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stoichiometry of which is still being studied, a high conversion 
to Cp3Rh3(CO)2(CR)+ appears to occur without formation of 
CpRh(CO)2.

9 

Stirring a solution of Cp3Rh3(CO)2(CH)+PF6- under an at
mosphere of 13CO at 40 0C leads to 13CO enrichment without 
significant decomposition over ca. 2 days. More elevated tem
peratures, however, do lead to decomposition. Significantly, 
treatment of Cp3Rh3(CO)2(CH)+ with LiHBEt3 under a CO 
atmosphere regenerates the Cp2Rh2(CO)2(CH2), apparently by 
hydride attack at the methylidyne carbon; CpRh(CO)2 and C3t) 
Cp3Rh3(CO)3 are formed also. Additional reactions of these 
cationic alkylidyne complexes are being examined. 
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(9) As this work was being prepared for publication, we learned that 
Professor Herrmann and co-workers (Regensburg) also have observed the 
transformation of Cp2Rh2(CO)2(CH2) into [Cp3Rh3(CO)2(CH)I+. Fur
thermore, they have obtained evidence that the reaction is initiated by pro-
tonation of the Rh-Rh bond, forming a hydrido-methylene complex, which 
then rearranges to a methyl species: Herrmann, W. A., et al. Angew. Chem., 
Int. Ed. Engl., in press. Herrmann, W. A.; Plank, J.; Ziegler, M.; Balbach, 
B. J. Am. Chem. Soc. 1980, 102, 5908. 
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Reaction of Diaryldiazomethanes with a Metal-Metal 
Triple Bond: Synthesis, Structural Characterizations, 
and Reactivity of Novel Bridging Diazoalkane and 
Alkylidene Complexes 

Sir: 
The reactions of diazoalkanes with organotransition-metal 

complexes, an area of growing interest,1 have involved primarily 
mononuclear reactants. To our knowledge there have been no 
reported studies of diazoalkane reactions with metal-metal 
multiply bonded compounds. We wish to report the first example 
of such a reaction, in which the product has a new and unusual 
mode of diazoalkane coordination, and the clean conversion of 
the product to a novel species containing a bridging alkylidene2 

ligand. Although alkylidene complexes have been isolated pre
viously from the reaction of diazoalkanes with metal complexes, 
our work also represents the first instance in which an intermediate 
diazoalkane complex has been characterized. 

The reaction of Cp2Mo2(CO)4
3 (1; Cp = Jj-C5H5) with either 

diphenyl- or bis(p-tolyl)diazomethane in CH2Cl2 at room tem
perature afforded in >90% yield the green diazoalkane adducts 
2 (eq 1) which are air stable in the solid state. Analogous com-

Cp2Mo2(CO)4 + R2CN2 — Cp2Mo2(CO)4(N2CR2) (1) 
1 2a, R = Ph 

2b, R = P-MeC6H4 

(1) Herrmann, W. A. Angew. Chem., Int. Ed. Engl. 1978,17, 800-812 and 
references therein. 

(2) "International Union of Pure and Applied Chemistry, Nomenclature 
of Organic Compounds, Sections A, B, and C"; Butterworths: London, 1971; 
rule A.4. 

(3) Klingler, R. J.; Butler, W. M.; Curtis, M. D. / . Am. Chem. Soc. 1978, 
100, 5034-5039. 

