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Photosynthesis Models

A Biomimetic Model of the Electron Transfer
between P, and the TyrZ-His190 Pair of PSII**
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The tyrosyl/tyrosine redox couple has been well established as
a crucial cofactor for several enzymatic systems.!) In the case
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of the photosynthetic reaction center of photosystem II (PSII)
it has been argued that a histidine residue (His190) in close
proximity to tyrosine Z (TyrZ) is essential to drive electron
transfer from TyrZ to the P, primary donor ion; otherwise,
the reaction would be energetically unfavorable. The
decreased ionization potential of this pair is explained by
hydrogen bonding and the proton coupled electron transfer
process (PCET).”! The recently acquired X-ray crystallo-
graphic structure of PSII from the cyanobacterium Thermo-
synechococcus elongatus, shows that the TyrZ and His190
residues in the catalytic state are not coordinated to the metal
ions. They are probably not involved in the proton exit from
the oxygen evolving complex (OEC), as no hydrogen-bonding
chain has been detected that would allow the proton from
TyrZ to leave the active site.’! In light of the crystallographic
data, it appears that the “rocking proton” mechanism
between these two amino acids is favored in the electron
transfer steps of the PSII catalytic cycle.

A synthetic model of PSII has recently been proposed, in
which a [Ru(bpy);]** chromophore plays the role of Pgg,.
Photoinduced electron transfer from a covalently attached
modified tyrosine residue to the bipyridine group has been
shown, but direct evidence for the influence that both the
hydrogen bond and the Ru" metal ion have on the electro-
chemical properties of the modified tyrosine has not yet been
established. Herein we report a new molecular system that
serves as a closer biomimetic model for the TyrZ-His190 pair
(a hydrogen-bonded phenol-imidazole interaction). The
model is attached to a chelating phenanthroline group,
which serves as an anchoring site for the photoactive Ru"
chromophore (compound 1). Compounds 2-4 have been
studied to account for the physical behavior of the parent
compound 1. The corresponding Ru-1-Ru-3 complexes were
prepared, and their electrochemical and photophysical prop-
erties were studied. The family of ligands was synthesized by
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1:R'=0H,R?=H, X =NH
2:R'=H, R*=0H, X=NH
3:R'=R*=H, X=NH
4:R'=0H,R*=H,X=0

following the procedure of Steck and Day (Supporting
Information).”) Compound 4 was obtained as a by-product
in the synthesis of 1.

Regardless of solvent polarity, the electronic spectrum of
1 shows a distinct structured absorption band between 300
and 380 nm, indicative of a rigid molecular framework. This
supports the fact that the two aromatic rings adopt a coplanar
orientation in solution through a strong intramolecular
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hydrogen bond between the phenolic OH group and the
imidazole nitrogen atom.” This is confirmed by the '"H NMR
spectrum of 1 in [Dg]DMSO, in which a dissymmetry of the
phenanthroline protons is apparent. In the solid state, the
presence of intramolecular hydrogen bonding is supported by
the absence of OH group vibration characteristics in the IR
spectrum of 1; indeed these features are present in the IR
spectroscopy data for 2 (Supporting Information).

Cyclic voltammograms (CV) of 1 and 4 in CH,Cl, show a
first oxidation process (E,,) at 0.90 and 1.10 V versus standard
calomel electrode (SCE) respectively, which corresponds to
the process of phenoxyl radical formation from phenol. These
values are lower than those observed for hydrogen-bond-free
phenol,” and are consistent with previous examples in which
the phenolic OH group is hydrogen bonded to a nearby
base.®! The difference in the E,, values for 1 and 4 can be
explained by the higher basicity of the imidazole group
relative to oxazole. Under the experimental conditions
reported herein, the first electron-transfer process was
found to be quasireversible in nature. Cathodic shifts in the
oxidation potentials were observed in CV experiments
performed under basic conditions (1 equivalent NBu,OH),
which indicates the greater ease with which phenolate groups
oxidize. Interestingly, a lower potential was observed for 4'~
(4+0.18 V) than for 1'~ (4+0.30 V), which can be rationalized
by the presence of a hydrogen bond between the imidazole
proton and the deprotonated phenol in 1'~. Moreover, the
higher values for the oxidation of 1'~, 2!~ (0.00 V), and 4'~
relative to the reference compound 2.4,6-tri-(tert-butyl)phe-
nolate imply a decreased electron density on the phenol ring,
and thus partial delocalization on the imidazole or oxazole
groups.

Ruthenium complexes Ru-1, Ru-2 and Ru-3 were synthe-
sized and characterized by standard spectroscopic techniques
(Supporting Information). The electrochemical data are given
in Table 1. On the cathodic side of the CV during the scan

Table 1: Half-wave potentials for the oxidation ("E) and reduction ("E) of
Ru-1, Ru-2, and Ru-3.7!

