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Table III. Emission Lifetimes at Xmax for Pd2 and Pt2 Complexes 

T„ MS (Xmax, n m ) 

295 K 77 K 
Pd2(dba)3" 0.22 ± 0.01 (740) 8.0 ± 0.2 (740) 
Pt2(dba)3° 0.23 ± 0.01 (800) 0.95 ± 0.2 (800) 
Pd2(dppm)3

k 5.93 ± 0.01 (710) 107 ± 1 (685) 
Pt2(dppm)3

6 <0.02 (790) 10.6 ± 0.2 (790) 
Pt2(POp)4

4' 9.8(517c) 10.3(515'') 
Pt2(pcp)4

4-' 0.055 (510) 10.0 (SlO) 
"Thiswork. 4Fromref9. c From ref 3g. ''FromrefSh. 'King,C; 

Auerbach, R. A.: Fronczek, F. R.; Roundhill, D. M. J. Am. Chem. 
Soc. 1986, 108, 5626. 

same. Exactly the opposite is observed. The energy gap between 
the singlet per <— da* and emission transitions is much too large 
in the M2(dba)3 cases (A ~ 12 800 cm"1, which is ~4600 cm"1 

greater than A in the M2(dppm)3 complexes).9 On the basis of 
transition energies, an M-M-localized emissive state is ruled out. 
Similarly, due to the M dependence of \em, the absence of a dba 
band in the excitation spectra (see Figures 2 and 5), and complete 
absence of dba luminescence in the 700-900-nm region, the 
possibility of emission arising from a ligand-localized state also 
is eliminated. The energy gap between the MLCT absorption and 
emission bands is ~5000 cm"1 (for both complexes), which is 

1. Introduction 
Electron transfer between molecular centers separated by 

distances that notably exceed the geometric extension of the 
molecular reactant groups is of great importance in several con
texts. "Long-range" electron transfer of this kind is, for example, 
a key element in multisite redox proteins,1 in the electron-transfer 
sequences of photosynthesis and respiration,2'3 and in intramo
lecular chemical4"* or biological7"9 electron-transfer systems, where 
the donor and acceptor groups are separated by molecular bridge 
groups. Physically, rather similar features characterize crucial 
events in electrochemical electron transfer at surface-modified 
electrodes where the electron tunnels through a thin-surface oxide 
or polymer film and in inelastic tunneling assisted by local impurity 
or dislocation sites inside the surface film.10"13 

f University of Aarhus. 
'The Technical University of Denmark. 
s Permanent address: Institute of Inorganic Chemistry and Electrochem

istry, Georgian Academy of Sciences, Tbilisi, USSR. 

identical with the energy gap measured for Ru(bpy)3
2+ (which 

also possesses a low-energy MLCT absorption system27). Con
sidering the transition energies, it is likely that an MLCT triplet 
excited state is responsible for the emission in M2(dba)3.28 

The emissions at 295 and 77 K are relatively long-lived and 
are comparable to re of other Pd2 and Pt2 complexes (Table III). 
Interestingly, for the M2(dba)3 complexes, re(Pd) = re(Pt) at 295 
K.29 The significant decrease in rt from Pd2(dppm)3 to Pd2(dba)3 

(5.93 to 0.22 us at 295 and 107 to 8.0 (is at 77 K) indicates that 
the dba ligand possesses a high degree of flexibility. 
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Theoretical approaches specifically to long-range electron 
transfer have focused on the electronic factor in diabatic electron 
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Abstract: The donor and acceptor orbitals in long-range electron transfer are strongly exposed to environmental inertial polarization 
fluctuations. The most likely polarization at the moment of electron transfer is determined by the intersection region of two 
potential surfaces spanned by collective polarization coordinates and depends strongly on the temperature and reaction free 
energy. These effects must therefore be reflected in corresponding variation of the electronic transmission coefficient with 
these quantities and not solely in the nuclear Franck-Condon factors. We have estimated these effects for system parameters 
appropriate to intramolecular electron transfer in (NH3)5Ru3+- and Zn2+-modified myoglobin. The estimates rest on variational 
calculation of a set of exponential trial wave functions in the instantaneous inertial polarization field and on a Hartree-Fock 
estimate of the distance decay of the Ru3+ and excited Zn orbitals involved. The effects are significant and dominated by 
a horizontal shift of the overall free energy relation by up to 0.5 eV toward numerically smaller values of the reaction free 
energy. This observation has important implications for electron tunnel distances in long-range electron transfer. 
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transfer and on its dependence on the nature of the environmental 
matter between the electron-transfer centers. These effects have 
been handled by higher order perturbation and superexchange 
theory,14"16 by quantum chemical approaches involving multie-
lectron basis sets,17"22 by tunnel theory,10,1''23 and by environmental 
continuum theory including vibrational and spatial dielectric 
dispersion.24"26 Common to nearly all approaches to the electronic 
factor except the latter group (cf., however, ref 21 and 22) is, 
however, that bulk environmental polarization effects on the 
electronic factor are omitted. This factor is thus regarded as 
independent of the instantaneous nuclear inertial polarization 
configuration and therefore also independent of both temperature 
and reaction free energy. 

