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68.2 ppm ((CD3)2CO) with JCH = 1 7 1 and JCw = 3 Hz. 
Reasonable structures may be proposed for 1, 2, and 3, as 

shown below. Compound 3 appears entirely analogous to the 
previously known ethylidyne compound H3Os3(CO)9(CCH3).7 
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The structure for 2 incorporates features displayed by 
HOs 3 (CO)Io(CHCH 2 PPhMe 2 ) 8 and H2Os3(CO)9-
(C=CH 2 ) . 9 . 1 0 Although the 1H and 13C NMR signals ob
served for the bridging methylene in [CpMn(CO)2]2CH2 (T 
1.35,153 ppm) U a are downfield of those for 2, the analogous 
signals for the terminal methylene in Cp2Ta(CH3)(CH2) 
(-0.22, 228 ppm) l l b are even further downfield. The structure 
proposed for 1 is least certain but modeled after that estab
lished for H2Os3(CO)1 0 .1 2 Alkyl ligands bridging two transi
tion metals are rare, but not unknown,13 and the upfield posi
tion of the 1H N M R signal for the methyl ligand in 1 is quite 
distinct from the positions for the methyl groups in the series,14 

HOs(CO)4(CH3), HOs2(CO)8(CH3), and Os3(CO)i2(CH3)2 

(all about T 9.7).15 Studies in progress are aimed at further 
characterizing the structures of 1 and 2 as well as the reactivity 
of all three compounds.20 

Acknowledgments. This work was supported by the National 
Science Foundation (Grant CHE 75-14460). We thank En
gelhard Industries for a loan of osmium tetroxide. 

References and Notes 

(1) Activation of Hydrocarbons by Unsaturated Metal Cluster Complexes. 6. 
Part 5: M. Tachikawa and J. R. Shapley, J. Organomet. Chem., 124, C19 
(1977). 

(2) See especially (a) N. J. Cooper and M. L. H. Green, J. Chem. Soc., Chem. 
Commun., 761 (1974). Recent reviews are (b) P. J. Davidson, M. F. Lappert, 
and R. Pearce, Chem. Rev., 76, 219 (1976); (c) R. R. Schrock and G. W. 
Parshall, ibid., 76, 243 (1976). See also (d) E. L. Muettertles and P. L. 
Watson, J. Am. Chem. Soc., 98,4665 (1976); (e) T. Ikariya and A. Yama-
moto, J. Organomet. Chem., 118,65 (1976); (f) R. R. Schrock, ibid., 122, 
209(1976). 

(3) For representative discussions, see (a) J. R. Anderson and B. G. Baker in 
"Chemisorption and Reactions on Metallic Films", J. R. Anderson, Ed., 
Academic Press, New York, N.Y., 1972, Chapter 8; (b) J. H. Sinfelt, 
Science, 195, 641 (1977); (c) M. A. Vannice, J. Catal., 37, 462 (1975). For 
a recent theoretical discussion, see (d) A. B. Anderson, J. Am. Chem. Soc., 
99, 696 (1977). 

(4) J. B. Keister and J. R. Shapley, J. Am. Chem. Soc, 98, 1056 (1976). 
(5) J. W. Faller in "Determination of Organic Structures by Physical Methods", 

Vol. V., F. C. Nachod and J. J. Zuckerman, Ed., Academic Press, New York, 
N.Y., 1973, Chapter 2. 

(6) Cf. H2Os3(CO)10L: (a) J. R. Shapley, J. B. Keister, M. R. Churchill, and B. 
G. DeBoer, J. Am. Chem. Soc, 97,4145 (1975); (b) A. J. Deeming and S. 
Hasso, J. Organomet. Chem., 114, 313 (1976). 

(7) (a) A. J. Deeming and M. Underhill, J. Chem. Soc, Chem. Commun., 277 
(1973); (b) J. P. Yeslnowskl and D. Bailey, J. Organomet. Chem., 65, C27 
(1974). 

(8) M. R. Churchill, B. F. DeBoer, J. R. Shapley, and J. B. Keister, J. Am. Chem. 
Soc, 98, 2357 (1976). 

(9) A. J. Deeming and M. Underhill, J. Chem. Soc, Dalton Trans., 1415 
(1974). 

(10) A slightly different structure has been proposed recently for the species 
formulated as H2Ru3(CO)1O(CH2): C. R. Eady, B. F. G. Johnson, and J. Lewis, 
J. Chem. Soc, Dalton Trans., 477 (1977). 

(11) (a) W. A. Herrmann, B. Relter, and H. Biersack, J. Organomet. Chem., 97, 
245 (1975); (b) R. R. Schrock, J. Am. Chem. Soc, 97, 6577 (1975). 

