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Distance Dependence of Electron Transfer along Artificial-Strands at 298 and 77 K
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Photoinduced electron-transfer rate constants were measured for a series of binuclear metallopeptides consisting
of a [Ru(bpy}(cmbpy)E" electron donor tethered to a &ENH3)s electron acceptor by an oligovaline peptide

chain (bpy= 2,2-bipyridine, cmbpy= 4-carboxy-4methyl-2,2-bipyridine). These compounds were shown by

IH NMR to adopt the conformational properties found within the individual strands@epleated sheet in both
agueous and methanol solutions. Emission lifetime measurements and HPLC product analysis show that the
binuclear donor/acceptor compounds undergo photoinduced electron transfer (ET). The vdueeakase

with increasing donor/acceptor distance according to the exprdgsiok’ exp[—S(r — ro)]. A distance attenuation

factor of = 1.1+ 0.4 A-1lis seen both in KD at 298 K and in an ethanemethanol glass at 77 K. The ET
kinetics obtained at 77 K fol—3 were single exponential, indicating that the compounds maintain a unique
donor/acceptor separation and dat exist within multiple conformations. The similarity in behavior obtained
under very different solvent conditions indicates that the electronic coupling term dominates the distance dependence
of ket-

Introduction Results from a large body of work have shown that the rates

] ] of nonadiabatic ET reactions can be described by eq 1 where
Electron-transfer (ET) reactions comprise the fundamental

steps of biochemical energy conversion. Because these reactions
involve interactions between distantly located, protein-bound
redox centers, efforts to understand their mechanisms have

ket = (47°)(FCWD) Hpa (1) 1)

centered around the study of photosynthetic reaction cehters
surface-derivatized proteif$, protein—protein complexe$,’
and artificial polypeptide:16
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FCWD is the Franck Condon weighted density of states and
" Hpa(r) is the electronic coupling matrix eleméfit.In eq 1,
the Franck-Condon term describes how ET rates are controlled
by the interplay between the thermodynamic driving fols&f)
and reorganization energy)(for the reaction. The electronic
term, Hpa(r), describes how these reactions result from the
overlap between the appropriate donor and acceptor orbitals.
Both of these terms contribute to the distance dependence of
ket'® Studies of rigidly linked donor/acceptor molecules have
shown thatHpa generally obeys the functional form
Hpa(r) = Ho exp[=A(r — ry)/2] 2
where the distance attenuation fact@) (eflects the efficacy
of coupling between the donor and acceptor sitésthe donor/
acceptor distance, amglis the sum of their van der Waals radii,
usually taken to be 3 A%2! Thus, in situations where the
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electron transfer is dominated ipa, the magnitude oKe: is
expected to decay exponentially with the donor/acceptor distance
according to eq 3.

ke =K' exp[=p(r — ro)] ®3)

In recent years, an important discussion has developed
concerning the role of the intervening protein matrix in
mediating protein-based ET reactions. Dutton and co-wotkers
have made an extensive comparison of the biological ET data
and note that the protein matrix can be largely modeled as a
homogeneous barrigo electron tunneling wheyg = 1.4 A1,

In contrast, numerous studies of ruthenium-modified metallo-
proteins have shown that activationless ET ratesat@lways
follow a simple exponential distance dependetiéé. Rather,

in these systems it appears that the distance attenuatiepof
largely determined by the number of covalent, hydrogen-bond,
and through-space contacts which connect the donor and
acceptor site®® This apparent contradiction in the existing
electron-transfer data shows that the mechanistic role of the
intervening protein matrix is not easily understood. Q@ H O R H H o

