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Abstract: Intramolecular electron transfers within the mixed valence states of the ligand bridged hexaruthenium
clusters Ry(us-O)(u-CH3CO,)s(CO)(L)(u-L")Rus(us-O)(u-CH3CO,)s(CO)(L) (L' = 1,4-pyrazine; L= 4-di-
methylaminopyridineX), pyridine @), 4-cyanopyridine ), or L' = 4,4-bipyridine; L = 4-dimethylaminopy-
ridine (4), pyridine 6), 4-cyanopyridine §)) were examined. Two discrete and reversible single electron
reductions are evident by cyclic voltammetry in the redox chemistri-ef, and the intercluster charge-
transfer complexes are well-defined. The splitting of the reduction waVvEs,is related to the electronic
couplingHag between the triruthenium clusters, and varies from 80 m\bftor 440 mV forl. In the case of

6, the splitting of the reduction waveaE, is <50 mV and the intercluster charge-transfer complex is not
defined. The mixed valence stateslof3 also exhibit intervalence charge transfer (ICT) bands in the region
12100 @) to 10 800 cm?! (3) which provide spectroscopic estimatesHys in the range 21801) to 1310
cm! (3). The magnitude of the electronic couplikg is found to strongly influence the IR spectra of the
singly reduced<1) mixed valence states @f-6 in thev(CO) region. In the case of relatively weak electronic
coupling @—6), two v(CO) bands are clearly resolved. In the cases of strong electronic couptitd)y, these
bands broaden to a singl§CO) absorption band. These data allow the rate constanfsy electron transfer

in the mixed valence states bf2, and3 to be estimated by simulating dynamical effects (Bloch-type equations)
on v(CO) absorption band shape at910, 5 x 10, and ca. 1x 10" s71, respectively. The less strongly
coupled 4,4bipyridine-bridged complexe$—6 exhibit IR line shapes in the 1 mixed valence states that are
not as strongly affected by electron-transfer dynamics. The rate constant fed thexed valence state df

is close to the lower limit that can be estimated by this approach, betweed®° and 1x 10 s

Introduction electron transferke, in @ symmetric charge-transfer complex

. 5 cnarget
The question of whether a chemical system is fluctuating or With N0 net free energy chang&@” = 0) is given by eq 1

static can only be answered with respect to the intrinsic time
scale of observation. In NMR spectroscopy, the time scale of a

“fluxional” process that will coalesce distinct static spectral . . - . . . .
features into an average spectrum is on the order of miIIiseconds.WherEK is the adiabaticity factor (unity for adiabatic reactions),
is the nuclear frequency factor, which includes both the

In IR spectroscopy, the time scale required is on the order of 'n . -
picoseconds, and convincing cases have been made that solvent dlelec_trlc_response_ frequency and bond length/bond
chemical reaction in fluid solution could not be sufficiently fast 2ndle reorganizations required by charge transfer between the

to cause coalescence and averaging of an IR speétithis is Ioca]ized vaIenpe stated\G;* .is the r.eorganizational energy
certainly true for a diffusion-controlled intermolecular process, P&Mer, andHag is the electronic coupling between the exchang-

but intramolecular processes, especially electron and energyl"d centers. The theoretical maximum rate constant for an

transfer, can occur on the picosecond time scale or fadtee. intramolecular electron transfer thus can approach the nuclear

- . : . 21013 gL i =
semiclassical expression for the rate constant for intramolecularTéguency factoryy (102-10" s77) for t_)arrlerless lﬂ.AB
2AG,*) electron transfer. Here we describe our studies of 1,4-
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(1) Wood, K. A.; Strauss, H. LJ. Phys. Chem199Q 94, 5677. (4), py (), cpy (6)). These complexes form reasonably stable
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undergo rapid intramolecular electron transfer between the
coupled Ry clusters. In the most rapidly exchanging systems,
spectral coalescence was observed in t{€0O) infrared

vibrational spectra. We now describe in detail the unusual

characteristics of the IR spectra of the intervalence charge-

transfer (ICT) states of complexés 3 that were communicated
in part earliet and new studies on the related bpy-bridged
complexes4—6.

Results and Discussion

Synthesis of ng([lg-O)(CH3002)6(CO)(L)([I-L')RU3(/J3—O)-
(u-CH3CO2)6(CO)(L) (1—6). The complexed&—6, which have
one carbonyl and one pyridyl ligand per funit, were prepared
by a labile ligand complex (the solvent complexsRig-O)(CHs-
CO)6(CO)(L)(H20)) and “metal complex as ligand (Rus-
O)(CH;CO,)6(CO)(L)(L") where L = pz or bpy)” combination
synthetic strateg$.It is known for this type of Rglcomplex
that the solvent ligand is labile and readily replaced by pyridyl
ligands® All clusters 1—6 were prepared as analytically pure
crystalline solids. Complet has been characterized by X-ray
crystallography. In the neutral isolated state, each trinuclear
Rus unit formally contains one Ru(ll) and two Ru(lll) centers
and the carbonyl ligand is coordinated to the formally divalent
center®

Cyclic Voltammetry. The cyclic voltammograms of—5

each show four reversible redox processes (Figures 1 and 2).
These are characterized by the half-wave potentials for the

different redox processek;(ox/red). Apparent two-electron
oxidation waves are observed at approximatéfy(+2/0) =
+0.50 andEyx(+4/4+2) = +1.3 V vs SSCE.Here, the overall

charges of the complexes are expressed in parentheses. Each

of the complexed—5 displays two single-electron reduction
waves that correspond formally to RUu"!"-L'-Rug!!"!1/
RUSIII,III,II -L'-RLb”I’“’” (0/_1) and then RQII,III,II -L'-RLb”I’”’”/
Ru! M -L"-Rug!Mh 1 (=1/—2) (Figures 1 and 2). In the case of

(4) Ito, T.; Hamaguchi, T.; Nagino, H.; Yamaguchi, T.; Washington, J.;
Kubiak, C. P.Sciencel997, 277, 660.

