI (V)

Fig. 1 Variation of SWV response with pH in a Cu:2GH = 0.9:1 solution.
Conditions: [Cu] = 0.2 mM, 0.1 M NaClO,4, pH set with NaOH, 25 °C, under
Ar, Py =25mV, f=12.5Hz, Sy = 0.2 mV. The inset shows the |/to,/Inet ratio.
Concomitant voltammograms are shifted by ~5 mV for better visuals.

Cu-peptides bearing a 4N donor set are known for allowing
reversible Cu™™" redox couples at potentials inversely related to
the number of deprotonated amidic N donors of the order of:
{NH,,3N "} (0.41 V vs. Ag/AgCl)"*® < {Ny;;,3N "} (0.66 V vs. Ag/AgCl)"
< {Nim,NH,,2N "} (0.77 V vs. Ag/AgCl).>° Electrochemical charac-
terization of 1 and 2 was carried out by square-wave voltammetry
(SWV, see ESIT for experimental). In Fig. 1 SWV plots are shown as
a function of pH for 2 (for 1 see Fig. S1, ESI,T for data see Tables S1
and S2, ESI). The Ep.>" observed by |Iror/Inec| of ca. 1 (a landmark
for reversibility, see inset of Fig. 1 and Fig. S1, ESIt) can be directly
associated with the formal potential for the Cu™" oxidation.?>*

In Fig. 2 the E,. (~E°’') data points are plotted against pH
generating a Pourbaix diagram for the Cu™" process of 1 and 2.
The inverse variation of the potential with pH suggests PCET;
however, nonlinearity indicates equilibrium species in different
protonation states that affect E*.

If we suppose that the PCET process is described by eqn (1),

CuH_ ;L +e +H = Cu''H_,L
1 —H*, if L = 3G 1 (1)
2 _HT, if L = 2GH 2

where Cu™H_;L corresponds to a Cu™-OH species, the modified
Nernst equations, eqn (2) and (3), explain the Pourbaix diagrams.>*
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Fig. 2 Cu"" e (E*) values plotted against pH (1: open circles, 2: black
circles). Dashed curves represent a nonlinear regression fit to eqn (2),
R? = 0.996 and (3), R? = 0.994, vertical lines denote pKoy values. pKeq/ox
and E°’ values from best fit are listed in Table 1.
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In eqn (2) one equilibrium is considered both for 1™ (K,,) and 1
(Kreq), while in eqn (3), only one equilibrium for 2 (Kuy):

Epe(1) = E° (1% —H*,H"/1,pH = 0)
KxedKox + Kox[H+]

-+ 0.0591 log Ko+ [HY] (2)
Epe(2) = E°' (2% —H',H*/2,pH = 0)
Kox[H']
+0.0591 log—2 2 3
S Kot 1 3)

where Ki.q is the acid dissociation constant of 1 to 1-H", K, is that
for 1° and 2° to 1™-H" and 2*-H", respectively, E”’(1”-H",H'/1,
pH = 0) and E*'(2°*-H",H'/2, pH = 0) denote the formal potentials
of the process in eqn (1). Fit of eqn (2) and (3) to the corresponding
E, e data points yields the dashed lines in Fig. 2 and parameters as
listed in Table 1.

The E”'(1°1) (0.72 V vs. Ag/AgCl) and E*'(27/2) (0.76 V vs. Ag/
AgCl) values can also be deduced from the fittings and compared
to examples with a reported equatorial binding plane."*'*° The
high values and the E*/(1™/1) < E°/(2*/2) relationship are in
accordance with the suggested {NH,,2N " ,NH,} and {NH,,2N",Ny,}
donor planes, respectively. The presence of 1-H" (e.g., Cu™~OH) is
in line with potentiometry."*?*