To better understand the nature of biological ET reactions, %\ = N%N}YN\R‘Q-C NH
wed? and other¥-16 have begun to examine the ET properties \\/‘q d RH / 0 RH o(NHs)s
of peptide-based model systems having well-defined secondary > N/R“:N
structures. Our group recently reported the ET properties of a & 4 ;S
metallopeptide-based mimic of a paralf¢ipleated sheet?® I
B-Sheets are a common protein structure motif that consists of 3
a two-dimensional array of fully extended polypeptide chains g e 1. Binuclear metallopeptides having the conformational proper-
stabilized by a pattern of interchain hydrogen bonds. Each tjes of singleg-strands {—3), R = —CHy(CHa)..
|nd|VIduaI. peptide Ch?‘.'” of gB-sheet (|.e.,. aﬂ-;trand) IS needed. Peak assignments were made on the basis of TOCSY,
characterized by specific values fOI: the peptide dlhedral anglesDQCOSY, and ROESY data. The free induction decays were
¢ and y.2" Here, we report the_flrst _Stu_dy of the dlstz_ince multiplied by an exponential apodization function for both dimensions
dependence of ET rates occurring within a small series of of the TOCSY and ROESY spectra. A shifted sine bell apodization
metallopeptides whose conformational properties are identical was used for the DQCOSY data prior to Fourier transformation. Zero
to those of the individual strands offapleated sheet. These filing and linear prediction were used for the 2-D processing, and

compounds have the general form [(bf8)(cmbpy)-(Val),— baseline correction was applied when needed. The experimental
Co(NHg)s]*+, where bpy= 2,2-bipyridine, cmbpy= 4-carboxy- parameters such as mixing time, solvent suppression parameters, spin-
4'-methyl-2,2-bipyridine, Val= L-valine, anch = 1—3 (Figure lock power, offset _fre_quency_, sathation power, and_number of tran_sie_nts
1). were varied to optimize the intensity of the amide signals and maximize
solvent suppression. DSS was used as an internal reference.
Experimental Section. Molecular Modeling Studies. Molecular modeling studies were

performed on a Silicon Graphics, Inc., Indy workstation using the
General Methods. All chemicals and solvents were of reagent grade  Spartan software package (Wavefunction, Inc., Irvine, CA). The
and were used as received without further purification. [Ru@0¥) appropriate chemical structures were energy-minimized using the
and [Ru(bpyClz] were purchased from Aldrich Chemicals. HPLC  SyBYL molecular mechanics force field. The through-space denor
analyses were performed on a single-pump system (Waters model 510k cceptor distances were measured from the edge of the cmbpy bipyridyl
equipped with a binary gradient controller (Autochrom. Inc.) and a ring to the center of the cobalt atom.
Waters model 994 diode array detector/spectrophotometer. HPLC Steady_state Emission MeasurementslSteady_state emission
eluents consisted of helium-purged acetonitrile/water gradients (20 spectra were recorded on a Spex Fluorolog fluorimeter equipped with
40% viv) containing trifluoroacetic acid (0.1% v/v). UVIvis spectra  two monochromators. The excitation wavelength was set at 458 nm.
were recorded on a Hewlett-Packard model 8452A diode array Corrections for detector sensitivity and background signals were
spectrophotometer. performed for all spectra using the manufacturer’s software routine.
'H NMR Measurements. 'H NMR spectra were recorded on a Emission Lifetime Measurements. Emission lifetime measure-
Varian Unityplus 400 spectrometer (400 MHz) in@ D,O/H.0 (10% ments were obtained using a Q-switched Nd:YAG laser system
vlv), or CD;OH. Presaturation solvent suppression was used when (Continuum, YG660). Most experiments used either 355 or 532 nm
output (ca. 7 ns pulse width) with a diverging lens placed before the
(23) 3?;%'% B. E.; Raphael, A. L.; Gray, H. Brog. Inorg. Chem199Q sample to expand the incident beam. The emission at 640 or 600 nm
d Lo . - . was monitored using a computer-controlled kinetic spectrophotometer
(24) é,al?ygeg]n;:;‘(l’égé 57'7' 1%'3???5’ éégﬁ%imryg’; ‘]ang?_rag E{SJIEH, (Kinetic Instruments). _ Appropriate interference filters were plac_ed
J.L.; Zewert, T. E.; Richards, J. H.; Chang, .-J.; Winkler, J. R.; Gray, before the entrance slit of monochromator to remove scattered light.
H. B. J. Am. Chem. S0d.993 115, 1485. Lifetime data and initial intensities of the emission decay curves were
(25) (a) Curry, W. B.; Grabe, M. D.; Kurnikov, I. V.; Skourtis, S. S.;  evaluated using PC RAD PROGRAM (Kinetic Instruments). All
Beratan, D. N.; Regan, J. J.; Aquino, A. J.; Beroza, P.; Onuchic, J. N. jifetime measurements were performed in argon-saturated solutions to

