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ABSTRACT: Proton-coupled electron transfer (PCET)
was examined in a series of biomimetic, covalently linked
Ru"(bpy);—tyrosine complexes where the phenolic proton
was H-bonded to an internal base (a benzimidazyl or pyridyl
group). Photooxidation in laser flash/quench experiments
generated the Ru'" species, which triggered long-range
electron transfer from the tyrosine group concerted with
short-range proton transfer to the base. The results give an
experimental demonstration of the strong dependence of
the rate constant and kinetic isotope effect for this intramo-
lecular PCET reaction on the effective proton transfer
distance, as reflected by the experimentally determined
proton donor—acceptor distance.

roton-coupled electron transfer (PCET)' is an essential
Pprocess in chemical and biological catalysis, for example in
water splitting,2 oxygen activation,” proton reduction,4 nitrogen
fixation,® and ribonucleotide reductase reactions.® Furthermore,
utilization of solar energy is an area of intense research that is
viewed as a promising way to solve the energy problem. In fact,
mechanistic insight into PCET is a significant prerequisite for the
effective design of powerful catalysts for water splitting and solar
fuels generation by artificial photosynthesis. Interestingly, photo-
system II (PSII) has provided a template for understanding
successful molecular water oxidation catalysis and PCET
processes.” Oxidation of tyrosine-Z in PSII, where the phenolic
proton is transferred to the nearby histidine via a hydrogen bond,
supplies the oxidative equivalents to the manganese cluster that
are required for water oxidation. These reactions have inspired
interest in the PCET oxidation of H-bonded phenols.”~® There
are two possible types of mechanisms for oxidation of H-bonded
tyrosine and its derivatives: stepwise and concerted pathways. The
latter can avoid the involvement of higher-energy intermediates
but is less robust with respect to structural change in comparison
with the former.'® Thus, perturbation of the proton transfer
distance might provide critical insight into the nature of the
coupling between the electron and the proton. Because the proton
has a much larger mass than the electron, it is likely that proton
tunneling in PCET reactions of synthetic systems needs to be even
more carefully designed and controlled than the electron transfer.
Recent work on the oxidation of H-bonded phenols has
provided important information about PCET.””” However,
there is still a limited amount of experimental data as well as
contrasting reports on the relationship between the physico-
chemical features of the H-bond and the PCET kinetics, such as
the effect of geometry, distance, and H-bond strength. Some

v ACS Publications ©2011 American chemical Society

Chart 1. Biomimetic Systems of Hydrogen-Bonded Tyrosine
Linked to a Photosensitizer
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studies of phenols with external’® or internal’>® bases have
shown a dependence of the rate on the driving force (given by
the pK, value for the base) but reported no distinguishable effects
of, for example, the H-bond length that determines the proton
transfer distance. Another study compared two phenols having a
pyridine base that was either conjugated with the phenol or
linked via a methylene group [3' and 4'; see the Supporting
Information (SI)]”® and instead attributed the relatively rapid
oxidation rate of the former to the effect of a resonance-assisted
H-bond that was suggested to result in a flatter proton transfer
barrier. Our group compared intramolecular PCET in two
phenols containing conjugated (salicylic acid) or nonconjugated
(o-hydroxyphenylacetic acid) carboxylate groups.gb’C By theore-
tical simulation of the kinetic data, we showed that although the
H-bond length was very similar in the two compounds, there
were differences in, for example, the stiffness of the H-bond that
affected the thermal distribution of tunneling distances
(“promoting vibrations”; see below) and substantially increased
the rate for the salicylic acid-substituted phenol relative to the
other one. There is apparently a need for more experimental and
systematic studies of the effect of H-bond properties on the
PCET kinetics in model compounds. Herein we report PCET
processes in four new H-bonded tyrosines linked to Ru" (bpy)
(Chart 1). The phenol groups have internal H-bonds to neutral
bases as in PSII, and there is a significant variation in their H-bond
lengths. By laser flash/quench kinetic experiments, we examined
the relationship between the rate and kinetic isotope effects and the
H-bond properties, particularly the proton transfer distance.
Complexes 1—4 (Chart 1) were prepared from tyrosine
(1 and 4) or tyrosines bearing a halogen substituent (I or Br)
at the ortho position (2 and 3). The synthesis of 1 started with
monoformalation of tyrosine, which was subsequently con-
densed with o-diaminobenzene under an oxygen atmosphere
to introduce the benzimidazole group. The nonconjugated
benzimidazole in compound 2 was introduced by reaction of
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o-diaminobenzene with 2-bromoethynyltyrosine, which was pre-
pared by a Sonogashira coupling reaction. The pyridyl was
introduced at the ortho position of tyrosine by Stille coupling
and aldol condensation in the syntheses of 3 and 4, respectively.
Finally, the tyrosines bearing different bases were coupled to
Ru(bpy);>* via an amido linkage. The final complexes 1—4 were
fully characterized by NMR spectroscopy and mass spectro-
metry, and the synthetic details are shown in the SL