(12) R. Mason and D. M. P. Mingos, J. Organomet. Chem., 50, 53 (1973). 
(13) See J. Holton, M. F. Lappert, D. G. H. Ballard, R. Pearce, J. L. Atwood, and 

W. E. Hunter, J. Chem. Soc, Chem. Commun., 480 (1976), and references 
therein. 

(14) J. Evans, S. J. Okrasinskl, A. J. Prlbula, and J. R. Norton, J. Am. Chem. Soc, 
98, 4000 (1976). 

(15) It is interesting and perhaps significant that the methyl signal for 
KaIIyI)NKCH3)] 2 appears at T 12.1, whereas the signal for (allyl)Ni(CH3)PMe3 
is at 9.7. la Other known compounds13 for which NMR data are available 
do not show a large upfield shift for the bridging alkyl but also do not involve 
metal centers with partially filled d shells. 

The possibility that the methyl ligand In 1 Is terminal but experiences 
an anisotropic field generated by the osmium-osmium double bond cannot 
be eliminated. However, we note that the terminal methyl ligands in 
[ WMe(NEt2J2] 2, which are adjacent to a tungsten-tungsten triple bond, do 
not show 1H (or 13C) NMR signals shifted to unusually high field.17 

Another possible explanation for the high-field signal would be a structure 
Involving an unsymmetrical O s - C - H - O s bridge. There is a broad band 
at 2520 c m - 1 in the Infrared spectrum of "Os3(CO)10(CH4)", both In a KBr 
pellet and In CCI4 solution. However, the band does not diminish in Intensity 
nor appear at a lower frequency In the spectrum of "Os3(CO)10(CH2D2)", 
which may Indicate that it is a combination of i<00 + VMC- The methyl 1H 
NMR signal of 1 is somewhat broader at - 8 0 0C than at - 2 0 0C (relative 
to the Internal TMS signal), but solubility problems have prevented us from 
operating at lower temperatures. Thus, at present there Is no evidence, 
of the sort obtained for the molybdenum pyrazolylborate complexes,1819 

that a C—H-Os interaction exists. 
(16) (a) B. Bogdanovic, H. Bbnnemann, and G. Wllke, Angew. Chem., Int. Ed. 

Engl., 5, 582 (1966); (b) K. Fischer, K. Jonas, P. Misbach, R. Stabba, and 
G. Wllke, IbId., 12, 943 (1973). 

(17) M. H. Chisholm, F. A. Cotton, M. Extlne, M. Millar, and B. R. Stults, lnorg. 
Chem., 15, 2244 (1976). 

(18) (a) F. A. Cotton, T. LaCour, and A. G. Stanislowski, J. Am. Chem. Soc, 96, 
754 (1974); (b) F. A. Cotton and A. G. Stanislowski, IbId., 96, 5074 
(1974). 

(19) S. Troflmenko, lnorg. Chem., 9, 2493 (1970). 
(20) The sequence 1 — 2 - • 3 is very likely involved In the pyrolysis of 

HOs3(CO)10C(O)CH3, from which 3 has been isolated recently: A. J. 
Deeming, personal communication. 

R. Bruce Calvert, John R. Shapley* 
Department of Chemistry, University of Illinois 

Urbana, Illinois 61801 
Received April 8, 1977 

Electron Transfer. 28. A Four-Membered in Vitro 
Electron-Transport Chain 

Sir: 

Although the formal similarity between in vivo electron-
transport chains and electron-transfer reactions catalyzed by 
an external organic species in solution has been noted,1 the 
latter processes may at best be considered highly abbreviated 
models of the bio systems, for they involve, aside from the metal 
ion centers furnishing the driving force for net reaction, only 
a single catalytic intermediary. We here report expansion of 
the in vitro electron-transfer chain to four members by inclu
sion of two catalysts, exhibiting a combined action far more 
marked than the sum of their individual effects. 

Table I lists the rates at which Co(en)3
3+ is reduced by Eu2 + 

in the absence of catalysis and in the presence of isonicotin-
amide (IN) alone and methyl viologen (MV) alone, and in the 
presence of both. 