Figure 1. Two views of the molecular core of 2a. The second view is 
obtained by rotating the first ~90° such that MoI is directly in front 
of Mo2. The Cp groups, the three remaining carbonyl groups, and all 
phenyl carbons except CipM are omitted for clarity. Bond distances are 
in angstroms, bond angles in degrees. 

plexes can be prepared from (J)-C5H4Me)2Mo2(CO)4. Elemental 
analysis, 1H and 13C NMR spectroscopy, and infrared spectros
copy1 were consistent with this adduct formulation and suggested 
a structure, confirmed by single-crystal X-ray diffraction, with 
a diazoalkane bridge between the two molybdenum atoms. The 
principal features of the structure,5 shown in Figure 1, are (1) 
a novel N(terminal) diazoalkane bridge with approximately planar 
coordination about Nl, (2) asymmetry in the metal-bridge dis
tances which suggests multiple bonding character in the MoI-Nl 
bond, and (3) a semibridging6 carbonyl group, trans to the dia
zoalkane bridge, which reduces charge asymmetry between the 
two singly bonded molybdenum atoms. Nl acts presumably as 
a four-electron donor,7 with two electrons involved in a double 
bond to MoI and two electrons in a dative bond to Mo2; other 
canonical forms may contribute to the ground-state electronic 
structure. The adducts 2 are fluxional in solution on the 1H and 
13C NMR time scales at room temperature, with a AG* for cy-
clopentadienyl group equilibration in 2a at the coalescence tem
perature (241 K) of 6.3 ± 0.1 kcal mol"1 as determined by var
iable-temperature 1H NMR studies. 

These adducts can be thermally decomposed in solution (C6H6, 
60 0C) with loss of dinitrogen to afford the stable red (x-diaryl-
methylene complexes 3 (eq 2) in high yield. Their formulation 

Cp2Mo2(CO)4(N2CR2) -^ Cp2Mo2(CO)4(CR2) + N2 (2) 
3a, R = Ph 

3b, R = P-MeC6H4 

(4) Anal. Calcd for Mo2C27H20O4N2: C, 51.60; H, 3.21; N, 4.46. Found: 
C, 50.41; H, 3.19; N, 4.16. 1H NMR (6, C6D5CD3, -70 0C, 89.56 MHz) 4.69 
(s, 5, Cp), 4.94(s, 5, Cp), 6.37-6.45(br d, 4, H0), 6.85-7.78 (m, Hm and H,); 
13C NMR (S, CDCl3, -38 0C, 22.5 MHz, I1Hj) 93.7 (s, CN2), 95.5 and 97.3 
(s, Cp and Cp'), 127.8,128.5,129.1, 131.5, 135.8, and 136.2 (s, Ph and Ph'), 
and 247 and 241 (br s, CO and CO'); IR (cm"1, KBr) 1970 m, 1925 s, 1845 
s, 1815 m (xco). 1535 w >-c.N). 

(5) 2a crystallizes from a cooled CH2C12/CSH14 solution in the monoclinic 
space group Pl1Jn (No. 13) with lattice constants a = 11.847 (4) A, b = 
10.407 (3) A, c = 20.572 (6) A, /8 - 97.81 (2)°, Z = 4, and V= 2513 (1) 
A3; Poaicd = 1-64 g cm"3, p0i„| = 1.64 g cm"3 (flotation). The structure was 
refined to anisotropic convergence by using 2306 reflections with / > ia(I); 
the final R value was 0.048 and the weighted R value was 0.059. 

(6) (a) Curtis, M. D.; Han, K. R.; Butler, W. M. Inorg. Chem. 1980,19, 
2096-2101. (b) Cotton, F. A.; Kruczynski, L.; Frenz, B. A. / . Organomet. 
Chem. 1978, 160, 93-100. 

(7) Curtis, M. D.; Klingler, R. J. J. Organomet. Chem. 1978,161, 23-37. 
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Figure 2. Two views of the molecular core of 3b. The second view is obtained by rotating the first 
The Cp groups and the three remaining carbonyl groups are omitted for clarity. 