(5) Campagna, S.; Denti, G.; Serroni, S.; Ciano, M.; Balzanindrg.
Chem.1992 31, 2982.

(6) Kido, H.; Nagino, H.; Ito, TChem. Lett1996 745.

(7) Crystal data fod-3CHCE: triclinic space grougPl, a = 14.075(7)
A, b=16.450(5) Ac = 12.85(2) A, = 93.40(6, B = 112.23(6}, y =
88.09(3), V = 2748(4) B, z = 1. Details will be reported elsewhere.

(8) Abe, M.; Sasaki, Y.; Yamada. Y.; Tsukahara, K.; Yano,
Yamaguchi, T.; Tominaga, M.; Taniguchi, I.; Ito, Thorg Chem.1996
35, 6724.

(9) E1jo(+4/+2) = +1.24 (), +1.34 ), +1.39 @), +1.17 @), +1.27
(5), +1.32 @) V vs SSCE andeyx(+2/0) = +0.50 (1), +0.54 @), +0.58
(3), +0.43 @), +0.48 6), +0.52 ) V vs SSCE. In each series of pz- and
bpy-bridged complexesti(+4/+2) and E1»(+2/0) are systematically
shifted toward positive potentials on going from electron-donating dmap
in 1 (or 4) to unsubstituted pyridine fo2 (or 5) and then to electron-
withdrawing cpy for3 (or 6).

S
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Figure 1. Cyclic voltammograms of (top),2 (middle), and3 (bottom)
with dichloromethane solvent, 0.1 M tetrebutylammonium hexa-
flurophosphate supporting electrolyte, and potentials referenced to the
saturated sodium chloride calomel electrode (SSCHE is the
difference between the half-wave potentials for the two-eglectron
reduction waves corresponding to the redox processes!"'"Ru-pz-
RLBIII,III,II /Ruglll,lll,ll -pZ-RLk“I'”'” (0/_1) and then Rﬂl,lll,ll -pZ-RLk”I'”'”/
Rug M -pz-RyM (—1/—2).

1e

AE =120 mV

AE =80 mV

L = cpy

AE < 50 mV

E/V vs SSCE

Figure 2. Cyclic voltammograms o4 (top), 5 (middle) and6 (bottom)

with dichloromethane solvent, 0.1 M tetnebutylammonium hexafluro-
phosphate supporting electrolyte, and potentials referenced to the
saturated sodium chloride calomel electrode (SSCHE is the
difference between the half-wave potentials for the two one-electron
reduction waves corresponding to the redox processes!'Ritbpy-
Rug ! Ry ppy-RugH! (0/—1) and then Rgf-"! -bpy-Rug! 1/
RugltM -ppy-RugH i (—1/—2).

6, the splitting between the (B/1) and (1/—2) states is too
small AE < 50 mV) to resolve by cyclic or differential pulse
voltammetry. One important contribution to the magnitude of
the splitting between the single-electron<Q) and 1/—2)
reduction wavesAE, is the stabilization energy imparted to
the —1 state by electron delocalizatiéh!! In the case ofi,

AE = 440 mV, and this corresponds to a comproportionation
constantK. = expAEF/RT) = 2.7 x 10/, for the compropor-

(10) Richardson, D. E.; Taube, &oord. Chem. Re 1984 60, 107.
(11) Richardson, D. E.; Taube, thorg. Chem.1981, 20, 1278.
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Table 1. Electrochemical Data for
[Rus(us-O)(u-CH:CO,)s(CO)(L)]2(u-L") (L' = pz, bpy) (—6)

E1o(0/—1)2 Ey(—1/-2)2 AE
L’ v, v (mV) Ke
1 pz dmap —0.89 —-1.33 440 2.7x 107
2 pz py -0.81 -1.19 380 2.7 10°
3 pz cpy —0.68 —0.93 250 1.7 10¢
4 bpy dmap —1.11 -1.23 120 1.1x 10
5 bpy py -1.03 -1.11 80 2.3x 10
6 bpy cpy -0.91 -0.91 <50 <10

a Cyclic voltammograms recorded in 0.1 M tetrabutylammonium

hexafluorophosphate in dichloromethane, V, versus saturated sodium

chloride calomel electrode (SSCE).

tionation equilibrium given in eq 2. It is useful to consid&y
as a stability constant reflecting the stabilization arising from
electronic delocalization in the 1 state relative to the neutral

and —2 states. The relationship between the electrochemical

value of AE and the electronic couplingHas, has been
discussed?14
KC

RUBIII,III,II _L,_RU3III,III,II + RU3|”'”'” _L,_RUSIII,II,II
ZR%III,III,II _L,_RUSIII,II,II (2)

An interesting aspect of these complexes is that the splitting,
AE, between the (6/1) and (-1/—2) states ofl—6 depends
strongly on the ancillary ligands (dmap, py, cpy) and on the
bridging ligands (pz, bpy). Thus, as the adjustable pyridyl ligand
in the seriesl—6 is changed from dmap il and 4 to an
unsubstituted pyridine fo2 and5 to an electron-withdrawing
cpy for 3 and6, the values oAAE andK. decrease considerably
(Table 1). Indeed the comproportionation constagtsall by

7 orders of magnitude fronl to 6. To the extent that
electrochemicalAE values reflect the magnitude of the elec-
tronic couplingHag, it is clear thatHag can be moderated over

a large range by a relatively simple ligand substitution. Remote
ligand control of electronic coupling in mixed valence com-
plexes is not unusudf1> However, to our knowledge the wide
variation seen irl—6 has not been reported previously. In the
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Figure 3. Electronic absorption spectal data foin the neutral isolated
(n = 0, bottom), 1-electron reduced € —1, middle), and 2-electron
reduced I = —2, top) states with 0.1 M tetra-butylammonium

hexaflurophosphate dichloromethane solutior-a0 °C.

compounds1—3 (Table 1), the AE values for 4—6 are
approximately 25% of the values for the pz-bridged complexes,
1-3. In general, electronic coupling falls off exponentially with
increasing distance between electronically interacting centers.
The center-to-center separation betweegRunits in the crystal
structure ofl is 10.9 A, and it is estimated at ca. 15.3 A in
4—6. The longer separation betweenuenters ind—6 (and
possible nonplanarity of the bpy rings) decreases the intercluster
electronic coupling, thereby decreasihg values. The bridging
ligand-electron systems mediate electronic coupling between
the two Ry centers.