J. Bioenerg. BiomembA 995 27, 285. (b) Skourtis, S. S.; Regan, J. ; ; At iai ;
3 Onuchic, J. NJ. Phys. Chem1994 98, 3379. (c) Regan. J. J. avoid possible complications arising from the presence of either oxygen

Risser, S. M.; Beratan, D. N.; Onuchic, J. N.Phys. Chem1993 or carbon dioxide in solution.
97, 13083.
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Table 1. Emission and Electron Transfer Parameters of [(HRyfcmbpy)(Val)Co(NHs)s]* in Water and 4:1 (v/v) EthanelMethanol

/‘Lmax (nm) T (nSP ket (Sfl)
do-A® HO, EtMe, DPem H,O EtMe, EtMe, H20, EtMe, EtMe,
compd (A) 298K 298K EtMe, 77 K H0, 298 K 298 K 298 K 77K 298 K 298 K 77K
1 8.1 666 646 600, 645, <0.0032 0.54+0.3, <0.5, 10+ 4, 20x 10° >2.0x 10° 1.0x 1C®
~710 (sh) 380+ 10¢ 1160+ 20¢ 4850+ 10
1 667 644 598, 645, 0.020 393+ 8 1100+ 50 5210+ 100
~710 (sh)
2 11.8 670 646 600, 645, 0.0087 123+ 20, 77+ 8, 26204+ 250 55x 10f 1.2x 10 1.6x 1C°
~710 (sh) 373+ 6° 1070+ 50¢°
2 670 645 606, 649, 0.019 383+ 6 1120+ 40 46104+ 400
~710 (sh)
3 15.2 671 647 601, 646, 0.014 2904+ 12 220+ 30, 4250+ 300 72x 100 3.7x 10  4.4x 10¢
~710 (sh) 1110+ 50°
3 671 647 602, 647, 0.019 366+ 5 11404+ 40 5230+ 300
~710 (sh)
Ru(bpy}?* 628 629 584, 633, 0.042 574 96Qt 20 48304+ 100
685

a Obtained from computer modeling studies as described in the text. Distances are measured from the edge of the cmbpy ligand to the center of
the cobalt atom? The uncertainities listed for the lifetime data are standard deviations of measurements obtained from multiple SEmjdsimn
lifetimes are concentration independent within the rang&®uM in H,0. ¢ Only an upper limit was obtained due to presence of a small amount
of the highly emissive mononuclear ruthenium metallopeptidés {The long-lived component is assigned to the mononuclear ruthenium

metallopeptides](—3'). These constitutez3% of the total concentration

Synthesis of [RU (bpy)a(4-carboxy-4-methyl-2,2-bipyridine)]-
(PFe)2. The ruthenium polypyridyl complex [Ru(bpyEmbpy)](PF)2
was prepared as previously described (bp,2-bipyridine, cmbpy
= 4-carboxy-4methyl-2,2-bipyridine) 1

Synthesis of [(NH)sCo'" (Val)sNH2](BF4)s, n = 1-3. The car-
boxyl-protected cobalt metallopeptides were prepared using methods
previously described®

Synthesis of [RU (bpy)2(4-carboxy-4-methyl-2,2-bipyridine) —
(Val)h,—C0o" (NH3)s](TFA) 4, n = 1—3. The binuclear complexes [Ru-
(bpy)(cmbpy)-(Val),—Cd" (NH3)s](BF )4, N = 1—3, were prepared
using methods previously described for the analogous proline-bridged
complexed® The binuclear Re-Co metallopeptides were then purified
by semipreparative reverse-phase HPLC (25% v/s@¥H,0, 0.1%
viv HTFA) and identified by one-dimension&di NMR: 10% D,O/
H,0 viv, 298 K, 400 MHz.