-90° such that MoI is directly in front of Mo2. 

as bridging alkylidene ligands is supported by elemental analysis,8 

which showed the absence of nitrogen, 1H and 13C NMR spec
troscopy,8 and single-crystal X-ray diffraction.9 These complexes 
are also fluxional in solution, as shown by 1H and 13C NMR 
spectroscopy. At -66 0C the cyclopentadienyl group singlet in 
the 25 0C 1H NMR spectrum of 3a split into a doublet consistent 
with inequivalent Cp groups. The diphenylmethylene C„ signal 
at 5 176.0 in the 13C NMR spectrum of 3a was found in the same 
range as that reported for /̂ -diphenylmethylene ligands in several 
dinuclear rhodium complexes;10 in addition, the slow exchange 
limit 13C NMR spectrum of 3b showed 4 carbonyl resonances, 
12 resonances for the inequivalent aryl groups, and 2 aryl methyl 
resonances. Key features from the crystal structure determination 
(Figure 2) of 3b are (1) a Mol-Mo2 distance of 3.087 (2) A 
consistent with a single bond," (2) a semibridging6 carbonyl group 
approximately trans to the /̂ -methylene carbon CB, and (3) a novel 
distortion of the bridging methylene group which brings the edge 
of one of the p-tolyl groups into bonding distance to MoI and 
results in a bond distance alternation in the interacting aryl group. 
The asymmetry about CB and the T interaction of the aryl group 
with MoI suggest an r;3-allyl type structure where the terminal 
allylic atom (CB) is also V-bonded to Mo2. Indeed, there are 
remarkable bond distance similarities between the aryl CB/Mol 
interaction in 3b and the r;3-benzyl complex, CpMo(CO)2-
(CH2C6H4-P-Me).12 

(8) 3a: Anal. Calcd for Mo2C27H20O4: C, 54.01, H, 3.36; N, 0.00. 
Found: C, 55.23; H, 3.63; N, <0.1. 1H NMR (S, C6D6, 25 0C, 360 MHz) 
4.270 (s, 10, Cp), 6.545 (v br s, 4, HJ, 6.688 (t, 2, /«„ = 8 Hz, H,), and 6.898 
(t, 4, / „ H = 8 Hz, H J ; 13C NMR (S, CD2Cl2 -60 0C, 90.56 MHz, (1H)) 88.8, 
110.8-157.4 (Ph and Ph'), 94.9 and 98.2 (Cp and Cp'), 174.9 (C0), and 241.7, 
244.1, 251.1, and 251.7 (CO). 

(9) 3b crystallizes (from toluene/methylcyclohexane as the toluene solvate) 
in the triclinic space group Pl (No. 2) with lattice constants a = 18.481 (8) 
A, b = 19.095 (5) A, c = 10.065 (3) A, a = 90.01 (2)°, $ = 105.76 (3)°, y 
= 117.01 (3)°, Z = 4, and K= 3013.6 (1.8) A3; p c d = 1.55 g c m " 3 , ^ = 
1.56 gem"3 (flotation). The structure was refined to anisotropic convergence 
on 17 atoms (isotropic on all others) by using 6085 reflections with / > 3<r(7); 
final R value was 0.057 and the weighted R value was 0.078. 

(10) Yamamoto, T.; Garber, A. R.; Wilkinson, J. R.; Boss, C. B.; Streib, 
W. E.; Todd, L. J. J. Chem. Soc, Chem. Commun. 1974, 354-356. 

(11) (a) Adams, R. D.; Collins, D. M.; Cotton, F. A. Inorg. Chem. 1974, 
13, 1086-1090. (b) Klingler, R. J.; Butler, W. M.; Curtis, M. D. / . Am. 
Chem. Soc. 1978, 100, 5034-5039 and references therein. 