Intervalence Charge Transfer in 1-3. To assess further
the extent of electronic interaction between the two coupled
Rus units in the—1 states, intervalence charge transfer (ICT)

present case, it appears that two conditions are simultaneouslysPeCtra were examined. Figure 3 shows the electronic absorption

met: (i) very favorable overlap between thesRuuster dr-
electron system and the bridging pz or bpysystem, and (ii)
the ability to raise or lower Ryucluster d-electron levels
engaging the pz or bpy* system by changing the electron
donor/acceptor nature of the adjustable pyridyl ligand. The
relevant Ru d level then is closer to the p%level in 1 than
it is in 3, and closer to the bpy* level in 4 than it is in6.
Three lines of experimental evidence support this description
of the electronic structure: (i) the metal-to-ligand charge transfer
(MLCT) electronic absorption bands for the Ru-d to p%
transition appear at increasing energies in the série%(482
nm in 1, 475 nm (overlapped) i, and 450 nm (overlapped)
in 3); (i) the average of the reduction potentifdg,(0/—1) and
E1/2(—1/—2) becomes more positive in the series franto 3
and from4 to 6 (Table 1); and (iii) the same type of Rdimers
(L = dmap, py, cpy) bridged by 1,4-diazabicyclo[2.2.2]octane
(Dabco), which has na-electron system, show no electronic
coupling AE =~ 0).16

Although the trend in cyclic voltammetry data for compounds
4—6 with bpy as the bridging ligand is similar to that for

(12) Sutton, J. E.; Taube, Hnorg. Chem.1981, 20, 3125.

(13) de la Rosa, R.; Chang, P. J.; Salaymeh, F.; Curtis,|&08. Chem.
1985 24, 4229.

(14) Dong, Y.; Hupp, J. Tlnorg. Chem.1992 31, 3170.

(15) Lacoste, M.; Raba&.; Astruc, D.; Ardoin, N.; Varret, G.; Saillard,
J.-Y.; LeBeuze, AJ. Am. Chem. S0d99Q 112, 9548.

spectra of the neutrak-1, and —2 states ofl. The neutral
species exhibits no absorptions in the near-IR region. Upon
reduction to the—1 state, new broad bands appear. Fhke
state ofl (hereafter designated &s) shows strong low-energy
absorption bands &ithax= 12 100 cm! (e = 13 100 Mt cm?)
and¥max = 6700 cn! (e = 9370 Mt cm™1). The -2 state of

1 shows an intense broad band with a shoulder at shorter
wavelength abya= 7140 cnt? (e = 17 900 M1 cm™1). Since
cluster-to-cluster intervalence charge transfer (ICT) should
appear only in the-1 state (Ry'""""!"" -pz-Ry""""!"), the band

at vmax = 12 100 cn1t is assigned to be the ICT absorption of
1~. The band atVynax = 6700 cnt! may be assigned to
intracluster CT transition(s) within the BU'""" unit. We note
that the—2 state also exhibits a band at nearly the same energy
with double intensity. Significantly, the unbridged cluster anion
[Rug"M!" (43-0O)(CH;COO)B(CO)(dmapy] ~ 17 also shows a band
with a shoulder on the high energy side, very similar to that
observed atimax = 7140 cn1? for the —2 state ofl. These
facts support the assignments of intercluster ICT absorption at
Pmax = 12 100 cnT! and intracluster absorption at 6700 T
Complexes2 and 3 show very similar spectral changes, upon

(16) These compounds were prepared in a similar wait6. Redox
data: Ex(+4/+2) = +1.17 (L = dmap),+1.30 (L = py), +1.32 (L=
cpy); E1(+2/0) = +0.44 (L= dmap),+0.51 (L= py), +0.54 (L= cpy)
V vs SSCE and;»(0/—2) = —1.31 (L= dmap),—1.15 (L = py), —0.94
(L = cpy) V vs SSCE.
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Table 2. Summary of Electronic Spectral Data for the ICT Bands
of the Mixed Valence {1) State of
{[Rus(uz-0)(u-CH3CO,)6((CO) (L) Jo(u-pz)} - 2

L Tmax(Cm™?) emax(M™tcm™) Ay (cm?) Hag (cm™)
1 dmap 12100 12200 3760 2180
2 py 11800 10700 3930 2060
3 cpy 10800 6610 5220 1310
aData at—10 °C.
20
L = dmap

v110® cm™

Figure 4. Electronic absorption spectal data fbi(top), 2 (middle),
and 3 (bottom) in the 1-electron reduced € —1) states in dichlo-
romethane;-10°C (solid line), and the deconvoluted ICT band (dotted
line). The solid bold line corresponds to the single Gaussian fit of the
ICT band.

Ito et al.