[Ru(bpy)2(cmbpy)—(Val);—Co(NHz3)s](TFA) 4 (1): 6 8.71 (d, 1H,
NH), 8.67 (s, 1H, Ar), 8.44 (d, 4H, Ar), 8.38 (s, 1H, Ar), 7.96 (t, 4H,
Ar), 7.89 (d, 1H, Ar), 7.70 (m, 4H, Ar), 7.54 (dd, 2H, Ar), 7.29 (t, 4H,
Ar), 7.18 (s, 1H, Ar), 4.80 (s, residual solvent), 4.29 (m, 1HHE
3.82 (s, 12H, cis-Nh), 2.84 (s, 3H, trans-N§J, 2.45 (s, 3H, Ch),
2.15 (m, 1H, GH), 1.00 (dd, 3H, GH), 0.86 (dd, 3H, CH).

[Ru(bpy)2(cmbpy)—(Val)2—Co(NHg)s|(TFA) 4 (2): 6 8.89 (d, 1H,
NH), 8.74 (s, 1H, Ar), 8.50 (d, 4H, Ar), 8.45 (s, 1H, Ar), 8.30 (d, 1H,
NH), 8.02 (t, 4H, Ar), 7.95 (d, 1H, Ar), 7.76 (m, 4H, Ar), 7.59 (dd,
2H, Ar), 7.34 (t, 4H, Ar), 7.24 (d, 1H, Ar), 4.80 (s, residual solvent),
4.32 (m, 1H, GH), 4.19 (m, 1H, GH), 3.87 (s, 12H, cis-Nb), 2.91
(s, 3H, trans-NH), 2.51 (s, 3H, CH), 2.12 (m, 2H, GH), 0.99 (m,
6H, C,H), 0.85 (m, 6H, GH).

[Ru(bpy)2(cmbpy)—(Val)s—Co(NHs)s|(TFA) 4 (3): 6 8.89 (d, 1H,
NH), 8.74 (s, 1H, Ar), 8.50 (d, 4H, Ar), 8.46 (s, 1H, NH), 8.33 (d, 1H,
Ar), 8.13 (d, 1H, NH), 8.02 (m, 4H, Ar), 7.95 (d, 1H, Ar), 7.91 (s, 2H,
Ar), 7.76 (s, 2H, Ar), 7.60 (dd, 2H, Ar), 7.35 (d, 4H, Ar), 7.25 (d, 1H,
Ar), 4.80 (s, residual solvent), 4.28 (m, 1H,HD), 4.18 (m, 1H, GH),
4.11 (m, 1H, GH), 3.86 (s, 12H, cis-Nk), 2.90 (s, 3H, trans-N§j,
2.53 (s, 3H, CH), 2.13 (m, 3H, GH), 0.90 (m, 18H, CH).

Synthesis of [RU (bpy).(4-carboxy-4-methyl-2,2-bipyridine)-
(Val)n](TFA) 2, n = 1—3. The mononuclear ruthenium metallopeptides
(1'—3') were prepared by reducing the cobalt center of the correspond-
ing binuclear Ru-Co metallopeptide with zinc amalgam in argon-
saturated 0.1 M trifluoroacetic acid (HTFA).

Results and Discussion Section

Synthesis and Characterization of the Complexes.The
binuclear metallopeptides, [R{bpy)(4-carboxy-4methyl-2,2-

(28) Isied, S. S.; Vassilian, Al. Am. Chem. So0d.984 106, 1732.

of emissive species.

bipyridine)}-(Val),—C0d"(NH3)s], n = 1-3 (1-3), were pre-
pared by coupling the mononuclear complexes [Ru(bpy)
(cmbpy)E*" and [(NHs)sCo(Val)]3" by a carbodiimide reaction.
The resulting compounds were purified by reverse-phase HPLC.
IH NMR spectra obtained in D (not shown) clearly show
the presence of the slowly exchanging cis and trans cobalt
pentaammine peak8,in addition to those belonging to the
valinyl peptide residues and the ruthenium polypyridyl complex.
Treatment of these compounds with zinc amalgam produced
the related mononuclear ruthenium metallopeptidés-g).
These compounds had significantly longer HPLC retention times
than those of their parent RiCo species. In addition, their
IH NMR spectra showed the absence of the Cof)¥Heaks at

3.9 and 2.9 ppm. The absorption spectra of all compouhds (

3, 1'=3) are nearly superimposable, being dominated by
features arising from the [Ru(bpg¥mbpy)] chromophoré®

