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hydrogen gases were evolved. This leads to the conclusion that
the hydride and formate hydrogens in 2 originate exclusively from
the hydride in 1 and that the methyl group maintains its integrity.
Potential sinks for the methyl group other than those observed
include methyl acetate for which there is 1C NMR spectral
evidence. Efforts are continuing to more fully characterize reaction
1, both chemically and mechanistically.

Whereas reductive elimination of CH, from 1 was readily
induced by ambient lighting or by addition of a donor ligand such
as CO, compound 2 was stable under these conditions.!? 1In fact
neither reductive elimination nor decarboxylation occurred after
prolonged heating at 50 °C. Even so, when 2 is dissolved in
benzene-dg under 1 atm 13CO,, carbon dioxide is incorporated
as shown in eq 3. At 22 °C the half-life for this reaction is about
150 min.

(Cy;P),Ni(H)(O,CH) + 1*CO, =
(PCy;),Ni(H)(0,"°CH) + 2CO, (3)

The preparation of 2-d, from the reaction of {{Cy;P),Ni},N,
and HCOOD,'? permitted a study of the rate of the exchange
process described in eq 4. Interestingly, this equilibrium between

ki
(Cy;P),Ni(D)(O,CH) === (PCy3)zl\;i(;§)(OzCD) 4
| Bl

2-d, and 2-d') was achieved in the solid state after ca. 7 days.
When in solution the equilibrium is attained with an equal dis-
tribution of deuterium between hydride and formate positions.
The reaction is first-order in complex 2 with a f,,, for progress
toward equilibrium of 510 min. Since both 1¥CO,/CO, exchange
in (3) and H/D exchange in (4) may proceed by way of CO,
extrusion and a Ni(H), intermediate, it is possible that the two
reactions are related. It has not been possible to prepare the
dihydride species from [(Cy;P),Ni]},N, and H,; however, alter-
native synthetic routes to this species are being pursued.!* At
this juncture it is not clear that the difference in rates of reactions
of eq 3 and 4 is due to a kinetic isotope effect or to a difference
in reaction pathway, although preliminary experiments are sup-
portive of the former. Consistent with this interpretation, de-
carboxylation of the analogous trans-PtH(O,CH)(PEt,), deriv-
ative affords the stable PtH,(PEt;), species plus carbon dioxide.!’
Detailed kinetic and mechanistic investigations addressing this
issue are in progress.

Despite the complex nature of the reaction of 1 with CO,, the
analogous HNi(Ph){PCys), species undergoes simple CO, insertion
into the Ni-H bond to quantitatively yield HCO,Ni(Ph)(PCys3),.
This is an important observation in that Pd(II) phosphine com-
plexes, known to react with benzene to provide H-Pd—Ph species, !
have been reported to catalyze the production of benzoic acid from
benzene and carbon dioxide.!” Common proposed cycles for this
process include either a phenylmetallocarboxylic acid, HOOC-
Pd-Ph, or a hydridometalbenzoate, H-Pd—O,CPh, as proposed
intermediates. The contrasting results of the above nickel study
are, in fact, more consistent with literature precedents and suggest

(12) Formic acid is eliminated from 2 upon addition of the oxidative
exchange reagent, (p-TolS),, yielding [(PCy;)Ni(S-p-Tol);];. Darensbourg,
M. Y.; Ludvig, M., unpublished results.

(13) [Ni(PCy;),],N, (1.54 g) dissolved in 25 mL of toluene was purged
with argon until the solution turned yellow in color. The volume was reduced
to approximately 7 mL followed by addition of a preequilibrated solution of
0.22 mL D,0/0.092 mL HCO,H in 15 mL of Et,O. The resulting yellow
product was isolated by filtration and dried in vacuo (1.40 g, 87% yield). *H
NMR: -27.51 ppm (t), Jpy = 11.09 Hz. 'H NMR: 8.91 ppm.