Compound "E 'E 'E el fiig

Ru-1 —1.60 —1.40 0.58 1.08 1.29
Ru-2 —1.63 —1.41 0.38" 1.09 1.40
Ru-3 —1.63 —-1.41 1.10 1.40

[a] Determined by CV at 100 mVs™' in CH,Cl,; E=1/2(E,,+E,) in V
versus SCE in the presence of TBACIO,. TBA =tetra-n-butylammonium.
[b] Nonreversible.

down to —1.9V versus SCE, only two redox waves were
observed instead of the three one-electron reduction proc-
esses that are typical for [Ru(bpy);]** under the same
conditions. This indicates that the modified phenanthroline
end is less-readily reduced owing to the electron-rich
imidazole ring. No electronic influence was observed on the
Ru"™" couple at 1.26 V, a typical value for a ruthenium(ir)
trisbipyridine complex. However, the most interesting feature
of the CV is the first reversible oxidation wave (+0.52V
versus SCE) which corresponds to the oxidation of the phenol
group. The shift toward a less-positive potential for the same

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chemie

1561


http://www.angewandte.de

Zuschriften

1562

process relative to the free ligand can be interpreted as a
weakening of the O—H bond through an inductive effect of
the Ru" ion. Furthermore, the reversible nature of this wave
may imply that the coordinated phenanthroline cavity cannot
play the role of a proton trap, as is the case of the free ligand.
Hence, as mentioned before, this is a clear example in which
the presence of a divalent cation (Ru"; not directly coordi-
nated to a phenol moiety), together with a hydrogen-bonded
phenol group, lowers the oxidation potential of the phenoxyl/
phenol couple by more than 300 mV. The second wave at
1.1 V was assigned to the oxidation of the imidazole ring, and
was confirmed by the CV of Ru-3. The electrochemical
behavior of Ru-1 is supported by density functional theory
(DFT) calculations, which were carried out with the hybrid
functional B3LYPY as implemented in the Gaussian98
program™ and a LanL2DZM effective potential basis for
all atoms. The geometry of the complex was optimized
starting from the totally optimized geometry of the consti-
tutive ligands. Indeed, the calculated HOMO for Ru-1 is
localized primarily on the phenol ring.

The singly oxidized species of Ru-1 and Ru-2 (Ru-1" and
Ru-2,, respectively) were prepared electrochemically and
characterized by high-field/high-frequency EPR spectros-
copy. Figure 1 shows the spectra obtained at 285 GHz for

(tBu)3 phenoxyl

2.00735

2.00688

2.00642
Ru-2°

vvvvv

...........................

Figure 1. Experimental (solid line) and simulated (dashed line) EPR
spectra (285 GHz) of the 2,4,6-tri- (tert-butyl) phenoxyl, Ru-1°, and Ru-2*
radicals. Ru-1" and Ru-2" were prepared electrochemically in dichloro-
methane. The 2,4,6-tri-(tert-butyl) phenoxyl radical was prepared by
chemical oxidation of 2,4,6-tri-(tert-butyl) phenol in CH;CN solution
with aqueous potassium ferricyanide and sodium hydroxide. Experi-
mental conditions: v, =285.090 GHz, T=4.2 K, modulation ampli-
tude 0.95 mT.

the solutions of Ru-1' and Ru-2' together with the simulated
spectra. As a reference, the 285-GHz spectrum of the
chemically oxidized 2,4,6-tri-(tert-butyl)phenoxyl radical is
shown, which can be considered as a generic model for non-
hydrogen-bonded 2,4,6-trisubstituted-phenoxyl radicals. The
g anisotropy for these radicals is clearly resolved at 285 GHz,
and the g values obtained from fitting the data are indicated.
The g values for Ru-1' and Ru-2' are indeed close to those of
the 2.,4,6-tri-(tert-butyl)phenoxyl radical, and confirm that the
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phenol portion of the ligand is, in fact, the locus of oxidation.
The smaller g, value observed for Ru-2' relative to Ru-1' can
be attributed to the more delocalized spin density in the case
of Ru-2. A more detailed HFEPR study regarding the
influence of the hydrogen bond and the inductive effect of the
Ru" ion on the g values of the phenoxyl radical in this type of
complex is currently underway.

The electronic absorption spectrum of Ru-1 is shown in
Figure 2. The spectrum shows features both of the ligand and
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Figure 2. Electronic spectrum of Ru-1 in CH,Cl, and the calculated

frontier molecular orbitals involved in the calculated MLCT and LLCT
transitions (see text).

the ruthenium chromophore. Preliminary results from time-
dependent DFT (TD DFT) calculations!™? confirmed that the
MLCT band from the t,, orbitals of Ru" to the bpy*-based
MOs falls within the 450-nm wavelength range observed for
[Ru(bpy);]**. Through our calculations, we attribute the
shoulder observed to the MLCT band that tails up to
570 nm to a ligand-ligand charge transfer from the phenol
extremity (MO178: HOMO) to the coordinating phenanthro-
line (MO182: LUMO +3). The MOs involved for these
transitions are shown in Figure 2.

Upon excitation in the MLCT band, Ru-1, Ru-2, and Ru-3
show an emission band that peaks at ~ 600 nm, with quantum
yields and lifetimes (& 1 ps) similar to those for [Ru(bpy);]**.
In the region investigated, the transient absorption spectra of
the three complexes also exhibit the typical depletion band at
450 nm, which corresponds to the absorption maximum of the
MLCT band of [Ru(bpy);]**. This suggests that the excited
state of these complexes is similar to that of [Ru(bpy);]**,
despite the differences in the coordinated ligand. There is no
evidence of intramolecular reactions that occur between the
chromophore and the ligand, as expected from the electron-
donating character of the phenol-imidazole groups.