[ T T T
2000 1950 1900 1850
V/em?
Figure 5. Infrared spectra for{[Rus(u3-O)(u-CHsCO,)s(CO)(L)} 2(ut-
p2)"(n=0(-),—1(—), =2 (---) in 0.1 M tetran-butylammonium
hexaflurophosphate dichloromethane solutionZXdtop), 2 (middle),
and 3 (bottom).

eq 31°

Hag = (2.05x 10 %) namadP1)™ 1 (3)
Optical estimates ofiag?! range by nearly a factor of 2 from
2180 (1) to 1310 cnt! (37). In the Robinr-Day classification

of intervalence charge-transfer comple%€8; can be consid-
ered to be a largely charge localized Class Il complex, based
on A¥y. According to a Hush analysis of intervalence charge-
transfer band&? the expected half widths of the intervalence

reduction, and similar ICT band assignments can be made (Tablecharge-transfer (ICT) bands in the mixed valened) states

2).

Intercluster electronic couplingHag, was estimated by
deconvolution of the ICT spectra @&f —3~ (Figure 4). Reason-
ably good agreement between the observed spectta, &,

are Avyp(calc) = 5290 cnt? for 1-, 5220 cnt? for 2-, and
4990 cnt! for 3~. Comparison of these values with the
experimentally observed data in Table 2 indicates thaand
2~ go beyond RobirDay criteri&? for Class Il behavior and

and3~ and the sum of deconvoluted spectral components was approach Class Il (delocalized), wheréasconforms to Class
obtained. It was assumed that the ICT band consists of a single|| behavior. We were unable to observe the ICT bands in the
Gaussian band shape and that the intracluster transitions at-1 states of4—6 owing to the experimental difficulties of
longer wavelength have three components. Figure 4 and Tableworking within smallAE windows and the broad, weak bands
2 summarize spectral data extracted from the ICT band shapeexpected in the less strongly coupled systems.

analysis. On going froml~ to 37, that is, as we go to

Reflectance Infrared Spectroelectrochemistry of +-6. The

progressively less strongly interacting systems, the ICT band vibrational spectra of complexds-6 were obtained by using

positions shift from higher to lower energy. Concomitantly, the

reflectance IR spectroelectrochemistry (SEC). Controlled po-

band intensities decrease and the bands broaden significantlftentials were applied to prepare the singlyl) and doubly €2)
as reflected in the band half-widths. The systematic trends arereduced states of clustets-6 for IR spectroscopic observation.

consistent with theoretical predictions for ICT band shape in
strongly coupled systemi8 Salaymeh et al. report a systematic
decrease iM\7,, as AE;j, increases in a series of symmetric
pz-bridged R#*/Ru?" intervalence complexe8 A very similar
trend is observed here for compourids-3~ (Tables 1 and 2).
The electronic couplingiag, derived from the optical spectra
of the singly reduced-{1) charge-transfer states, is given by

(17) [Ru"™ " (43-0)(CHsCOO)(CO)(dmap)] was prepared similarly
to [Ru""!" (43-O)(CHsCOO)(CO)(py)].*® Anal. Calcd for RyCor-
H3g014N4: C, 34.29, H, 4.05, N, 5.92. Found: C, 33.96, H, 4.12, N, 5.87.
1H NMR (270 MHz, CDCl3) 9.01 (4H, dmag), 7.23 (4H, dmapw), 3.32
(12H, dmap CH), 2.03 (12H, acetate Gj§i 1.76 (6H, acetate CHi ppm.

(18) Baumann, J. A.; Wilson, S. T.; Salmon, D. J.; Hood, P. L.; Meyer,
T.J.J. Am. Chem. Sod979 101, 2916.

(19) Hush, N. SProg. Inorg. Chem1967, 8, 391.

(20) Salaymeh, F.; Berhane, S.; Yusof, R.; de la Rosa, R.; Fung, E. Y.;
Matamoros, R.; Law, K. W.; Zheng, Q.; Kober, E. M.; Curtis, J.i@rg.
Chem.1993 32, 3895.

In the isolated (0) statd, (L = dmap) exhibits a single(CO)
band at 1938 cm' (Figure 5 (top)). The normal modes
associated with €0 stretching of the carbon monoxide ligands

(21)Hag is a function ofr (see eq 3). CV behavior df—3 and related
compounds show thatis not the same depending on the electron-donating
or -withdrawing nature of the terminal ligand. Although the “%us-O)”
core has a delocalized electronic structure, the first electron in the reduction
of 1 goes into the LUMO, which consists mainly of the d-orbital of the Ru
atoms bound directly to the pz nitrogen. On the other hand, in the reduction
of 3, the first electron goes into LUMO, to which d-orbitals of both Ru
atom bound to pz and cpy contribute significantly. Therefétgs'’s for 1
and 2 were estimated with use of the shortest-FRu distance (7.02 A
based on X-ray data), where&kg for 3 was estimated by averaging
weightedHag’s for all the possible RtRu separationsHag = 0.25Has
(r =7.02 A)+ 0.12Has (r = 12.76 A)+ 0.5Hap (r = 10.05 A) +
0.12%Has (r = 13.16 A)). Hag for 2, therefore, may be slightly over-
estimated and gives the maximum limit.

(22) Robin, M. B.; Day, PAdv. Inorg. Chem. Radiocheni967, 10,

247.
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A terms, the strongly interacting Raenters of the-1 states of

& 1-3 have extensively “mixed” IR spectral features, quite
different from the neutral and-2 state spectra. The weakly
coupled systemd and5 show essentially independentCO)
IR spectral features in the-1 state, quite similar to those
observed in the neutral and2 states. It is striking that the
“mixing” of the IR spectral line shape of thgCO) bands of
the —1 states tracks the electronic mixing. The relationship
between electron-transfer dynamics and electronic coupling is
quite well understood. This study establishes a relationship
between electronic coupling in a charge-transfer complex and
IR spectral line shape. However, the exact way that the IR
spectral line shape relates to the system dynamics remains to
be clarified. It is interesting to consider the differences in IR
line shapes 01—3 and4—6 in light of ideas recently expressed
by Turner and co-workef$,and by Strauss and co-workés: 26
In essence, Turner and co-workers favor a dynamical model