(14) The instability of the dihydride was noted earlier from attempts to
prepare (Cy;P),Ni(Et)H.* In that work H; evolved, presumably via 8-elim-
ination of the desired complex, yielding (C;H)Ni(PCy,),. Nevertheless, in
the cold and in the absence of a displacing ligand, the (Cy;P),Ni(H), complex
might have an appreciable lifetime.

(15) Paonessa, R. S.; Trogler, W. C. J. Am. Chem. Soc. 1982, 104, 3529.

(16) (a) Fujiwara, Y.; Kawauchi, T.; Taniguchi, H. J. Chem. Soc., Chem.
Commun. 1980, 220. (b) Fujiwara, Y.; Kawata, I.; Kawauchi, T.; Taniguchi,
H. Ibid. 1982, 132.

(17) Sugimoto, H.; Kawata, [.; Taniguchi, H.; Fujiwara, Y. J. Organomet.
Chem. 1984, 266, C44,

that alternate pathways might be available for the Pd-catalyzed
carboxylic acid synthesis.
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Since long distance electron transfer between proteins controls
the flow of biological energy, the factors which control these rates
remain a subject of intense continuing interest.'* OQver the last
few years, research ranging from model systems*® to natural
protein complexes has shown that in general, such rates are
characterized by a strong (~ exponential) dependence on dis-
tance* and also by a strong dependence on reaction free energy!~'2
as embodied in Marcus theory.! Although most theoretical
treatments assume that the configurational changes which ac-
company electron transfer (e.g., solvent repolarization) occur
rapidly, this is not universally true.!31¢ In particular, Hoffman

(1) An excellent discussion of reorganization energy is found in the fol-
lowing: Marcus, R.; Sutin, N. Biochem. Biophys. Acta 1985, 811, 265-312.

(2) Detailed overviews include the following: (a) Chance, B., et al. Tun-
neling in Biological Systems; Academic; NY, 1978. (b) Guarr, T,
McLendon, G. Coord. Chem. Rev. 1985, 68, 1-52.

(3) McLendon, G. Acc. Chem. Res. 1987, in press.

(4) Closs, G.; Calcaterra, L.; Green, N.; Penfield, K.; Miller, J. R. J. Phys.
Chem. 1986, 90, 3673-3678,

(5) Heiler, D.; McLendon, G.; Ragolskyj, P. J. Am. Chem. Soc. 1987, in
press.

(6) An elegant special class of “model systems” is based on proteins which
have been modified by redox active metal complexes (e.g. cytochrome c-His
33-Ru(NH,){**): (a) Winkler, J.; Nocera, D.; Bordignon, E.; Gray, H. B.
J. Am. Chem. Soc. 1982, 104, 5798-5800. (b) Isied, S.; Kuehn, C.; Worosilia,
G. J. Am. Chem. Soc. 1982, 104, 7659.

(7) Mayo, S.; Ellis, W.; Crutchley, R.; Gray, H. B. Science (Washington,
D.C.) 1986, 233, 948-952.

(8) Other examples include: (a) Miller, J; Closs, G.; Calcaterra, L. J. Am.
Chem. Soc. 1984, 106, 3047-3049. (b) Passman, P.; Verhoeven, J.; DeBoerth,
J. Chem. Phys. Let1. 1978, 57, 530. (c) Wasielewski, M.; Niemczyk, M. J.
Am. Chem. Soc. 1984, 106, 5043. (d) Creutz, C.; Kroger, P.; Matsubara, T;
Netzel, T.; Sutin, N. J. Am. Chem. Soc. 1979, 101, 5442,

(9) (a) McLendon, G.; Miller, J. R. J. Am. Chem. Soc. 1985, 107, 7811,
(b) Taylor, K.; McLendon, G. J. Am. Chem. Soc., submitted for publication.
(c) E.g., Hazzard, J.; Tollin, G. Biochemistry 1987, in press.