On the other hand, in long-range electron transfer the "tails" 
of the electronic wave functions, which induce the reaction, are 
directly exposed to environmental polarization fluctuations. The 
crucial polarization configuration, with which the donor and 
acceptor wave functions interact at the moment of electron transfer 
and which determine the value of the electronic transmission 
coefficient, is furthermore not the equilibrium configuration but 
the particular nonequilibrium configuration at the intersection 
of two suitably constructed potential surfaces, spanned by the 
collective inertial polarization coordinates27"29 (and the set of 
intramolecular coordinates). This configuration most commonly 
differs strongly from the equilibrium values in both the initial and 
final states, coinciding with these values only for activationless 
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(strongly exothermic) and barrierless (strongly endothermic) 
processes, respectively.27"29 The configuration also depends 
strongly on both the reaction free energy and the temperature. 
For these reasons also the tail features of the donor and acceptor 
wave functions and the value of the electronic transmission 
coefficient depend on the temperature and reaction free energy. 
For long-range electron transfer these effects are comparable to 
effects aroused by variation of the nuclear factor and cannot be 
disregarded in detailed electron-transfer data analysis.24"26 

We provide here an estimate of these effects. Although we do 
not undertake a specific data analysis, our numerical estimates 
are appropriate, for example, to recent investigations of intra
molecular electron transfer in myoglobin modified by ruthenium 
complex fragments at specific histidine surface groups of the 
protein structure.30,31 This system is structurally, thermody-
namically, and kinetically well characterized. Modification at 
different surface sites, furthermore, constitutes a basis for in
vestigations of the distance dependence of the electron-transfer 
rate, while modification by different ruthenium residues or by 
metal substitution in the heme group is a basis for construction 
of free energy relations. This class of systems would therefore 
be well suited for illumination of subtler electron-transfer effects, 
such as the reaction free energy or temperature dependence of 
the electronic factor. 

2. Environmental Modulation Effects on the Electronic 
Factor in the High-Temperature Limit 

We shall use the following single-parameter exponential form 
of the donor (i) and acceptor (f) wave functions24"26 

to = ( V A ) ' / 2 exp(-Xilpl); to = (Xf3A)'/2 exp(-Xf|p - R\) 
(1) 

where p is the distance from the electron-transfer center, R the 
interreactant distance, and the only parameters are the orbital 
exponents X1 and Xf. 

The choice of this simple form is prompted by the analytical 
transparency of the resulting electronic transmission coefficient 
expressions and the insight it provides as to the variation of this 
quantity with the instantaneous environmental nuclear configu
ration, the reaction free energy, and the temperature. These 
results, furthermore, extend to low temperatures and to vibra
tional^ and spatially dispersive dielectric media.24"26 Similar 
handling of environmental effects on many-electron functions is 
not feasible and restricted to motion of a single solvent molecule 
or small protein fragment. 

Equation 1 is, however, more generally representative at "long" 
distances than immediately implied by its single-parameter and 
single-electron basis nature. Exponential distance decay of the 
form given by eq 1 thus emerges from quantum chemical calcu
lations on the ab initio level,17"22 from tunnel theory,23 and from 
rather broad ranges of experimental electron-transfer data in 
chemical,32"34 electrochemical,35 and biological systems.30,31,36 

Exponential electronic wave functions therefore reflect the in
herence of many-electron effects in the value of the orbital ex
ponents, this form being suitable specifically in long-range electron 
transfer. For the same reasons the exponential form can be 
expected to be a suitable basis also for photoinduced two-center 
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electron-transfer band shapes.37,38 