The corrected steady-state emission spectrb-& and1'—

3 consist of a broad peak whosgax falls within the range of
669+ 4 nm in agueous solution at 298 K (Table 1). The peak
maxima are solvent dependent, becoming blue-shifted to 646
+ 2 nm in 4:1 (v/v) ethanetmethanol (298 K). The spectra
obtained at 77 K in the ethanemethanol glass show a
vibrational progression diw (119-142) x 10° cm™! similar

to that seen for other polypyridyl ruthenium(ll) compounds (data
not shown)® A similar solvent dependence @f.x in fluid
solution was recently observed for [Ru(bgB,5-dicarboxy-
2,2-bipyridine)], which results from strong solutsolvent
interactions involving the substituted bipyridine. Interestingly,
this situation results in an emission lifetime that increases with
increasing temperature in aqueous solu#bn.

Conformational Properties of 1-3. The partial-double-
bond character of amide bonds enables the backbone conforma-
tions of polypeptides to be determined by the torsion angles
andy. H NMR experiments can therefore be used to help
deduce their three-dimensional structures. The Karplus relation-
ships have been used to show that the amino acids found within

(29) Mobashar, R. M.; Taylor, A., Jr.; Marzilli, L. Gnorg. Chim. Acta
1991, 186, 139.

(30) Hager, G. D.; Croshy, G. Al. Am. Chem. Sod.975 97, 7031.

(31) (a) Fernando, S. R. L.; Maharoof, U. S. M.; Deshayes, K. D.; Kinstle,
T.H.; Ogawa, M. YJ. Am. Chem. S04996 118 5783. (b) Fernando,
S. R. L.; Ogawa, M. YChem. Commuril996 637.
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Table 2. *H NMR Parameters fot—3 in H,O/D,0 (9:1 v/v) at
298 K

b
1 2a 3
residue A A B A B C
0298k (PPM) 866 889 831 892 848 812
3H-cn (Hz) 8.0 7.4 8.0 6.9 8.0 8.6

aStrong NOESY cross-peaks are seen between Bt GHa.
b Strong NOESY cross-peaks are seen between hitl GHg and
between NH and GHa.

the3-sheet structure should display a combinatiop ef —139
andy = +135 which give large values ofdny—cn (7.5
Hz) and strong sequential, { + 1) NH—C,H NOESY cross-
peaks?’

The NMR properties of the RuCo metallopeptidesl-3)
are shown in Table 2. Evidence for tfestrand structure can
be found within the values 6flxn—c,+ observed for the amide
protons in these compounds, except the ones positioned close
to the bipyridyl ligand in2 and3. Computer models show that
steric interactions involving the H3 and H5 positions of the
bipyridine ring are the probable cause of this deviation.
Interestingly, the coupling constant for the single valine residue
of 1 does not show this deviatiodJyu-c,+ = 8 Hz), which
suggests that additional interactions involving the now proximal
Co(NH)s site serve to enforce thg-strand conformation of
the monopeptide. Thus, the single-residue metallopeplide,

appears to display an unexpectedly large degree of conforma-

tional rigidity. Examination of the 2D NOESY spectra 2f
and3 provide additional evidence for thfestrand conformation

Inorganic Chemistry, Vol. 37, No. 8, 1998903
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Figure 2. Emission decay curves @and?2' in aqueous solution at
298 K showing a shortened lifetime for the binuclear donor/acceptor

gompound. The subtle deviation from the fit to single-exponential

behavior (eq 4) seen fd at longer times is assigned to the presence
of mononuclear ruthenium impurities as described in the text.

Emission Lifetimes of the Binuclear Metallopeptides(1—
3). Emission lifetime measurements were performed on mul-
tiple samples of the binuclear ruthenititobalt peptides (Table
1). When3 was dissolved in aqueous solution (298 K), its
emission followed a single-exponential decay which could be
accurately fit to eq 4 to yield a value of= 290+ 12 ns. This
lifetime is distinctly shorter than that of its analogous mono-
nuclear peptide3'. Freshly prepared samples of the smaller
binuclear peptide& and2 also showed faster emission decays