2000 1950 1900 1850 where Bloch-type equations apply. Here, the dynamic exchange

v/em? occurs by interwell dynamics, in effect two-site hopping. Strauss

Figure 6. Infrared spectra for{[Rus(s-O)(u-CHsCO2)s(CO) (L)} 2(ut- and co-workers have pointed out that many dynamical effe_cts
bpy)' (N =0 (-++), =1 (—), =2 (- - -) in 0.1 M tetran-butylammonium observed in infrared spectra are attributable to relaxation
hexaflurophosphate dichloromethane solution4dtop), 5 (middle), processes occurring within a single potential energy well.
and6 (bottom). Intrawell dynamics can produce “pseudo collapse” of two bands

_ _ _ that broaden to become one. Turner discusses a significant
on each Rgl""!' unit contribute to a single(CO) band due to  difference in the spectroscopy of intrawell vs interwell (ex-
their identical local environments and large spatial separation. changing) systems. This is the “exchange intensity”, a buildup

The doubly reduced species also gives rise to a sinfl©) of intensity at the average energy of the two exchanging spectral
band, but at 1889 cr, reflecting identical redox states at each  components. The “exchange intensity” is contributed in excess
Ru"!"!" cluster. Complexe® and 3 similarly exhibit single  of what would be expected from the simple superposition of

v(CO) bands in the neutral state an@ state, respectively. In two bands?3 It is a normal consequence of dynamic exchange
view of these results it is reasonable to expect that the single-processes when Bloch equations apflfurner suggests that
electron-reduced state dfwill show two »(CO) bands, one  the presence of extra “exchange” intensity is a crucial signature
characteristic of a Rf'""!! environment and the other charac-  of interwell exchange. This extra contribution to the line shape
teristic of Ry'"!"!' . However, for the-1 state ofl, two »(CO) is not expected from the intrawell dynamical moékel.
bands are not observed. Rather, a broad absorption band at the At the present time, we have no evidence of a process other
average energy of the bands observed for the neutral (0) andthan intramolecular electron transfer to account for the changes
doubly reduced+2) states ofl is seen (Figure 5 (top)). The  observed in the IR spectral line shapes of our systems. We have
degree of “coalescence” of the IR spectra depends on the degreeherefore limited our treatment of the data to the NMR-like
of electronic coupling between the pyrazine-linkedRlusters  Bloch equation analysis. The Bloch-type line shape analysis was
(Figure 5). AsHag decreases from 2180 cthfor 1 to 1310 used by Grevels and Turner to study the IR band broadening in
cm™! (optical values) for3, two distinct»(CO) bands at 1931  Fe(COY(NBD) (NBD = norbornadiene33282°Cannon and co-
and 1904 cm! become resolved foB. Cluster2 with an workers estimated the rate of electron transfer in'[fre' O-
intermediate value dfiag of 2060 cnt?, shows an intermediate  (OOCMe)(py)s] from the appearance of the IR spectral line
degree of spectral “coalescence” in the singly reduced state. shape of thev.dFe;0) bands in the mixed valence stdfe.
Similarly, both the neutral anet2 states of the bpy-bridged  Cannon’s work is the only study of the applicability of the
complexest—6 exhibit one sharp(CO) band in the IR (Figure  Bloch-type analysis to IR spectral line broadening due to

6). The spectra of the-1 states o#—5 consist of two well- electron transfer. We follow the Bloch equation type analysis
resolved and well-separate(CO) bands, perturbed only slightly  developed by McClung? Figure 7 shows the simulated spectral
relative to the spectra of the neutral an@ states. Careful line shapes as a function kfand a comparison to the observed

analysis for4 suggests that a small amount of broadening may spectra ofl—3. The rates of electron transfer estimated by this
be occurring (vide infra). Fo8, a reliable spectrum of the 1 type of simulation forl—, 2=, and3~ are 94 3 x 10", 54 3
state could not be obtained due<®60 mV separation between  x 10! and ca. 1x 10 s, respectively. Forl, this rate
(0/—1) and (-1/—2) CV waves. In clusterd—6 the electronic constant allows estimation of the activation energy for electron
coupling is small as evidenced by cyclic voltammetry (vide " (23) Turner, J. J.; Gordon, C. M.; Howdle, S. M. Phys. Chem1995
supra). Overall, the singly reduced stategef can be viewed 99, 17532.

as valence trapped or localized compounds, and classified as,(24) Wood, K. A.; Strauss, H. LBer. Bunsen-Ges. Phys. Chet959

Class Il in the Robir-Day classification scheme. . (25) Strauss, H. LJ. Am. Chem. S0d.992 114, 905.

The main point of the comparison of the IR spectra in the  (26) MacPhail, R. A.; Strauss, H. L. Chem. Phys1985 82, 1156.
v(CO) region of the—1 states ofl—3 to those of4—6 is to (27) sandstim, J. Dynamic NMR SpectroscopyAcademic Press:
show the differences in spectral characteristics that arise from-°ndon. 1982.