The orbital exponents are estimated by the total free energy 
functional of the wave functions in eq 1 in the "preset" field 
determined by "effective" donor (zDe) and acceptor (z^e) core 
charges and the particular overall inertial polarization P* (T) at 
the moment of electron transfer, T being a space coordinate and 
e the (numerical) electronic charge. The free energy functional 
in the initial state is24"26 

F\Wt ?*</)] = ^ - J l^iI2 dp - J>(r)AeM; T) d? -

— f d p % - ^ f d p — U - M ' t f ) 
e0 J p (0 J \p - R\ 

with a similar equation for the product state. me is the electronic 
mass, h Planck's constant divided by 2ir, t0 the inertialess (optical) 
dielectric constant, and D'(fa T) the electric vacuum field aroused 
by the electron to be transferred. D'(fa T) is specifically 

Df(H T) = -eCdp M2-^—^r (3) 

The first term in eq 2 is the kinetic energy of the electron; the 
second one is its potential energy in the nonequilibrium polarization 
field created by the donor and acceptor ionic centers and by the 
"excess" electron itself. The last two terms represent the potential 
energies of interaction of the electron with the donor and acceptor 
ionic centers. These interactions have the correct form at long 
distances and are screened only by__the inertialess polarization, 
as the inertial part is included in P*(T). 

P*(T) is finally available from the initial- and final-state 
equilibrium polarizations, P10(T) and Pi0(T), respectively, by pre
scriptions in electron-transfer theory.27"29 In the high-temperature 
limit 

P* (T) = (1 *)Pi0(r) + 8*P!o(r) (4) 

where 8* is the transfer coefficient (the Bronsted coefficient) of 
electron-transfer theory and is a measure of the variation of the 
transition probability, Wn, with the reaction free energy, AG0, i.e. 

8* = -kBT d In Wn/dAG0 (5) 

ks being Boltzmann's constant and T the temperature. In the 
high-temperature limit P[0(T) and Pf0(T) are simply related to the 
vacuum fields of the_excess electron in the initial and final states, 
ZJio

e(r) and Df0(Tj- R), respectively, and of the donor D0
D(T) and 

acceptor cores, D0
A(T - R), i.e.24"29 

K(T) = ^ [ A o V ) + D0V(T) + D0
A(T-R)] 

h(T) = J-[D^(T- R) + 5J>(T) + D0HT-R)] (6) 

where c = 0̂"
1 - «,"' and «s the static dielectric constant. At lower 

temperatures the environmental vibrational dispersion must be 
included, such as treated in detail elsewhere.24"26 

Xj and Xf are obtained from eq 4-6 by a variational scheme that 
consists of the following steps:24"26 

(A) The free energy functionals are first calculated at given 
8*; i.e., F1 = F;(0*) and Ff = Ff(8*) by inserting eq 1, 3, 4, and 
6 into eq 2. 

(B) The functionals are next minimized with respect to the 
variational parameters Xj and Xf. From this step the dependence 
of X1 and Xf on 6* emerges; i.e., Xj = \[(6*) and Xf = Xf(0*). 

(C) The latter relations can be converted to the corresponding 
dependence of X; and Xf on AG0 and T by means of electron-
transfer theory.27"29 In particular, 8* = O for activationless 
processes where AG0 = - £ s and F s is the total environmental 

(37) Kjaer, A. M.; Kristjansson, I.; Ulstrup, J. J. Eiectroanal. Chem. 
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reorganization free energy, while 8* = 0.5 when AG0 = 0. 
(D) In the high-temperature limit and when the donor-acceptor 

distance is sufficiently large that the interaction of the donor 
electron with the acceptor region can be disregarded, the estimate 
of \(8*) can be brought to rest on the following simple form 

2mt 
X 1 - ( I 

CJ^IKY r 
2*U/ Jo 

du 

[(Xi0/\)
2+u2]2(\ + « 2 ) 3 

0; X1 = \(8*) (7) 

where Xio is the value of X1 at equilibrium, i.e. for 8* = 0. \f(8*) 
can be similarly determined. 

(E) The following simple result valid for 8* S 0.3 emerges when 
eq 7 is expanded around 8* = 0. 