as strong sequential NOESY cross-peaks are observed. Thusthan those of their parent ruthenium peptides (Figure 2).
on the NMR time scale, the RtCo metallopeptides are shown  However, whereas the decay of freshly prepared samplés of
to possess the conformational properties inherent within the could be fit to single-exponential kinetics, evidence for a longer-
individual peptide strands of &-pleated sheet. To further |ived emission could often be seen in older samples. The decay
examine the conformational homogeneity of the samples, of 1 was always distinctly biexponential. Prolonged exposure
emission lifetime measurements were performed on the bi- of hoth of these solutions to light resulted in the continued
nuclear electron-transfer compountis3 in a frozen alcohol  growth of the longer-lived emission component, indicating the
glass at 77 K. Under these conditions, it is expected that quenchexistence of a photoinduced electron-transfer process (vide
cooling of an equilibrium population of interconverting con- infra). Once the amplitude of this new emission was sufficiently
formations in fluid solution should prOdUCe a static distribution |arge (>]_0% of the total emission), the resumng decay prof”es

of the individual conformations in the cryogenic glass. As will could be accurately fit to eq 5, whereandz, are respectively
be discussed below, the quenched emission of each of these
compounds follows single-exponential electron-transfer kinetics, len(D) = Agexp(—tity) + A exp(t/t) (5)

which implies that these species maintain a unique donor/
acceptor separation and dwt exist within a equilibrium
distribution of conformations at 298 K.

Emission Lifetimes of the Mononuclear Ruthenium Met-
allopeptides (1—3). Emission lifetime measurements were
performed on the mononuclear ruthenium peptidés ) at
298 K in aqueous solution and 4:1 ethanolethanol and at
77 K in the alcohol glass. In all cases, the emission decay
followed simple first-order kinetics (eq 4), wheng is the

len(t) = Ag €XP(-U7g) 4)
emission lifetime fo = 1/kg) andAg is the maximum emission
amplitude produced by the laser flash. As seen in Table 1, the
emission lifetimes at 298 K are strongly solvent dependent, with
the shorter lifetimes being observed in water. Similar behavior
has been reported for related ruthenium polypyridyl com-
pounds?1:32

(32) (a) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.;
Von Zelewsky, A.Coord. Chem. Re 1988 84, 85. (b) Meyer, T. J.
Pure Appl. Chem1986 58, 1193.

the short and long emission lifetime components agdand
A, are their relative amplitudes. Use of this treatment resulted
in values ofrs < 10 ns andr,. = 3804+ 10 ns forl andts =
123 + 20 ns andr, = 373+ 6 ns for2. Since an accurate
value forzs could not be obtained fat using the nanosecond
laser apparatus, picosecond phase-shift fluorimetry was used
to obtain a value ofs = 0.5+ 0.3 ns. The similarity in the
values ofr. and the lifetimes of the related ruthenium peptides,
1" and 2/, allows their assignment to the presence of mono-
nuclear ruthenium polypeptide impurities. The valuesApf
andAs were used to determine the relative molar concentrations
of the short- and long-lived emission species by using the
magnitude ofr as a measure of the emission quantum yield.
For freshly prepared solutions df-3, the long-lived component
comprises less than 3% of the total molar concentration of
emissive species. The very large difference in the values of
andrs, and thus inp. and¢s causes the emission properties of
1 and 2 to be very sensitive to the presence of even small
amounts of long-lived impurities in aqueous solution.

The emission decays df—3 follow biexponential kinetics
in 4:1 (v/v) ethanotmethanol at 298 K. For all three
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compounds, fits of the data to eq 5 yield valuesiof~ 1100

ns, which can be again assigned to the presence of mononuclear

ruthenium impurities. The observation of biexponential behav-
ior in this solvent results from the enhanced quantum vyield of
the impurity as indicated by the increased value rofin
ethanot-methanol. Analysis of these data indicate that the
molar concentration of the longer emitting species is stiPb6

of the total amount of ruthenium species present in these
solutions. As will be discussed below in more detail, we note
that the lifetime ¢s) of the predominant, short-lived species
increases with increasing chain lengthy < 0.5 ns forl, s =

77 + 8 ns for2, andts = 220+ 30 ns for3 (Table 1). Itis
further noted that, at 77 K, the emission decay2 ahd3 could

be accurately fit to a single-exponential decay for whick
2620+ 250 ns and = 4250+ 300 ns, respectively. However,
the decay ofl is biexponential withts = 10 + 4 ns andr. =
4850+ 100 ns which again results from the presence of a small
amount of ruthenium impurity. The observation of a single
guenched emission lifetime for each of the binuclear compounds

in the frozen glass indicates that these compounds maintain a

unigue donor/acceptor separation.