L. . . (28) Grevels, F.-W.; Jacke, J.; Klotather, W. E.; Kiger, C.; Seevogel,
the electronic interactions. The mixed valence state$-c3 K.; Tsay, Y. H.Angew. Chem., Int. Ed. Engl987, 26, 885.

show clear evidence of strong electronic coupling in their  (29) Grevels, F.-W.; Kerpen, K.; KlotZisher, W. E.; McClung, R. E.

electrochemistry and optical spectra. The use of longer bpy E’&?gsse" G.; Viotte, M.; Schaffner, KI. Am. Chem. Sod 99§ 120

bridges in4—6 attenuates electronic coupling to the point that (30) Wu, R.; Arap Koske, S. K.; White, R. P.; Anson, C. E.; Jayasooriya,
in 6 the —1 charge-transfer state is no longer defined. In simple U. A.; Cannon, R. DJ. Chem. Soc., Chem. Comma994 1657.
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Figure 7. Comparison of observed to simulated infrared spectra for the mixed valence std#9,&f(b), and3 (c) as a function of the intramolecular

electron-transfer rate constakg,

transfer at 1 kcal/mol. This compares with the ca. 35 kcal/mol the degree of delocalization based on the intensity oi{pe)
(12 100 cm?) splitting between the upper and lower potential band, because the acetate ligaff@OO)s,mbands obscure the

energy surfaces. Clearl§ is at the threshold of intrawell

v(pz) band®2 Recently Meyer et al. pointed out the difficulty

behavior with a ground-state potential energy surface character-in the discrimination between localization and delocalization

ized by a “bump” of less thankKZ in the middle of a single
well. The spectral line shape simulation &r (Figure 7c) gives

from the presence or the absencev(iz)3
One way to view the limits on the exchange rate constants is

ke=ca. 1x 10" s71, which is clearly less than the rate constants to consider the slowest motions that render the two CO

estimated forl™ and2~. Simulated spectra as a functionlqf
for 3~ also show thak. for 3~ is very close to the lower limit

oscillators equivalent. In the-1 states the symmetric charge-
transfer complexes can be viewed as having two ground-state

that can be determined reliably by this approach. Figure 7 also equilibrium G-O bond distances in the localized limit. This

shows that at a rate consta@t= 10 s, two distinct spectral

results from the usual back-bonding effects on ground-state

features are resolved, and this could be considered “slow C—O bond distance ang(CO). In the delocalized limit, there

exchange” on the IR time scale.

is one equilibrium GO bond distance for both CO ligands,

Are the rate constants estimated from the Bloch-type treat- and onev(CO) band. As the €0 bond distances adjust to

ment consistent with expectations? Thé state of comple8

charge transfer from one side of the complex to the other, it is

is a Robin-Day class Il complex, and thus its electron-transfer clear that the fastest time that the adjustments can be made is
rate constant can be independently estimated from Marcuson the order of a few periods of vibration of the relevant mode.

theory. By making typical assumptions € 1, v, =5 x 1012
s1, AG* = ¥ma4), the rate constant for exchangekgf= 1

For thev(CO) modes this would be on the order of510'2
s~1. However, as always, the rate will be limited by the slowest

x 10° s7t at 263 K for3~ is estimated from eq 1, using data modes, and here it is likely that the RM(pz) or Ru-CO
from the ICT spectrum (Table 2). This is smaller by 2 orders vibrations come into play. These are in the 400 ¢mange,
of magnitude than the rate constant estimated from the IR line corresponding to rates on the order ofxl 102 s™1. The

shape simulation. The underestimationkgbased on the ICT

maximum rate constants to be expected from this simple

band data and egs 1 and 3 may arise from two factors: (i) The argument are about an order of magnitude higher than those

value of r used in eq 3 for the calculation ¢isg for 3— 21
might be shorter than assumed (10.02 A). A shortemlue
gives a largerHas and hence a largeke. (i) The detailed
electronic structure 08~ may lie beyond the region where eq

estimated from the Bloch-type analysis of the IR line shapes
for the pz-bridged dimerd~, 2-, and 3~. These line shape
simulations, however, show that while coalescence appears to
be occurring forl™ and nearly occurring fo2~ and3~, these

1 is applicable. An independent means of distinguishing systems are by no means in a fast exchange regime. Thus, the
electronically localized vs delocalized systems is based on theBloch-type analysis does predict rate constants that at least are
IR spectra of the bridging pyrazine modes. It has been often consistent with other physical considerations. In fact, we believe
argued that in a mixed valence state of a pyrazine-bridged dimerthat the rate constants estimated by IR band shape analysis are
the appearance of a symmetripz) band at 15861590 cnt? more reliable than those obtained from the ICT band analysis,
provides evidence for valence localization (class Il), while a because they are based on a direct physical measurement.
fully delocalized class Ill system does not show th@z) Finally, we return to the issue of “exchange intensity” which
band?'~3* In the present case, it was not possible to discuss is accumulated at the average energy of the two exchanging
1) Callahan, R W, Keane, E. R Meyer, T. 3. Saimon. 3. m spectral features, as discussed by Turner. In comparison to the
Chem. Sac1977 99, 1064, o e R MIEYEE T D i most rapidly exchanging systemis-3, the IR spectra of the

(32) Baumann, J. A.; Salmon, D. J.; Wilson, S. T.; Meyer, T. J.; Hatfield, Weakly coupled systemd—6 show relatively little intensity
W. E. Inorg. Chem.1978 17, 3342.

(33) Hornung, F. M.; Baumann, F.; Kaim, W.; Olabe, J. A.; Slep, L. D;
Fiedler, J Inorg. Chem 1998 37, 311—-316.

(34) Demadis, K. D.; Neyhart, G. A.; Kober, E. M.; Meyer, TJJAm.
Chem. Soc1998 120, 7121-7122.
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coupling Hag provides convincing evidence of the effects of
intramolecular electron transfer on the time scale of observation
by IR spectroscopy<10-11s). The precise relationship between

IR line shape and electron-transfer dynamics still needs to be
refined, but systems such as those reported here offer great
advantages for tuning electron-transfer rate to limits near the
maximum possible, and for comparing theory and experiment.

Experimental Section

Materials. All solvents were dried with appropriate agents. Aceto-
nitrile (Fisher) was distilled from the CaHDichloromethane was
distilled over CaH. TBAH (tetrabutylammonium hexafluorophosphate)
was received from Aldrich, recrystallized from hot dry ethanol, and
dried in vacuo at 170C for 48 h.