To investigate whether the oxidized state of the chromo-
phore is able to oxidize the ligand, electron-transfer experi-
ments in the presence of MV?*' as an external electron
acceptor were performed (MV=methyl viologen). The
transient absorption spectra of Ru-1, Ru-2, and Ru-3 are
dominated by the strong absorption of MV**, with peaks at
390 nm and 600 nm. However, MV has an absorption
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minimum at 450 nm, where the recovery of the ground-state
absorption of the chromophore could be monitored. The
positive absorption changes that occur in the traces at 450 nm
for Ru-1 and Ru-2 are reminiscent of the formation of a
phenoxyl radical. The kinetics for all complexes show a
recovery of the reduced state of the chromophore within
0.5 us (Figure 3). This is much faster than the decay of MV**,

................................
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Figure 3. Time-resolved absorption changes at 600 nm (dashed lines)
and 450 nm (solid lines) of complexes Ru-1, Ru-2, and Ru-3 upon exci-
tation with nanosecond laser flashes at 355 nm in aqueous, Ar-satu-
rated solution (HEPES, 10 mm, pH 7). MV** (10 mm) was present as
an external electron acceptor.

which occurs in about 200 ps, as monitored at 600 nm. This
indicates that the reduction of Ru™ to Ru" is the result of an
electron transfer from an electron-donating group on the
ligand. The apparent kinetics of the recovery phase of the
absorption at 450 nm is similar to the rate of electron transfer
from the chromophore to MV?", which indicates that
formation of the Ru™ oxidation state is rate limiting and
that the intrinsic rate of intramolecular electron transfer is
faster.

An ethanolic solution of Ru-1 was irradiated with white
light in the presence of excess [Co(NH,)sCl]**, an irreversible
electron acceptor in water. The EPR spectrum (9 GHz) of the
frozen sample exhibits a single line centered at g;,, =2.004
(Figure 4), with no resolved hyperfine structure and a peak-
to-trough width of 0.9 mT. This is in good agreement with
EPR spectra obtained for hydrogen-bonded phenoxyl radi-
cal®™ and the 9-GHz spectrum of the electrolyzed sample of
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Figure 4. EPR spectra (9 GHz) of the photogenerated (top) and elec-
trochemically prepared (bottom) Ru-1° radicals. Experimental condi-
tions: v, =9.38009 GHz (top), v, =9.38225 GHz (bottom),
P..w=16 puw, modulation amplitude 0.4 mT, modulation frequency
100 kHz, T=100 K.

Ru-1' characterized by HFEPR (Figure 1). The low concen-
tration of the photogenerated radical did not permit the
observation of the EPR signal at 285 GHz. However, the
isotropic g value determined with the 9-GHz spectrum and
the comparison with the spectrum of Ru-1' obtained by
preparative electrolysis are fully consistent with a phenoxyl
radical.

The EPR signature of the radical formed under photo-
accumulation in conjunction with the positive absorption
changes at 450 nm for times over 1ps clearly show a
photoinduced electron transfer from a hydrogen-bonded
phenol-imidazole pair to generate a phenoxyl radical.
Further work with systems in which this phenol-imidazole
pair is used as an electron relay between Ru" and a
manganese complex is underway.

Experimental Section

Typical procedure: Ru(bpy),Cl, (100 mg, 0.2 mmol) was treated with
AgNO; (65.6 mg, 0.4 mmol) in MeOH (5mL) for 1 h. The AgCl
precipitate was filtered off, and the filtrate evaporated to dryness.
Ligand 1 (85 mg, 0.2 mmol) was added to the ruthenium salt in
MeOH (10 mL) and stirred at reflux for 3 h. The solvent was removed
by rotary evaporation and the crude product was purified by column
chromatography on neutral alumina (CH,CL/MeOH 90:10) to afford
Ru-1 (102 mg, 61%) as an orange solid. IR (KBr): #=2950 (C—H),
1713 (C=N), 1360 cm™ (N=0, NO;"); UV/Vis (CH,CL): Any (€)
=290 (68500), 345 (27800), 430 (10750), 465 (10650), 520 nm
(3800); "H NMR (250 MHz, [Ds]DMSO): 6 =8.99 (d, 2H), 8.85 (,
4H),8.29(d,1H),8.19 (t,2H), 8.08 (t,2H), 7.84 (d,2H), 7.80 (d, 2H),
7.75(d, 1H), 7.70 (d, 1H), 7.57 (dd, 4H), 7.36 (t, 2H), 7.18 (d, 1H),
1.46 (s, 9H), 1.34 ppm (s, 9H); ESI MS: m/z (%): 419.0 (100) [M]*;
elemental analysis: calcd for C,;H,N,,O;,Ru: C 58.7, H 4.6, N 14.6;
found: C 59.3, H4.7, N 14.9.
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