Hydrogen bonding. The "H NMR spectra of 1—4 all show
resonance shifts for the phenolic proton between 10.19 and
14.13 ppm (Table 1), consistent with an intramolecular hydro-
gen bond. The Oy for 1 and 3 appear at lower fields than those for
the corresponding nonconjugated compzounds 2 and 4. Similar
results for related compounds were ascribed to a resonance-
assisted H-bond due to conjugation between the phenol and the
basic site.”? On the basis of the "H NMR shifts, we do conclude,
however, that the H-bond lengths in 1 and 3 are shorter than
those in their nonconjugated counterparts. This is also supported
by the X-ray crystal structures of the analogous phenol—base
compounds 1'—4’ that are not linked to a Ru complex'" (see the
SI). Thus, the proton transfer distance in the PCET process
should be shorter in 1 and 3 than in 2 and 4.

Electrochemistry and PCET driving force. The electrochemical
behavior of 1—4 was studied by both cyclic voltammetry and
differential pulse voltammetry (DPV) in acetonitrile (Figure 1;
Figure S2 and Table S1 in the SI). On the cathodic side of the
cyclic voltammogram (CV) during the scan down to —2.5 V (all
potentials are vs Fc'/°), three redox waves typical for the
reduction of the three ligands in [Ru(bpy3)]2Jr were observed.
At +0.932 V, the reversible Ru""" oxidation was observed. No
electronic influence of the H-bonded tyrosine on the potentials
for ligand reduction and Ru™" oxidation was observed. The
most interesting feature of the CV is the irreversible oxidation
below the Ru™"" potential, corresponding to oxidation of the
phenol group. The peak potentials for this oxidation in differ-
ential pulse voltammetry were +0.680, +0.489, +0.720, and
+0.570 V for 1—4, respectively. The relative values are in
excellent agreement (10 mV) with those reported for the
analogous series of ghenols 1'—4/, which gave reversible oxida-
tions in their CVs.”*“ The shift toward a less positive potential for
1—4 relative to the methylated Ru-TyrOMe (+1.264 V; Table
S1) can be ascribed to a PCET process on the electrode with
proton transfer to the base, consistent with previous examples of
intramolecular phenol—base systems.” Notably, the lower po-
tential in the presence of a base is not due to H-bonding per se
but arises from a protonation equilibrium with the nearby base,
for which the pK, of the protonated base is the important
parameter.”” According to the electrochemistry data, the driving
force for the concerted PCET process in the nonconjugated

tyrosines in 2 and 4 is larger than in their conjugated counterparts
in 1 and 3 (Table 1).

Kinetics of intramolecular TyrOH - « - B oxidation. The intra-
molecular PCET reaction between TyrOH- - +B and Ru"" was
triggered by the flash/quench method, as described in our previous
work.® Excitation of the [Ru(bpy);]** unit with a 5 ns, 460 nm
laser pulse followed by oxidative quenching with methyl viologen
[MV(PEy),] gave the corresponding Ru'"" complex. This was seen
from the rapid appearance of MV"* absorption at 390 and 600 nm
and bleaching of the Ru" ground state at ~450 nm (Figure 2a).
The subsequent intramolecular PCET between the TyrOH- - -B
and Ru"" units was monitored using the recovery of Ru'" absorp-
tion at 450 nm. The rate constants at different temperatures were
also determined from the kinetic traces (Figure 2b) and are plotted
in Figure S3. It is striking that the rate constants for 2 and 4 were
markedly lower than for 1 and 3 in spite of the significantly larger
(0.15—0.20 eV) reaction driving force for 2 and 4. This will be
discussed further in the following sections.