5/11 
X i ( n « M i - & n ; I, = T-7T77TTT7777-T (8) 

1 + (16 / l l ) ( z D / 5« s ) 
The corresponding equation for Xf(0*) is 

AfO?*) ~ M i - « i - f l * ) ] ; If = 
Vl 

1 + ( 1 6 / l l ) ( z A / 5 « s ) 
(9) 

These equations show in a more transparent form that the en
vironmental field variation along the solvent potential has caused 
both the donor and acceptor electron clouds to "swell" in the 
normal free energy region (6* > 0), as the nonequilibrium inertial 
polarization becomes increasingly unfavorable. Opposite effects, 
i.e. electron cloud contraction, emerge in the inverted free energy 
range where 6* < 0. 

(F) Both X,(8*) and Xf(0*) are smaller than their equilibrium 
values when 0 < 8* < 1 or -Ei < AG0 < Fs, giving larger overlap 
integrals, Sf1, and exchange matrix elements, Kn. However, when 
AG0 increases from -Es to 0, i.e. 8* increases from 0 to 0.5, then 
Xj(0*) and \{(8*) vary in opposite directions. This means that 
Sf1 and Kn do not vary significantly when Xj ~ Xf. On the other 
hand, they do vary when one exponent significantly exceeds the 
other one, in which case Sn and Kn are determined primarily by 
the smaller orbital exponent. 

(G) The variation of X\(8*) and Xf(#*) is weaker for positive 
effective core charges and stronger for negative charges compared 
with localization solely by the environmental polarization field. 
On the other hand, positive core charges may also give larger 
values of the equilibrium orbital exponents, thus maintaining a 
strong free energy variation of the electronic transmission coef
ficient (cf. eq 14 below). 

3. Electronic Factor Modulation in Intramolecular Electron 
Transfer in Modified Myoglobins 

We have previously discussed the effects of electronic modu
lation on the temperature-dependent blue shift of optical 
charge-transfer bands.37'38 In this section we shall illustrate the 
effects that might be expected for long-range intramolecular 
electron transfer in modified metalloprotein systems. We refer 
specifically to Ru(NH3)5

2+-modified sperm whale myoglobin as 
a suitable representative of this rapidly expanding area of electron 
transfer, as data for distance and reaction free energy variation 
have recently become available for these particular systems.30,31 

The reactions are 

Ru3+-Mb - ^ Ru3+-Mb* —'-* Ru2+-Mb+ — Ru3+-Mb (10) 

where Mb* represents excited states of the Mb heme or modified 
(Zn, Pd) heme group and kr the electron-transfer rate constant 
to be investigated. The distance variation is represented by Ru-
modification at the His-12, -48, -81, and -116 positions and the 
reaction free energy variation by modification with different Ru 
fragments or different metal substitution in the central meso-
porphyrin IX group. In these ways the center-to-center elec
tron-transfer distance can be changed from 12 to 22 A and the 
reaction free energy from zero to -1 eV. 

In relation to the electronic modulation formalism the modified 
myoglobin systems possess the following additional specific 
properties: 
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(A) The reactions belong to the "normal" free energy range, 
i.e. 8* > 0, with a total reorganization free energy of about 2 eV. 
8* varies from 0.5 for AG0 « 0 eV ((NH3)5Ru(48)MbFe) to 0.25 
for AG0 « -1 eV ((NH3)4pyRu(48)MbPd). 

(B) The electron donor is an excited electronic state of the heme 
or modified heme group, giving a donor wave function significantly 
less localized than the acceptor wave function at the ruthenium 
site. The coupling features are therefore dominated by the donor 
wave function. Also, the maximum of the overlap is close to the 
acceptor site, rather than in between the donor and acceptor sites 
for similar orbital exponent values. 

(C) The excited-state derealization can be illustrated by 
quantum chemical estimates of the decay properties of the elec
tronic wave functions for two crude models of the donor and 
acceptor centers. We have carried out Hartree-Fock calcula
tions39,40 for a Ru3+ ion, simulating the acceptor center, by means 
of the electronic structure program SIRIUS (a direct second-order 
MCSCF program) developed by H. J. Agaard Jensen and H. 
Agren.41 The split-valence basis set was generated by splitting 
the outer valence shells in two parts with N-1 and a single primitive 
Gaussian-type orbital, respectively. The basis set was (15s, 9p, 
6d) - (6s, 4p, 3d), giving for the optimized highest filled Ru3+ 

orbital (R in au)42 

^Ru3+ = -0.32<y> + 0.82<y2> + 0.34<y3> (11) 

where 

uyz 

M0.128e-7377xl0 '*2 + 0.496e-2023xl0"1/?2 + 0.58Oe-6-184*2] 

dyP = M0.234e-2'823*2 + 0.559^3494*10"*2] (12) 