Cyclic voltammetry (CV) was performed on 1 and 2 in
phosphate buffer (PB) at a glassy carbon working electrode
(GCE). Upon increasing the pH to 11, a new electrocatalytic
wave occurs (Fig. S2, ESIT) with an onset potential over 1.0 V vs.
Ag/AgCl, similar to what was associated with water oxidation
catalysis by [Cu"(H_,GGGG)(OH,)]”"."> The E., peak potential
varies inversely with pH and the I, peak current becomes
substantially larger. The possibility of a deposition process or
decomposition of the complex was ruled out by using freshly
polished GCE and successive cycling experiments (Fig. S3,
ESIt). Dioxygen evolution was confirmed over multiple cycles
under Ar by detecting the O, reduction wave®'*'* and compar-
ing it with the corresponding wave under air (Fig. S4, ESIt). The
catalytic current changes linearly with the concentration of
1 and 2 (Fig. 3, Table S3, ESI{), when scanned at 5 mV s *,
but drastically drops at higher scan rates (v) (Fig. S5 and S6,
ESIt) indicating that the rate determining step (r.d.s.) is a
chemical process involving one complex molecule. Diffusion
coefficients for the complexes among catalytic conditions were
determined from the Randles-Sevcik equation (see Fig. S7,
ESI¥), and thus TOFs (k) of 24 and 53 s~ could be calculated
from the catalyst dependence plots (see Fig. 3 inset).”®

Controlled potential electrolysis (CPE) was performed at
1.1 V vs. Ag/AgCl with an indium-tin-oxide working electrode (ITO)
in a 0.5 mM solution of 2. The concentration of O, grew instantly at

Table1 Formal potentials and pK;eq/ox Values derived from the fit of eqn (2)
and (3) to experimental E, vs. pH data for the cu"" redox transition

eqn (2) eqn (3)
pKred 11.7 £ 0.2
E vs. Ag/AgCl (V) 1.311 + 0.002 1.309 + 0.001
PKox 9.98 £ 0.05 9.36 £ 0.07
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Fig. 3 Effect of complex concentration (2) on /.4 (pH 11, 0.15 M PB, 25 °C,
v=5mV s~ no catalyst — grey, 0.5 mM CuSO, — light blue). Inset: —/c, vs.
[Cul plots for 1 (grey) and 2 (black). TOF values were calculated from slopes
as given.2®

the start of CPE (Fig. S8, ESIT). X-Ray photoelectron spectroscopy
(XPS) on ITO before and after CPE (Fig. S9, ESIT) evidenced no Cu
deposition (Fig. S10 and S11, ESIt), and transferring the rinsed ITO
to a fresh PB produced no O, during CPE.>” Our observations imply
that the catalyst is of molecular nature (note that the role of a
supported or colloidal material cannot be ruled out completely)
and the introduction of a C-terminal His promotes catalysis in
conjunction with the acidity of coordinated water in 2°%

Meyer proposed a mechanism for the Cu-peptide catalyst
that starts with the [Cu"~-OH,]*~ — [Cu™-OH]*” — [Cu™-O°]~
oxidation sequence via PCET reactions, and yields intermediate
Cu"-peroxide by the reaction of [Cu™-0**~ with H,O in a r.d.s.
Catalytic enhancement and irreversibility of the second anodic
wave were proposed to come from further oxidation of the
peroxide, release of O, and re-entry into the catalytic cycle."®
Our very similar observations (PCET furnishing 1°(2°)-H" and a
linear change in I, with [Cu]) suggest that the catalytically
enhanced wave (Ec,) following the Cu™" transition of 1(2) (E°')
should come from the oxidation of 1°(2°)-H" to [(H_,L)Cu™-0"]
that forms intermediate Cu"-peroxide with H,O in a r.d.s.
Further steps can be figured analogous to Meyer’s mechanism
(Scheme S1, ESIY). In this case the His in 2 can facilitate PCET
reactions in the course of catalysis, possibly by means of
n-interaction with protons (Scheme S1 caption, ESIt) explaining
the higher TOF and lower pK,, for 2°*. Surface anchoring of the
complexes and synthesis of catalytic dendrimers based on dap
are among future plans.
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