Mechanistic analysis. There are three possible mechanisms for
the intramolecular PCET process. A first possibility is electron
transfer (ET) from tyrosine to Ru'" to form the radical cation
Ru""—TyrOH™"- - - B followed by proton transfer (PT) to the
base in a stepwise mechanism (the ETPT mechanism). A
second stepwise mechanism would involve pre-equilibrium
proton transfer to yield the zwitterion Ru""'—TyrO™ - - - "HB)
followed by electron transfer (the PTET mechanism). The
third possibility is concerted electron—proton transfer (CEPT)
in a single step with a common transition state. The experi-
mental results show that intramolecular PCET in the present
complexes proceeds by the concerted pathway without the
involvement of either of the high-energy intermediates
Ru"—~TyrOH*"- - B or Ru"'~TyrO™ - - - "HB. First, primary
kinetic isotope effects (KIEs) ky/kp = 1.5—4.0 were found for
1—4. Neither rate-limiting electron transfer (ETPT) nor pre-
equilibrium proton transfer (PTET) is consistent with the large
values for 2 and 4. Second, the CEPT mechanism is strongly
favored because of its significant driving force (Table 1). In
contrast, for the first step in the ETPT mechanism, AGgr can
be estimated as +33 k] mol ' (Kpy = 2.4 x 10 °)."> Addition-
ally, the substituent effect makes the conjugated phenols in 1
and 3 harder to oxidize to the radical cation than the other two
phenols. Thus, their PCET rate constants would be smaller
than those in 2 and 4 if that mechanism were operative, but
instead they are larger. Also, the initial PT is strongly endergo-
nic because of the large pK, difference between phenol and the
bases. On the basis of the pK, values of benzimidazole (~17),
pyridine (12.3), and phenols (~27),"* Kpr is expected to be
107 '*7t0 107 '°. The PTET rate constant is the product of Kpr
and kg, the rate constant for ET from the zwitterion to Ru'™.

Table 1. Experimental Data for 1—4

compound Ox (ppm)* ks (10%s71)°
1 13.04 6.30 +0.03
2 10.19 0.93+0.01
3 14.13 3.814+0.01
4 10.71 1.78 £ 0.01

KIE*

142
4.01
2.16
4.02

AGS,, (eV)* E, (keal/mol)* do.n (A
—0.252 6.11 2.539¢
—0.443 8.13 2752"
—0.212 6.62 2.567"
—0.363 7.32 2.691°

“"H NMR shift of the phenolic proton in dry CD;CN. Y PCET rate constant at 298 K in acetonitrile with 0.75% H,O (v/v).  Kinetic isotope effect; reactions
with deuterated substrates were performed in acetonitrile with 0.75% D, (v/v). ¢ Calculated from DPV data using the equation —AG%, = e[E°(Ru™™M) —
E°(TyrO®- - -"HB/TyrOH- - -B)]. ®Activation energies obtained from fits to the Arrhenius equation (Figure S3). /Proton donor—acceptor
distances from crystallographic data for the related systems 1'—4’ (see the SI). ¢ Reference 7c. " This work (see the SI). Reference 7d.
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Figure 1. Cyclic voltammogram (black) and differential pulse voltam-
mogram (red) for 3 in acetonitrile with 0.1 M TBAPFy as the electrolyte,
AgNO3/Ag as the reference electrode, and a scan rate of 0.1 V/s.

The observed rate constant k., > 10° s~ for 1—4 then would
imply kgt > 10" s7', which is far too large to be realistic.
Moreover, the reaction would be several orders of magnitude
faster with benzimidazole than with pyridine, and this is not
observed. On the basis of this discussion, the concerted
mechanism is the most likely pathway for 1—4, since this
mechanism avoids the involvement of high-energy intermedi-
ates (i.e., the radical cations or zwitterions).

Effect of the H-bond properties on the PCET kinetics. Although
the PCET driving force in 2 and 4 is significantly larger than in
the corresponding complexes 1 and 3, the observed rate con-
stants are smaller. This cannot be explained simply by the
difference in the strengths of the conjugated and nonconjugated
H-bonds, as discussed in our previous work.*™ Generally,
H-bonds are often classified as strong or weak, and these two
types of H-bond are also described as short or long, respectively.
However, the reliability of the relationship between the strength
and the length of H-bonds is now in question."* In the present
series of complexes, both X-ray crystallography and 'H NMR
analysis showed that the conjugated phenol—base complexes
have shorter H-bonds than their nonconjugated counterparts.
The proton donor—acceptor distances do_ vary from 2.54 to
2.75 A (Table 1), and typical O—H and N—H bond lengths are
0.97 and 1.03 A, respectively, in this type of compound.15 Thus,
the proton tunneling distance (d) should be 0.5—0.8 A, increasing
in the order 1 <3 <4 < 2.