<y3> = >>zi.oe-2-912xl(r'*2 

With reference to eq 1 the dominating ^ r
( 3 ) amplitude would 

correspond to unscreened orbital exponents of Xf0 = 5.5 A-1 for 
R = 2.65 A and 11 A"1 for R = 5.3 A. In reality they are, of 
course, much smaller due to screening of the electron density decay 
by the ligands and the environments. 

A similar calculation is less feasible for the donor center. The 
first excited state of a Zn atom for which we have carried out such 
a calculation gives an orbital exponent of 0.83 A-1 for R = 2.65 
A and 1.7 A"1 for R = 5.3 A, i.e. indeed substantially smaller than 
for Ru3+. However, the excited Zn-porphyrin state corresponds 
to excitation in the porphyrin part rather than at the Zn atom. 
An indication of the orbital decay properties of the aromatic frame 
can be obtained from reported distance decay for a Hartree-Fock 
calculation of the electronic transition matrix element for the 
symmetric electron-exchange reaction between benzene and its 
anion radical.21 When the two rings are both located in a position 
perpendicular to a common D6h axis to ensure maximum overlap, 
the distance decay corresponds to an orbital exponent of 2.5 A-1 

for R = 5 A, i.e. again much smaller than for the Ru3+ ion. The 
distance decay is slower when a water molecule is located between 
the benzene rings but may be faster in other directions more 
representative of the electron-transfer path of the donor and 
acceptor groups in the modified myoglobins. 

These calculations support the expectation that the excited-state 
donor orbital decays significantly more slowly than the acceptor 
orbital. In view of the very crude representation of the elec
tron-transfer center, they cannot, of course, be viewed as a proper 
substantiation of this expectation. 

(D) When X1 « Xf, a simple form of the overlap integral 
emerges.26 

Sn«8(Xi/Xf)
3/2exp[-Xii?*]; X1 = X1(O*); Xf = \{(B*) (13) 

(39) Tatewaki, H.; Sakai, Y.; Huzinaga, S. J. Comput. Chem. 1982, 2, 
278. 

(40) Sakai, Y.; Tatewaki, H.; Huzinaga, S. /. Comput. Chem. 1982, 3, 6. 
(41) (a) Agaard Jensen, H. J.; Agren, H. Chem. Phys. Lett. 1984, 110, 

140. (b) Chem. Phys. 1984, 104, 229. 
(42) For the sake of transparency only three significant figures in the 

coefficients of the Gaussians are shown. 
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Figure 1. Dependence of the donor orbital exponent on the reaction free 
energy. £s = 2 eV, T = 298 K, and Xio = 0.64 A"1. The latter value is 
based on the estimated distance decay of the rate constant in ref 30. 
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Figure 2. Calculated reaction free energy plots including modulation of 
the electronic factor and orbital decay parameters from Figure 1. Wri 
is the transition probability per unit time obtained from eq 15 and Wn

0 

the transition probability per unit time in the absence of modulation, i.e. 
when the first term in the exponent on the right-hand side of eq 15 
vanishes. The preexponential factors in WR and W^° are cancelled in the 
ratio WfJW^: (—) no electronic modulation; (---) electronic modulation 
included and 10-A electron-transfer distance; (•••) electronic modulation 
included and 20-A electron-transfer distance. 

In the following we assume that the variation of .SY, with 8* or 
AG0 and T essentially reflects the variation of the transition matrix 
element Kn.

22 The electronic transmission coefficient, xn, then 
takes the approximate form 

*„ « *ri°° exp[-2Xi0(l - W)R*] = *n° exp(2Xio|0*.R*) (14) 

where Xn
00 is the value of xn at the minimum donor-acceptor 

distance, Rmin, while xn° is the transmission coefficient at the 
initial-state equilibrium environmental nuclear configuration for 
given R*. R* coincides approximately with the intersite separation 
when X; « Xf. 