Mechanism for Emission Quenching in +3. Under all
conditions studied, the emission lifetimes of the binuclear
metallopeptidesl(—3) are shorter than those of the mononuclear
analoguesX—3'). These results are consistent with Scheme
1, which involves photoinduced electron transfer to the Co(lll)

Scheme 1

[Ru" (bpy),(cmbpy)-(Val),—Cd" (NHy)]
[*Ru" (bpy),(cmbpy)-(Val),—Ca" (NH,)]

[*Ru" (bpy),(cmbpy)-(Val),—~Cd" (NHz)g] -
[RU" (bpy),(cmbpy)-(Val),—Cd" (NH,)]

[Ru" (bpy),(cmbpy)-(Val),~Col (NHy)g -
[Ru" (bpy),(cmbpy)-(Val),~OH] + Co' (H,0);

acceptor followed by aquation of the reduced cobalt site. A

similar mechanism has been reported for the excited-state

guenching of Ru(bpy}" by various (carboxylato)pentammi-
necobalt(lll) complexe& To determine that this mechanism
also obtains in the present situation, a samplewés subjected

to multiple laser pulses until the emission decay could be fit to
single-exponential behavior having a long lifetime= 388 +

8 ns) which is identical to that of the mononuclear ruthenium
peptide. Reverse-phase HPLC of the photolyzed solution
showed the appearance of a new ruthenium polypyridyl product
having the same retention time Hs No evidence for the Ru

Co peptide was observed. On the basis of these experiments,

we assign the quenching processlin3 to a photoinduced
electron-transfer event. However, an accompanying energy-
transfer mechanism cannot be ruled out at this time.

The rate constants for electron transfe#)(can be calculated
according to eq 6 whereys is the concentration independent

ket = Tob;l - (6)

emission lifetime of the binuclear metallopeptide agpds the
lifetime of the appropriate mononuclear model compound. The

-1
7o

data presented in Table 1 show the expected trend of decreasing(;34)

(33) Bottcher, W.; Haim, AJ. Am. Chem. S0d.98Q 102 1564.
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11.8 A

3 152 A

Figure 3. Energy-minimized conformations af-3 using the SYBIL
force field. The resulting values @f andy are consistent with those
obtained from the NMR data.

values ofke; with increasing donor/acceptor separation, as will
be discussed in the next section. In addition, the data also show
that the ET rates obtained in the ethanwiethanol glass at 77
K are 2 orders of magnitude smaller than those obtained in the
same solvent at 298 K. It is of interest to note that these systems
are seen to undergo photoinduced electron transfers at cryogenic
temperatures despite their relatively modest driving force.
Recent work by several groufdshas shown that the driving
force for ET reactions occurring in rigid media is significantly
lower as compared to that in fluid solution due to the reduced
solvent stabilization of the product ion pair. It appears that this
effect is less pronounced in the present charge-shift reaction.
Distance Attenuation of ket Molecular modeling studies
were used to estimate the donor/acceptor separatidhs3rin
which the energy-minimized structures displayed valueg of
andy which were in good agreement with those obtained from
the NMR data. On the basis of these results, the through-space,
edge-to-metal distancedg(u) separating the ruthenium poly-
pyridyl and cobalt pentaammine sites are 8.1, 11.8, and 15.2 A
for 1—3, respectively (Figure 3). A plot of lke vs de—m for
the data obtained in 4@ at 298 K and in the ethanemethanol
glass at 77 K is shown in Figure 4. The data obtained in the
fluid alcohol solution are not plotted but can be seen in Table

The three data points obtained in fluid aqueous solution
appear to deviate somewhat from the exponential distance
dependence expected for long-range donor/acceptor interactions
(eq 3). This behavior is somewhat reminiscent of the nonex-
ponential distance dependence previously reported for a series
of proline-bridged donor/acceptor compouritisHowever, at

this point, it is not clear if the same effect is being observed. A
fit of our data to eq 3 yieldg = 1.1+ 0.4 A~ where, in this
casef is an empirical distance attenuation factor which contains
contributions fromboththe electronic and nuclear terms of eq