(10) (a) McGourty, J.; Blough, N.; Hoffman, B. J. Am. Chem. Soc. 1983,
105, 4470-7742. (b) Liang, N.; Pielak, G.; Mauk, A. G.; Smith, M.; Hoff-
man, B. Proc. Natl. Acad. Sci. 1987, 84, 1249-1252.

(11) (a) Vanderkooi, J.; Glats, P.; Casadei, J.; Woodrow, G. Eur. J. Bio-
chem. 1980; 110, 189-196. (b) Thomas, M.; Gervais, M.; Faradon, V ; Valat,
P. Eur. J. Biochem. 1983, 135, 577-581.

(12) (a) capelliere Blandin, C. Eur. J. Biochem. 1982, 128, 533-542. (b)
Capelliere Blandin, C. Biochemie 1986, 68, 745-755.

(13) Recent theoretical treatments have emphasized that solvent repolar-
ization dynamics may control the overall rate of charge transfer: (a) Calef,
D.; Wolynes, P. J. Chem. Phys. 1983, 78, 470-482. (b) Zusman, L. Chem.
Phys. 1980, 49, 295-304. (c) VanderZwan, G.; Hynes, J. T. J. Chem. Phys.
1982, 76, 2993-3001.

(14) (a) McGuire, M.; McLendon, G. J. Phys. Chem. 1986, 90, 2549. (b)
Weaver, M.; Gennett, T. Chem. Phys. Letr. 1985, 113, 213-218. (c) Kosawer,
E. Acc. Chem. Res. 1982, 15, 259-266. (d) Grampp, G. Z. Phys. Chem. 1986,
148, 53-63.

(15) In independent work we have established the redox potentials of Zn
cytochrome ¢ and porphyrin cytochrome ¢ by cyclic voltammetry £°z,. = 0.85
E® poron « = 1.05 including the triplet state energies 3(ch) = 1.6 (porph ¢)
= 1.4 gives E°z,/7,+ = 0.84 E° porphyporpny* = 0.40. Details of this work will
be presented elsewhere (Magner, %.; cLendon, G., submitted for publica-
tion).
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Figure 1. Plot of b, K., vs ~AG for the intra complex electron transfer
between b, and (M)cytc where M = Fe(I1I) 3(Zn*), 3(porph*). The top
solid line shows the dependence predicted by Marcus theory (for A ~ 1

V, as e.g., in cytochrome ¢/cytochrome bs): conditions pH 7 (5 mM Pi),
25 °C.

and Ratner have recently argued that for proteins, redox linked
configurational changes may well be rate limiting.!> In such cases,
the familiar dependence of rate on reaction free energy would not
hold. We now present evidence for such “conformational gating"**
in the reaction of cytochrome ¢ (¢) with cytochrome b, (b,) (yeast
lactate dehydrogenase). This system is of special interest for
several reasons. First the b,/c system has been the subject of long
standing elegant studies by Labeyrie and co-workers.!>!5 Second,
the structure of b, has recently been solved by Matthews,!” and
the prospect exists of obtaining a detailed structure for the com-
plex.!® Finally, well characterized metal substituted cytochrome
¢ derivatives are available, so that AG can be easily varied in the
¢/b, complex.’ Cytochrome c and the derivatives H, porphyrin
cyctochrome ¢ (porph ¢) and Zn(II) cytochrome ¢ (Znc) were
prepared and purified as previously described.*!* Cytochrome
b, was purified from Saccaromyces cervisiae, as described pre-
viously.!® Electron transfer within the preformed Fe''c/Felllh,
complex has been previously studied in two labs. Capelliere
Blandin used stopped flow techniques to measure a rate constant
of 380 s7! at 5 °C between H. anomola cytochrome b,!'/cyto-
chrome ¢ With use of the reported activation energy (3.3 Kcal
M), the rate constant at 25 °C would be 570 s!. For horse
cytochrome ¢, the rate is reported to decrease about fourfold.'!®