Preparation of 1—3. These compounds were prepared as described
previously?*

Preparation of 4—6. The bpy-bridged compoundgi—6, were
prepared similarly td—3 by reacting equal molar quantities of Ru
(us-O)(u-CH3C0O,)s(CO)(L)(H20) (see below) and R(us-O)(u-CHs-
CO,)s(CO)(L)(bpy) (see below). The dmap complel (vas prepared
as follows. A mixture of Re(us-O)(u-CH3;CO,)s(CO)(dmap)(HO) (51
mg, 0.061 mmol) and Rus-O)(u-CHsCO,)s(CO)(dmap)(bpy) (54 mg,
0.055 mmol) in CHCI, (10 mL) was allowed to stand for 3 days at
room temperature. The resulting solution was chromatographed over

T T T T
2000 1950 1900 1850

silica gel (Wakogel C-200, column length 13 cm, column diameter
v/cmt = 2 c¢cm) with CHCI/EtOH 100:2 (volume/volume) as the eluting agent.
Figure 8. Comparison of the corrected experimental IR spectrum of The compound was isolated from the second blue-green main band.
4~ (solid line) to simulated spectra assuming rate constants 1 x Yield 77 mg.5 and6 were prepared in a similar way with the use of

1% 1 x 10%9, 1 x 10, and 5x 10 s™L. Spectral correction involved py or cpy derivatives. Fot. Anal. Calcd for RgCsoHesO28Ne: C, 33.30;
subtracting the expected thermodynamic contributions of ca. 8.3% of H, 3.58; N, 4.66. Found: C, 32.88; H, 3.77; N, 4.57. FABM&(z
4 and4?~ to the overall spectrum. 1776 (calcd (M— CO) = 1776).'H NMR (270 MHz, CDC}) 9.34
(4H, bpy-0), 8.97 (4H, dmap), 8.50 (4H, bpym), 7.23 (4H, dmap-
between the high- and low-energy features in the states. ™M) 3.33 (12H, dmap C), 2.14 (12H, acetate G 2.10 (12H, acetate
Nonetheless, rates of intramolecular electron transfer in the bpy-CHs). 1.88 (12H, acetate Gy ppm. For 5. Anal. Calcd for

. B : RusCaeHs5402eN4: C, 32.17, H, 3.17; N, 3.26. Found: C, 32.50; H, 3.28;
bridged systemd—6 are expected to be rapid, although not so N, 3.40. FABMS: miz 1690 (calcd (M- CO) = 1689).2H NMR (270

rapid as to be clearly observed in the vibrational spectra. It is MHz, CDCk) 9.30 (4H, bpye), 9.08 (4H, pye), 8.48 (4H, bpy)
thus useful to examine the limits of the IR spectral simulation g 5 ’(2H, pyp), 8.06 (4,’_|‘ pym)" 518 (12|1|, acetate Chi 214 (12,_"'
method of determining intramolecular electron-transfer rate acetate Ch), 1.92 (12H, acetate G ppm. For6. Anal. Calcd for
constants from IR spectra, and the possible presence OfRuCyHs,0.6Ns: C, 32.62: H, 2.97: N, 4.76. Found: C, 32.34: H, 3.10;
“exchange intensity” in the spectra 4f-6. We consider only N, 4.67. FABMS: m/z1741 (calcd (M— CO) = 1739).'H NMR (270
the case oft~ since it is expected to be the fastest of the bpy- MHz, CDCk) 9.16 (4H, bpye), 8.88 (4H, cpy), 8.44 (4H, bpy), 8.20
bridged systems. The electrochemical splittik observed in (4H, cpy), 2.16 (12H, acetate G}i2.14 (12H, acetate G 1.93 (12H,
the CV of4is 120 mV, corresponding to a comproportionation 2acetate Ck) ppm.

constani, = 110 (Table 1). The IR spectrum &f then must Preparation of Rus(us-O)(s-CH3CO2)s(CO)(L)(H20) (L = dmap
envelop spectral components df 4-, and 42~ in the ap- and cpy). These complexes were prepared in a similar way to the

proximate ratio 1:10:1. Since the overlap of intensity from the ?ﬁrg;%?: 'Sge 2¥gcrlr|]r;e gre ;lgatilr:/epl;lgiea-oof)(u-i;'?ﬁ)fégg_)épg):
bands attributed td and4?~ contributes intensity to the mid- CSZ)G(CO)(dmap)(HO)-ZHZO. Xnal. Calcd frz)yr RuCaoHs016No: é
energy point of the spectrum df, the spectrum was corrected 26 29: H.4.19: N, 3.07. Found: C, 26.39: H, 3.85; N, 337 NMR
for these contributions before simulation. Figure 8 compares (270 MHz, D,O-DCI, vs TSP) 9.10 (2H, dmap}, 7.43 (2H, dmap-
the corrected IR spectrum df to simulated spectra assuming m), 3.30 (6H, dmap Chk), 1.95 (6H, acetate Cfji 1.94 (6H, acetate
rate constant&e varying from 1x 107 to 5 x 10" s71. This CHs), 1.92 (6H, acetate Cfji ppm. For Ry(us-O)(u-CHsCO2)s(CO)-
comparison suggests thkt for 4= could be faster than k (cpy)(H0)-2H,0. Anal. Calcd for ReCigH26017N2: C, 26.54; H, 3.28;
10 s and still give a largely nonoverlapped IR spectrum. N, 3.26. Found: C, 26.72; H, 3.28; N, 3.42{ NMR (270 MHz, CQ-
The comparison also shows that for rate constants below ca. 1€N) 9-10 (2H, cpy), 8.37 (2H, cpy), 2.03 (6H, acetatesLH.01 (6H,

x 101 s, the reliability of the IR spectral simulation method ~2¢€tae CH), 1.83 (6H, acetate Cjippm. B
becomes limited. The Bloch type analysis gives physically Preparation of [Rus(usO)(u-CH3CO)(CO)(L)(bpy)] (L = dmap,