Concerted PCET can be described as a double tunneling at
the transition state using a formalism corresponding to that for
electron transfer (nonadiabatic regime, eq 1; contributions from
vibrationally excited states of O—H and other high-frequency
modes are neglected at the present level of discussion®'?). The
vibronic coupling Vpcgr can be treated as the product of the
electron and proton couplings (eq 2), where the latter (Vpr) is
determined by the overlap between the donor- and acceptor-state
proton vibrational wave functions. This overlap is strongly depen-
dent on the proton transfer distance d; in a limited range around a
chosen reference distance dy, the overlap decreases exponentially
(eq 3)."” Because a deuteron, which is more massive, has a more
localized wave function than a proton, deuteron transfer is typically
slower and shows a stronger distance dependence, giving rise to a
distance-dependent KIE.

(AG® + A)*
4ART

r 2w Vpeer?
PCET = &~
A (47ART)

(1)

1/2 €Xp

00 504 1004 150y
the |

Figure 2. Laser flash/quench-induced transient absorption of complex
1 in the presence of 40 mM MV>*(PF),. (a) Transient absorption
spectra at 250, 650, 850, 1250, 1850, 2050, 4000, and 20000 ns after the
laser flash. The absorptions at 600 and 390 nm are due to the formation
of MV™ in the first quenching step, and the bleaching at 450 nm is due to
oxidation of Ru'" to Ru'; this absorption recovers on a microsecond
time scale due to PCET from the appended tyrosine. (b) Transient
absorbance traces at different temperatures showing the rapid genera-
tion of the MV ™" radical cation at 600 nm (upper trace) and the kinetics
of Ru"" ground-state absorption recovery at 450 nm (lower traces).

Vpcer & VerVer (2)

Ver = Vor exp {—f(d - do)] (3)

In the present complexes, we have noted the striking trend of
lower rates for the complexes with the larger driving force; this
apparently contradicts eq 1 (with —AG® < 1) and requires an
explanation. On the other hand, there are obvious differences in
do.n in the series, with a parallel trend in the KIEs. The
complexes with longer do  values show lower PCET rate
constants (consistent with eqs 1—3) as well as larger KIEs. To
explain our data, we therefore focus on the dependence of kpcgr
on the two experimentally determined parameters AG® and d.
Thus, at the present level of analysis, we ignore possible differences
in the reorganization energy A and the compressibility (force
constant) of the H-bond®*'® within this series of complexes
(see the SI). When the driving force is small compared with 4 and
the temperature is constant, eq 1 can be rewritten as eq 4.7
Inclusion of the second term on the left-hand side compensates for
the difference in the reaction free energies of the complexes and
allows a better analysis of the dependence of the rate on d.
Furthermore, we use the experimental values of do_n, which
should closely track the differences in the tunneling distance d
for the compounds. With these approximations, the last term can be
treated as a constant for this series of complexes at 298 K.

0

In kpcpr + ﬁR—GT = — fdo.n *+ constant (4)

A plot of the data and a linear fit according to eq 4 show very
good agreement (Figure 3). The slope parameter (3 is ~27 A,
which shows the large sensitivity of the PCET rate to do_ and
thus to the tunneling distance d; the variation in the estimated rate
constant at equal driving force is nearly 3 orders of magnitude for a
difference of only ~0.2 A in d. This is in sharp contrast to electron
tunneling, for which the distance-dependence parameter [ is
typically ~1 A~".'® The value of f is in very good agreement
with what is theoretically predicted for proton transfer reactions'®*
and PCET.'® To the best of our knowledge, this is the first direct
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Figure 3. Dependence of the estimated PCET rate constant at AG° = 0
on the proton donor—acceptor distance do_ . The red line is a fit to eq 4
(see the text).

experimental demonstration of the dependence of the concerted
PCET rate constant on the proton transfer distance for a series of
more than two synthetic model complexes.

In conclusion, complexes 1 and 3 with a conjugated base
attached to the phenol moiety show a higher rate of concerted
PCET than the corresponding nonconjugated ones 2 and 4, in
spite of a larger driving force in the latter. When corrected for
differences in driving force, the rate constants differ by 2—3 orders
of magnitude. On the basis of the good correlation in Figure 3, this
is predominantly due to the shorter H-bond length in 1 and 3,
which gives a shorter proton transfer distance and thus better
overlap of the proton wave functions. This is also reflected in the
KIE values, which are significantly higher for 2 and 4. Further
experiments and detailed theoretical analysis of the H-bond proper-
ties and other parameters governing the PCET rate constant are in
progress. The dramatic effect on the PCET rate of small geometric
differences as illustrated here emphasizes the importance of care-
fully controlling the proton transfer component of PCET and
H-bonding in both enzymes and the design of efficient molecular
catalysts for water splitting and solar fuels production.
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