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Mono- and dinuclear reductive eliminations of C-H bonds from
monometallic hydridoalky! complexes, important in many ho-
mogeneous catalytic processes, have been the subjects of numerous
studies.! However, no studies of C-H reductive eliminations from
isolated hydridoalkyl clusters, processes which may model hy-
drocarbon desorption from metal surfaces,? have been reported.’
Such studies are important because the prevalence of bridging,
rather than terminal, hydride and hydrocarbon ligands in poly-
metallic systems may be expected to result in differences in re-
activity between clusters and monometallic complexes.

The cis orientations of the bridging hydrides and the methy-
lidyne ligand of H3Ru;(CX)(CO)s make possible reductive elim-
ination of either C-H or H-H bonds. When X = OMe, quan-
titative elimination of hydrogen occurs, forming HRu,-
(COMe)(CO),, under CO.> However, the reaction of H;Ru,-
(CX)(CO)4 with CO (X = Ph or CO,Me) or with H,/CO (X
= OMe?®) produces the corresponding CH;X and Ru carbonyls
(Ru,(CO),, and Ru(CO);5).” The molecularity of the hydride
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Figure 1. Proposed mechanism for reductive elimination of CH;X from
H;Ru3(CX)(CO)s.

transfer was investigated with a crossover experiment. Under CO
(1 atm), a mixture of H3;Ru;(CCO,Et){CO)s and D;Ru;-
(CCO,Me)(CO)q (95% deuteriated) in benzene-d, produced ethyl
acetate (85% dy, 15% d,) and methy! acetate (72% d,, 25% d,);
after correction for the 'H content in the labeled cluster, these
results are consistent with a mechanism involving at least two
intramolecular and not more than one intermolecular reductive
eliminations. Further control experiments are required before the
intermolecularity of the formation of one of the three C-H bonds
can be positively established.?®

That sequential C-H reductive elimination occurs is suggested
by isolation of substituted methylene and methy! analogues sta-
bilized by coordination of the methylidyne substituent. Pyrolysis
of H3Ru;(CCO,Me)(CO)y in the absence of CO (cyclohexane
solution, 70 °C, 24 h) produces H,Ru;(CHCO,Me)(CO),®
(Figure 1, structure A, 56% yield), in which the acyl oxygen is
coordinated to produce a saturated cluster. Pyrolysis of
H,;Ru;(CSEt)(CO)y even under CO produces HRu;-
(CH,SEt)(CO),'® (Figure 1, structure B!!) in which the S atom
acts as a four-electron donor.

The kinetics of these reactions have been investigated. The rate
law for elimination of toluene from H;Ru,;(CPh)(CO), under CO
pressures between 0.45 and 35 atm is given by the following
equation: rate = [acPco/(b + cPco)][H3Ru3(CPh)(CO),], where
a=6.5x10%s"and b/c = 0.47 atm at 100 °C. The rate law
is consistent with the mechanism shown in eq 1, in which an

H;Ru;(CX)(CO)s = H,Ru;(CX)(CO)* — products (1)
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intramolecular rearrangement forms an activated intermediate
H;Ru;(CX)(CO)q* prior to CO addition. Possibilities for the
nature of this intermediate include structures containing (1) one
or more terminal hydride ligands, (2) an agostic* Ru-H-C bond
(Figure 1, structure C), or (3) a fully formed C-H bond and an
unsaturated metal site (Figure 1, structure D) which should rapidly
react with CO. The third possibility is most likely since (1) and
(2) are saturated and unlikely to add CO. Entropies of activation
for the limiting rate constants for disappearance of H;Ru;-
(CX)(CO)y are close to zero [+6 (£2) (Cl), +1.6 (£1.5) (Ph),
and -5 (£3) (CO,Me) eu], consistent with an intramolecular
mechanism, and the enthalpies of activation are relatively large
[31.4 (£0.9) (C1), 31.4 (£0.6) (Ph), and 25.1 (£1.0) (CO,Me)
kcal/mol]. The lower value for the activation enthalpy for the
CO,Me derivative may indicate participation of the acyl moiety
in the transition state; the rate constant for rearrangement of
H;Ru;(CCO,Me)(CO)g to HyRu3;(CHCO,Me)(CO)y is the same
as that for reductive elimination of methyl acetate in the presence
of CO, indicating the same rate-determining step for both reac-
tions. !2