CONH2 

H3CN ®-® Y 
NCH3 

MV 

Table I. Catalyzed Reductions of Co(en)3
3+ by Eu2+, 25 °C 

[Isonicotinamide], 
M [Methyl viologen], M Rate, M s"' X IQ6 " 

O 
0.0127 
O 
0.0127 

O 
O 

5.13X 10-4 

5.13X 10"4 

0.01 
2.3 
7.8 

84 

" Reactions were carried out in 1 M HClO4: [Eu2+], 0.020 M; 
[Co1"], 0.00167 M; [Eu3+], 0.03 M. Reaction progress was monitored 
spectrophotometrically at 465 nm.1 
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Table II. Kinetic Data for the Europium(II) Reduction of Co(en)3
3+, as Catalyzed by Combinations of Isonicotinamide and Methyl 

Viologen, 25 " C 

[Eu2+], MXlO 2 [IN], M X IQ2 [MV], M X IQ4 [Eu3+], M X IQ2 kobsd
b £ca|cd

f 

2.00 0 0 0 0.0008 
2.00 1.27 0 3.00 0.14 
2.00 1.20 5.13 3.00 5.0 5.0 
1.00 1.20 5.13 4.00 2.7 2.6 
3.00 1.20 5.13 3.00 6.9 7.7 
2.00 6.00 5.13 3.00 5.0 5.0 
2.00 1.71 5.13 3.00 5.0 5.0 
2.00 1.20 7.70 3.00 6.9 7.7 
2.00 1.20 5.13 2.00 6.9 7.7 
2.00 1.20 5.13 3.00 5.0 5.0 
2.00 1.20 5.13 4.00 4.0 3.8 
1.33 1.20 2.57 3.00 1.9 1.7 

" Reactions were carried out in 1 M HClO4: [Co(en)3
3+]0, 1-67 X 10~3 M throughout. * Pseudo-first-order rate constants (s_ l X 102) = 

(-(![Co'iiJ/dOtCo1"]-1. ^caicd (in S-1 X 102) = 1.5 X 102[Eu2+][MV][Eu3+]-' (see text). 

The proposed catalytic sequence is 

Eu2 + + IN —n Eu3 + + IN- (1) 

k-i 

IN- + MV ^ k IN + MV- (2) 
A-2 

MV- + Co111 —W Co 2 + + MV (3) 

In earlier studies,1'2 k\ has been estimated as 2.0 M - 1 s_1, k-\ 
as 5 X 105, and k3 as 5 X 104 M - 1 s_ 1 . The reaction of the 
viologen with Eu2 + , and that of radical IN- with Co(en)3

3+ , 
may be neglected in comparison with steps 1 and 3.3 Appli
cation of the steady-state approximation to radicals IN- and 
MV- leads to the rate expression 

- d [ C o m ] = Jk1Jk2^a[IN] [MV] [Eu2+] [Co111] 
At A:_iA:-2[Eu3+][IN] +Mr 3 [MV][Co 1 1 1 ] ( ) 

+ Zt-IZt3[Eu3+][Co111] 

From the reduction potentials of the two catalysts in this me
dium (IN, -0 .66 V4-7; MV, -0 .51 V8), ki/k-2 may be cal
culated to be 330. Assuming that k2, associated with a ther-
modynamically favored electron transfer between two conju
gated organic species, exceeds 10* M - 1 s - 1 , 9 the first term in 
the denominator of (4) may be shown to predominate when 
Eu2 + is in excess, leading to the simplified expression 

- d [ C o u l ] _ JkI^2Jk3[MV][Eu2+][Co111] 
dt /t_,/t-2[Eu3+] ( ) 

which corresponds algebraically to the observed rate law under 
these conditions. Representative kinetic data are presented in 
Table II; note the zero-order dependence on [IN]. The ratio 
kxk2ki/k-\k-i is calculated to be 0.7 X 102 M - 1 s_1 , which 
may be taken to be in reasonable agreement with our observed 
rate constant, 1.5 X 1 0 2 M - 1 s_ 1 , when the large uncertainty 
in k^k-2 (reflecting the uncertainty in the reduction potential 
for IN) is considered. 

With Co(en)3
3 + in large excess, the second term in the de

nominator of eq 4 predominates, and the kinetic behavior of 
the reaction approaches that with isonicotinamide alone. 
Moreover, with Eu2 + in deficiency no inhibition by Eu3 + is 
detectable, even when [Eu 3 +] / [MV] = 200, indicating that 
k^Jk-i » 200 or that k2 > 108 M" 1 s"1. 

Both IN- and MV- react rapidly and completely with 

Co(en)3
3+ . The enhanced effectiveness of the two catalysts in 

tandem arises because MV-, the radical with the greater 
steady-state concentration, is generated by Eu2 + (necessarily 
by an outer-sphere path) at the lower specific rate. In effect, 
isonicotinamide, for which an inner sphere path is available 
and almost certainly preferred,10'11 catalyzes the formation 
of MV', the predominant species reacting with Co(III). 

Synergism of this type is to be anticipated with other com
binations of inner- and outer-sphere catalysts; varieties of both 
kinds have been characterized.1,2 However, the search for an 
analogous three-catalyst system is expected to be less 
straightforward, for the combined effectiveness of the three 
must exceed not only the sum of the individual catalyses, but 
also the action of any member in conjunction with the combi
nation of the remaining two. 
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