(E) The experimental distance dependence data for electron 
transfer in modified myoglobins can be represented approximately 
by the exponential relation exp[-0.9(i? - -ft,™)]30 (R in angstroms). 
By eq 7 and 13 this gives Xi0 «s 0.6 A"1 for the donor orbital 
exponent equilibrated with the environmental polarization. This 
value is in line with estimates for several strongly exothermic, 
activationless processes33,34 where the electron-transfer configu
ration is that of initial-state equilibrium. 

The variation of the nuclear factor with B* in the transition 
probability, Wn(O*) is, from electron-transfer theory,28,29 Wn cc 
exp(-0£s0*2); /3 = (kBT)~l. By including the electronic modulation 
in eq 14, the overall variation of Wn(B*) with 8* becomes, in the 
high-temperature limit 

Wn(B*) cc exp[2Xio£0*i?* - &E£*2} (15) 

This equation has two implications in particular: 
(1) Wn(S*) assumes its maximum value for 8* = 8m* = (£/ 

(3Es)\i0R*, i.e. for positive 8* or |AG0| < Es. If modulation is 
disregarded, Wn(B*) has maximum for d* = 0, or AG0 = ~ES. For 
S = Vn. T = 298 K and £ s = 2 eV; 8m* is 0.034 and 0.068 when 
X10J?* = 6 (R= 10 A) and 12 (R = 20 A), respectively. This 
corresponds to shifts in the Wn(B*) maximum of 0.14 and 0.28 
eV, respectively. The shift is smaller at lower temperatures when 
nuclear tunneling in the solvent vibrational spectrum is important.26 

Free energy plots based on eq 25 are shown in Figures 2 and 
3. The parameters in Figure 2 are appropriate to the modified 
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eters as in Figures 1 and 2. 

myoglobins,30'31 while Figure 3 corresponds to a somewhat smaller 
reorganization free energy. 

(2) Inclusion of the modulation effects also shifts the whole 
free energy plot horizontally toward lower values without sig
nificant changes of its shape (Figures 2 and 3). For the data in 
ref 31 (R = 12 A), the shift would amount to 0.15-0.20 eV but 

would be expected to be larger for free energy relations based on 
substitution at more remote sites from the heme group. 

Free energy relations based on Ru modification at different 
histidines might offer a new perspective also for illumination of 
environmental modulation of the electronic factor in electron-
transfer theory. At the same time the continuum formalism 
used,24"26 which can be extended to solvent structural effects in 
the form of vibrational and spatial dielectric dispersion, is a useful 
frame for incorporation of large numbers of solvent molecules and 
nonequilibrium solvation effects for which quantum chemical 
approaches are not feasible. On the basis of this formalism, a 
family of almost parallel free energy plots would be expected when 
the Ru fragments are attached to different His sites. These plots 
are shifted to lower reaction free energies with increasing elec
tron-transfer distance, and the equilibrium values of the electronic 
parameters can, in principle, be extracted from the shifts. 
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Abstract: A series of titanium/platinum and palladium heterobinuclear /n-methylene complexes Cp2TiCH2MX(Me)L has 
been prepared: M = Pt, X = Cl, L = PMe3 (2b), PMe2Ph (2c), PMePh2 (2d); M = Pt, X = Me, L = PMe2Ph (2e, 2f); M 
= Pd, X = Cl, L = PMe3 (2g). The M-CH 2 /M-C1 complex 2c crystallizes in the monoclinic system in space group P2\/n (No. 
14), with a = 13.249(3) A, b= 11.646 (3) A, c = 14.542 (5) A,/3 = 114.45 (2)°, V = 2042.6 (10) A3, Z = 4, and density 
= 1.87 g cm"3. The M - C H 2 / M - C H 3 analogue 2e is isostructural to 2c and also crystallizes in space group P2\/n (No. 14) with 
a = 13.333 (4) A, A = 11.686 (2) A, c = 14.351 (2) A, 0 = 115.03 (2)°, V = 2026.0 (8) A3, Z = 4, and density = 1.82 g 
cm"3. Structural studies indicate the following: (1) the Ti-CH 2 bond possesses residual double-bond character, (2) there 
is a dative Pt — Ti interaction, which may be regarded as 7r back-donation from the platinum atom to the "T i=CH 2 " group, 
and (3) the M-CH3 group in 2e is bound to the titanium atom through a three-center, two-electron agostic bond. Complexes 
2c and 2d react with tertiary phosphines to give Cp2(Cl)TiCH2Pt(Me)L2 species, which form M-(C,0)-ketene complexes 
Cp2(Cl)TiOC(=CH2)Pt(Me)L2 upon carbonylation. The palladium complex 2g undergoes a reductive elimination reaction 
to give Cp2Ti(Et)Cl and Pd0PMe3 complexes. 