The deuterium isotope effects, Hk e/ Pkopea, fOr the reductive
elimination from H;Ru;(CX)(CO), were measured to be 1.00
(£0.05) (3.8 atm, 60 °C) for X = CO,Me and 0.64 (£0.06) (35
atm, 100 °C) for X = Ph. Isotope effects for reductive elimi-
nations from monometallic complexes fall in the range 1.3-3.3,12!
but isotope effects for the formation of hydrocarbons by hydro-
genations of carbon or CO on surfaces are frequently less than
1.13 The inverse isotope effects can be explained by the existence
of equilibria involving intermediates in which the force constant
of the hydrogen is higher than in the ground state. The calculated
equilibrium isotope effects for intermediates having (a) a terminal
hydride ligand, (b) a fully formed C-H bond, and (c) an agostic
Ru-H-C bond are 0.72, 0.44, and 0.54, respectively.” However,
normal isotope effects are found for reductive eliminations of
molecular hydrogen from clusters having bridging hydrides,>!?
arguing against (a), and these isotope effects are measured at high
CO pressures, where the rate-determining step is formation of
H;Ru;(CX)(CO)4*, assumed to have a fully formed C-H bond.
Then the inverse isotope effect implies the existence of a pree-
quilibrium involving a second intermediate, different than
H;Ru;(CX)(CO)q* but of the same formulation, most likely
having an agostic Ru-H-C bond.!®

The mechanism shown in Figure 1 fully accounts for the ob-
served rate law and deuterium isotope effects. The structure of
intermediate C containing an agostic Ru-H-C bond has prece-
dence in the formation of the isostructural species HFe;-
(HCH){CO),!" and H;Ru,(HCEt)(CO),!*.1413 Intermediates
E and F are based upon the structures of the analogous Os
clusters.'® The slow step in the reductive elimination process is
formation of D. The rate law for this mechanism is given by eq
2, of the same form as that found experimentally. At high CO

rate =
[kiksksPco/ (kaks + (ky + k3)ksPco)][H3Ru3(CX)(CO)s)

(2)

pressures the rate-determining step is formation of the activated
intermediate H;Ru;(CX)(CO)¢* (D) and the observed rate
constant becomes k k;/k, if k; >> k,. Since the isotope effect
upon the value of the equilibrium constant k,/k, is <1, the value
of kgpa!/ konsa” Will be <1 if the isotope effect upon k; is not much
> 1.

In conclusion, reductive elimination of CH;X from H;Ru;-
(CX)(CO), proceeds by sequential formation of the three C-H
bonds, at least two of which are formed by intramolecular pro-
cesses. An inverse isotope effect for reductive elimination suggests
a preequilibrium between species containing Ru-H-Ru and
Ru-H-C bonds.

Acknowledgment. This work was supported by the National
Science Foundation through Grant CHE8121059.

Supplementary Material Available: Table of kinetic data for
reductive elimination of CH;3X from H;Ru;(CX){CO),, X = Ph,

Cl, and CO,Me, table of analysis of mass spectral data from the
crossover experiment, and calculations of equilibrium isotope
effects (4 pages). Ordering information is given on any current
masthead page.

5-(Trifluoromethyl)bacteriorhodopsin Does Not
Translocate Protons

V. Jayathirtha Rao, Fadila Derguini, and Koji Nakanishi*

Department of Chemistry, Columbia University
New York, New York 10027

Takeo Taguchi, Akihiko Hosoda, Yuji Hanzawa, and
Yoshiro Kobayashi*

Tokyo College of Pharmacy
Horinouchi, Hachioji, Tokyo 192-03, Japan

Chandra M. Pande and Robert H. Callender*

Department of Physics
City College of the City University of New York
New York, New York 10031

Received May 5, 1986

We wish to report that a proper fit of the retinal chromophore
in the bacteriorhodopsin (bR) binding site is necessary for proton
pumping. Bacteriorhodopsin', the pigment contained in the purple
membrane of Halobacterium halobium, functions as a light-driven
proton pump and converts solar energy into a proton gradient that
is coupled to ATP synthesis.? The retinal chromophore is co-
valently linked to Lys-216° of the apoprotein via a protonated
Schiff base (SBH™) linkage.*® There are two forms of bR,2¢
the light-adapted bR absorbing at 570 nm and the dark-adapted
bRPA absorbing at 560 nm, the chromophores of which are re-
spectively all-trans-retinal and a 1:1 mixture of trans- and 13-
cis-retinal. Both forms undergo a photocycle but only bRMA
translocates protons. The red shift to 570 nm in bR from 440
nm (in MeOH) in retinal/butylamine-SBH* has been attributed
to electrostatic interactions between the protonated chromophore
and the protein within the binding site (external point charge
model, Figure 1).%¢

The present studies with 5-(trifluormethyl)(5-TFM)-5-nor-
retinal® were undertaken in order to investigate the effect of
electronic perturbation on the point charges near the 8-ionone ring.
Incubation of retinal oxime free apo-membrane'® with trans-5-
TFM-retinal (HEPES buffer, pH 7.0) in the dark for 60 min
resulted in smooth formation of pigment (5-TFM-bR), the
“dark-regenerated” pigment, A, 465 nm (Figure 2a). Irradiation
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