- . py, cpy). [Rus(us-O)(u-CHsCO,)s(CO)(dmap)(bpy)] was prepared as
reasonable estimates of the rate constar:ts for exchange in t?gs%y”ows A mixture of [Rus(s-0)(u-CHsCOy)s(CO)(dmap) (HO)] (100
systems, and predicts the presence of “exchange intensity iNmg, 0.119 mmol) and 4'bipyridine (188 mg, 1.20 mmol) in Ci&,

the spectrum ofi~. (15 mL) was stirred for 3 days at room temperature. The resulting
_ solution was chromatographed over silica gel (Wakogel C-200, column
Conclusions length= 11 cm, column diamete+ 3 cm) with CHCH/C,HsOH 100:2

T . | /vol the eluti t. Th d isolated fi
Uncertainties in the rates of electron transfer estimated by gxg usziov:duglﬁ)eia;eeene;;ri]ﬁ :;g(ra]r:j Yieelgoggp?#g .\ll.vﬁes 'S; st (r:%r;

Bloch equation simulation of the IR band shape exist, but the erivatives were prepared in a similar way. For #2-0)(u-CH:COy)s-

rate constants obtained fdr—3~ are reasonable within the  (co)(dmap)(bpy)]. Anal. Calcd for RGsoHzcO0wNs: C, 36.77; H, 3.70;
context of theories of electron transfer. The correlation of IR N, 5.72. Found: C, 36.50; H, 3.81; N, 5.69. FABM8vz 953 (calcd
line shape for the mixed valence stateslef6 with electronic (M — CO) = 952).1H NMR (270 MHz, CDClz) 9.20 (2H, coord bpy-
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0), 8.96 (2H, dmam), 8.91 (2H, uncoord bpyp), 8.27 (2H, coord bpy-
m), 7.80 (2H, uncoord bpyn), 7.22 (2H, dmapy), 3.31 (6H, dmap
CHj), 2.09 (6H, acetate C#jf 2.08 (6H, acetate C§ji 1.82 (6H, acetate
CHa) ppm. For [Ry(us-O)(u-CHsCO2)6(CO)(py)(bpy)]. Anal. Calcd
for RusCagH31014N3: C, 35.90; H, 3.34; N, 4.49. Found: C, 35.94; H,
3.46; N, 4.60. FABMS:m/z 910 (calcd (M— CO) = 909).*H NMR
(270 MHz, CDC¥) 9.13 (2H, coord bpy), 9.06 (2H, pye), 8.90 (2H,
uncoord bpye), 8.27 (2H, coord bpyw), 8.18 (1H, pyp), 8.04 (2H,
py-m), 7.79 (2H, uncoord bpyn), 2.12 (6H, acetate C#ji 2.10 (6H,
acetate Ch), 1.87 (6H, acetate CHippm. For [Ry(us-O)(u-CHsCOy)e-
(CO)(cpy)(bpy)]. Anal. Calcd for RiCogH30014N4: C, 36.22; H, 3.14;
N, 5.83. Found: C, 36.13; H, 3.11; N, 5.47. FABM8vz 935 (calcd
(M — CO)=934).'H NMR (270 MHz, CDC#) 9.02 (2H, coord bpy-
0), 8.92 (2H, cpy), 8.90 (2H, uncoord bmy; 8.26 (2H, coord bpyw),
8.21 (2H, cpy), 7.78 (2H, uncoord bpy), 2.13 (6H+ 6H, acetate
CHs), 1.91 (6H, acetate CiHfl ppm.

Cyclic Voltammetry of 1—6. All cyclic voltammetry experiments
were carried out by using a BAS CV-50W Voltammetric Analyzer at
a scan rate of 100 mV/s. The working electrode was glassy carbon.

The counter electrode was a platinum coil, and the reference electrode
was a saturated sodium calomel electrode, SSCE. In all cases, 0.1 M

solutions of tetrabutylammonium hexafluorophosphate (TBAH) in
dichloromethane were used.
Reflectance Infrared SpectroelectrochemistrylR spectral changes

accompanying thin-layer bulk electrolyses were measured by using a

modifiec?® temperature-controlled flow-through reflectance spectro-
electrochemical cell reported earlf€Path lengths were typically 0.05

Ito et al.

used for the Fourier Transform IR solvent subtractions. In some cases,
spectral baseline shifts in the different redox states were adjusted. All
measurements were performed at room temperature. A Princeton
Applied Research (PAR) Model 175 Universal Programmer with a PAR
Model 176 Current Follower were used to effect and monitor thin layer
bulk electrolyses. The IR spectra were acquired with use of a Mattson
Research Series 1 Fourier Transform IR equipped with a liquid nitrogen
cooled MCT (mercury-cadmium-telluride) detector.

Intervalence Charge-Transfer Spectra.Controlled-potential ab-
sorption spectra were obtained with an optically transparent thin-layer
electrode (OTTLE) cell (light path lengtis 0.5 mm). The working
and the counter electrodes were platinum mesh and platinum coil,
respectively. The potential was applied with a Hokuto-Denko potentio/
galvanostat, model HA-501, and referred to an SSCE (saturated sodium
chloride calomel electrode). The spectra were measured with a
Shimadzu UV-3100 PC spectrophotometer. All spectroelectrochemical
measurements were carried out at €40 °C under a nitrogen
atmosphere.

Simulation of Infrared Line Shape for Exchanging Spectra.IR
spectral line shapes were simulated by using the dynamical simulation
program VIBEXGL: Program for the Simulation of IR Spectra of
Exchanging Systems, made available by Prof. R. E. D. McClung,
University of Alberta?®
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