In the present work we have used the lumiflavin chemistry
pioneered by Tollin and Cusanovich® to photochemically reduce
cytb, and follow electron transfer within a preformed (horse) ¢/b,
complex and find a rate constant of 200 + 80 s™! under our
conditions (25 °C, pH 7, 5 mMPi) in reasonable agreement with
previous work. Thus, while the rate of intracomplex electron
transfer is sensitive to the primary sequence of the protein and
perhaps to specific solution conditions as well, a range of rates
of 600 + 300 s™! encompass all these variations for the native
Fellb,/Fe'lc reaction. In order to better characterize the pa-
rameters which control electron transfer in the cytc/cytb, system,
we have utilized redox photoactive derivatives®!° (e.g., Znc) which
provide a range of reaction free energies: for the porphc/b;
complex AG = -0.4 V, for the Znc/b, complex AG = 0.8 V. As
discussed in detail elsewhere,>!! the Znc and porphc derivatives
are essentially isostructural with the native cytochrome ¢. They
form strong, specific complexes with cytochrome b,, as shown by
fluorescence energy transfer experiments.!' Furthermore, both
Znc and porphc act as strong competitive inhibitors in steady-state
enzyme assays of the lactate/b,/Fec reaction:!* for Znc we find
K= K, = 10 uM. The available evidence thus suggests that Fec,
Znc, and porphe all form equivalent complexes with cytochrome
b, and the electron-transfer rates among these complexes should

(16) Hoffman, B.; Ratner, M. J. 4m. Chem. Soc., 1987, in press.

(17) (a) Baudras, A.; Capeilliere Blandin, C.; Iwatsuba, M.; Labeyrie, F.
In Structure and Function of Oxidation Reduction Enzymes; Akeson, A.,
Ehrenberg, S., Eds.; Pergamon: 1972; Vol. 18.

(18) Xia, X.; Shamala, N.; Bethoe, P.; Lim, L.; Bellamy, H; Yuong, N.
A.; Lederer, F.; Matthews, B. Proc. Natl. Acad. Sci. U.S.A. 1987, 84,
2629-2633.
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proceed by similar mechanisms. Both theory and previous ex-
perimental results on other protein complexes suggest that the
large change in AG between b,/Fec and b,/ Znc should result in
correspondingly large differences in electron-transfer rates. To
our surprise, and in contrast to other protein systems,’*1° reaction
rates for these ¢/b, complexes are essentially independent of AG
over this wide range (Figure 1: k7, = 600 (£ 200) sk porph/b)
= 700 (£100) s)!

We believe these results offer compelling support for the im-
portance of conformational control of reaction rates, in a complex
formed between physiological protein reactants. In the “gating”
mechanism proposed by Hoffman and Ratner,'¢ the overall re-
action rate can be controlled by the rate of formation of “redox
active” conformation within the complex, and this need not depend
on those factors like free energy and electronic coupling of
strengths which normally govern electron transfer rates. The
current results are fully consistent with this theory.?® We note
that the existence of such conformational “upper limits” to reaction
may exist even when a normal dependence of rate or free energy
is observed, as in the cytochrome ¢/cytochrome b5 complex,’ which
could lead to lower overall rates than would be expected in the
absence of such conformational barriers. The source of such
conformational barriers remains unclear. We are currently un-
dertaking studies by using site directed mutagenesis to help clarify
this and related questions.
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(20) Obviously, other theoretical incarnations based, for example, on recent
treatments of solvent reorientation’? might also explain our data.

(21) The large quoted uncertainties (70%) reflect the range of values found
with independent preparations of b, from different yeast sources. Multiple
determinations on single samples were precise to <5%. Possible mechanisms
for the rate increase on binding to 4, include enhanced nonradiative decay
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Nitric oxide has frequently been used as a probe molecule for
assessing the adsorbed state of catalytically active metallic species
on the surface or in the bulk of oxides and zeolites.! In the case
of cobalt?® and iron,'!? a pair of infrared bands near 1900 cm™

*On leave from Laboratoire de Spectroscopie, Faculté des Sciences, Li-
moges, France.
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