Recently much attention has been focused upon early-transi
tion-metal/late-transition-metal heterobinuclear complexes1 be
cause of their potential applications in catalytic organic reactions. 
Also, these complexes have been studied in order to gain an 

(1) (a) Jacobsen, E. N.; Goldberg, K. I.; Bergman, R. G. J. Am. Chem. 
Soc. 1988, 110, 3706, (b) White, G. S.; Stephan, D. W. Organometaltics 
1988, 7, 903. (c) Gelmini, L.; Stephan, D. W. Ibid. 1988, 7, 849. (d) White, 
G. S.; Stephan, D. W. Ibid. 1987, 6, 2169, and references cited therein, (e) 
Sartain, W. J.; Selegue, J. P. Organometallics 1987, 6, 1812; J. Am. Chem. 
Soc. 1985, 107, 5818. (f) Casey, C. P.; Jordan, R. F.; Rheingold, A. L. J. 
Am. Chem. Soc. 1983, 105, 665, and references cited therein, (g) Casey, C. 
P.; Palermo, R. E.; Rheingold, A. L. Ibid. 1986, 108, 549. (h) Casey, C. P.; 
Palermo, R. E.; Jordan, R. F.; Rheingold, A. L. Ibid. 1985, 107, 4597. (i) 
Casey, C. P.; Jordan, R. F.; Rheingold, A. L. Organometallics 1984, 3, 504. 
G) Casey, C. P.; Nief, F. Ibid. 1985, 4, 1218. (k) Barger, P. T.; Bercaw, J. 
E. Ibid. 1984, 3, 278. (1) Choukroun, R.; Gervais, D.; Jaud, J.; Kalck, P.; 
Senocq, F. Ibid. 1986, 5, 67. (m) Ferguson, G. S.; Wolczanski, P. T. Ibid. 
1985, 4, 1601. (n) Tso, C. T.; Cutler, A. R. J. Am. Chem. Soc. 1986, 108, 
6069. (o) Ortiz, J. V. Ibid. 1986, 108, 550. (p) Sternal, R. S.; Sabat, M.; 
Marks, T. J. Ibid. 1987, 109, 7920. (q) Sternal, R. S.; Marks, T. J. Or
ganometallics 1987, 6, 2621. (r) Bullock, R. M.; Casey, C. P. Ace. Chem. 
Res. 1987, 20, 167. 

understanding of the phenomenon of so-called "strong meta l -
support interactions (SMSI)" in heterogeneous catalysis.2 It is 
well documented that late transition metals, which are finely 
dispersed on early-transition-metal oxide supports such as TiO2 

and ZrO2 , serve as highly active catalysts in the catalytic hy-
drogenation of carbon monoxide. SMSI have been observed in 
such systems. While the exact nature of the interaction is still 
unclear, SMSI are regarded as the prime reason for the enhanced 
catalytic activity.3 

(2) (a) Baker, R. T. K., Tauster, S. J., Dumestic, J. A., Eds. Strong 
Metal-Support Interactions; American Chemical Society: Washington, DC 
1986. (b) Imelik, B., Naccache, C, Coudurier, G., Praliaud, H., Meriaudeau, 
P., Gallezot, P., Martin, G. A., Verdrine, J. C, Eds. Metal-Support and 
Metal-Additive Effects in Catalysis; Elsevier: New York, 1982. 

(3) For recent examples, see: (a) Mori, T.; Masuda, H.; Imai, H.; Tani-
guchi, S.; Miyamoto, A.; Hattori, T.; Murakami, Y. J. Chem. Soc, Chem. 
Commun. 1986, 1244. (b) Iwasawa, Y.; Sato, H. Chem. Lett. 1985, 507. (c) 
Doi, Y.; Miyake, H.; Soga, K. J. Chem. Soc, Chem. Commun. 1987, 347. 
(d) Rieck, J. C; Bell, A. T. J. Catal. 1986, 99, 262. (e) Vannice, M. A.; Twu, 
C. C. Ibid. 1983, 82, 213. (f) Vannice, M. A.; Sudhakar, C. /. Phys. Chem. 
1984, 88, 2429. 
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