(a) Chen, P.; Meyer, T. lhorg. Chem1996 35, 5520. (b) Harriman,
A.; Heitz, V.; Ebersole, M.; van Willigen, HJ. Phys. Chem1994
98, 4982. (c) Gaines, G. L., lll; O'Neil, M. P.; Svec, W. A.; Niemczyk,
M. P.; Wasielewski, M. RJ. Am. Chem. S0d.99], 113 719.
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24 — - . — r contrast to that seen for a related series of proline-bridged donor/

acceptor compounds in which solvent reorganization dominates

the distance dependencelqf!8

20¢ H O (298 K) ] In summary, the distance dependence of _electr_on-transfer rates
2 has been observed for compourids3 both in fluid aqueous

-
o

solution and in a low-temperature alcohol glass. In both cases,

E 16 an empirical distance attenuation factorfpf 1.1+ 0.4 A~!
= is observed in which the effects of solvent reorganization are
12} 4 apparently small. At this point, it is tempting to compare the
distance dependence kf observed here with that seen for ET
EtOH/MeOH (77 K) ¢ reactions ocpcurring along th#strands of ruthenium-modified
8 - -+ ' - - azurin ¢ = 1.1 A-13% and the range predicted by Gray and
6 8 10 12 14 16 18

co-workers for ET occurring along an individual strand of a
Edge-to-Metal Distance (A) B-pleated sheetf(= 0.9-1.15 A1)36 However, the large
Figure 4. Plot of In ke vs de_w for 1—3 at 298 K in aqueous solution uncertainty in the fit of our d_ata_ to eq 3 is cause for additional
and at 77 K in 4:1 (v/v) ethanelmethanol. For both cases, a fit of the ~ Study. The results of the emission lifetime measurements made
data to eq 3 yields a value §f= 1.1+ 0.4 A1, The error bars reflect ~ at 77 K and the solution-phase NMR at 298 K argue against
the standard deviation obtained from measuring multiple samples of the existence of conformational equilibria as being a potential

each compound. source of this problem. Similarly, the apparent nonexponential
_ ) _ distance dependence at 298 K cannot be explained by correcting
1. Itis thus possible that the apparent curvature in thelvs for outer-sphere reorganization energy using the dielectric

distance plot may be due to contributions arising from the continuum model. This appears to be consistent with the quite
distance dependence of the solvent reorganization term. How-similar distance dependence observed in the low-temperature
ever, use of the Marcus two-sphere model to calculate the glass. Thus, to further understand the nature of the distance
solvent reorganization energy was unable to improve the quality dependence of ET rates in synthefistrands, we are presently

of the fit. This treatment also appears to overestimate the studying the properties of an analogous series of compounds in
activation barrier for electron transfer as the resulting values which there is a larger driving force for electron transfer and
for activationless ET rate&qfax= kobs€Xp(AG*/RT)) extrapolate  for which the electron-transfer event can be directly observed
to an unreasonably large value kfax at the donor/acceptor by transient absorption spectroscopy.

contact distance (ca. 10s™). Interestingly, the observation

of a small solvent contribution to the reorganization energy is ~ Acknowledgment. The authors thank Professor M. A. J.
consistent with the kinetic data obtained in the alcohol glass at Rodgers for use of the laser facilities at the Center for
77 K, which show a distance dependencekgfthat is nearly Photochemical Sciences at BGSU and Professor John F. Endicott
identical to that observed in fluid agueous solution (Figure 4). for use of the phase-shift fluorimeter. This work was supported
It is interesting to note that a systematic change in electron- by the National Science Foundation through Grant CHE-
transfer rates can be seen for each compound when measure8307791. NSF Grant CHE-9302619 is also acknowledged for
in the fluid solution vs the rigid glass. The similarity in behavior assisting in the purchase of the high-field NMR instruments at
observed under such different solvent conditions suggests thaBGSU.
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ing the distance dependence of ET rates in these systems. This

is especially trug for the data obtained at 77 K, where the high- (35) Langen, R.; Chang, I.-J.; Germanas, J. P.; Richards, J. H.; Winkler, J.
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