All present experimental evidence is consistent with intramo
lecular loss of dinitrogen from the diazoalkane adduct. Obser
vation by spectrophotometry of an isosbestic point at 554 nm 
during conversion of 2a to 3a demonstrated the absence of any 
appreciable concentration of an intermediate. Heating a benzene 
solution containing a mixture of either 2a and (C5H4Me)2Mo2-
(CO)4 or 2a and (C5H4Me)2Mo2(CO)4[N2C(C6H4-P-Me)2] 
yielded only the direct products; no cross products 
((C5H4Me)2Mo2(CO)4(CPh2) in the former, Cp2Mo2(CO)4[C-
(C6H4-P-Me)2] and (C5H4Me)2Mo2(CO)4(CPh2) in the latter) 
were observed in either case. These results, coupled with the 
observation that (p-MeC6H4)2CN2 itself showed no evidence of 
decomposition under the thermolysis conditions, ruled out a route 
involving prior dissociation of the diazoalkane from 2, decom
position of the diazoalkane to form a free carbene, and trapping 
of the carbene by 1. We currently favor a cyclic transition state 
(I) from which dinitrogen is evolved; similar 1,3-dipolar additions 

CP(OC)2MO=IJIO(CO)2CP 

I 

are observed in reactions of diazoalkanes with carbon-carbon 
unsaturated systems.13 

The /i-alkylidene ligand in 3 has been found to be a reactive 
species toward several small molecules. The addition of dihydrogen 
(45 psi, 50 0C) to 3a resulted in cleavage of the alkylidene from 
the metals; diphenylmethane and 1 were obtained in high yield. 
Interestingly, the use of a D2/H2 mixture in the hydrogenolysis 
reaction yielded Ph2CHD in addition to Ph2CH2 and Ph2CD2. 
This labeling experiment demonstrates that the cleavage of R2CH2 
is not concerted, but it is premature to speculate on the mechanism. 
Carbon monoxide also cleaved off the diphenylmethylene moiety 
under the same mild conditions to give Cp2Mo2(CO)6, the product 
from carbonylation of 1, and diphenylketene. 

(12) (a) King, R. B.; Fronzaglia, A. J. Am. Chem. Soc. 19«, 88, 709-712. 
(b) Cotton, F. A.; LaPrade, M. D. Ibid. 1968, 90, 5418-5422. 

(13) Overberger, C. G.; Anselme, J.-P.; Lombardino, J. G. "Organic 
Compounds with Nitrogen-Nitrogen Bonds"; Ronald Press: New York, 1966; 
p56. 
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Transition-metal complexes have been used extensively to 
catalyze the transfer of carbene moieties from diazoalkanes to 
olefins.1,14 It is often assumed that the metal center attacks the 
unique carbon of the diazoalkane, displacing N2. The results 
reported here suggest that this view may be naive; the catalytically 
active species may be N bonded or polynuclear. 

Complexes containing jt-alkylidene ligands are a small but 
growing class of compounds of considerable chemical15 and the
oretical16 interest, and their reaction chemistry is still largely 
unexplored.17 Pettit et al. have recently stressed the role of 
bridging alkylidenes in Fischer-Tropsch reductions of carbon 
monoxide to alkanes.18 

Further chemistry of complexes of types 2 and 3 bearing on 
these points will be reported in the near future. 
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(14) Kirmse, W. "Carbene Chemistry", 2nd ed.; Academic Press: New 
York, 1971. 

(15) (a) Fischer, E. 0.; Kiener, V.; Fischer, R. D. / . Organomet. Chem. 
1969, 16, P60-P63. (b) Creswick, M.; Bernal, I.; Herrmann, W. A. Ibid. 
1979, 172, C39-C42. (c) Herrmann, W. A.; Krurger, C; Goddard, R.; 
Bernal, I. Ibid. 1977, 140, 73-89. (d) Herrmann, W. A.; Schweizer, I.; 
Creswick, M.; Bernal, I. Ibid. 1979,165, C17-C20. (e) Hong, P.; Nishii, N.; 
Sonogashira, K.; Hagihara, N. / . Chem. Soc, Chem. Commun. 1972, 993. 
See also: ref 11 and Ueda, H.; Kai, Y.; Yasuoka, N.; Kasai, N. Bull. Chem. 
Soc. Jpn. 1977, 50, 2250-2254. (f) Schultz, A. J.; Williams, J. M.; Calvert, 
R. B.; Shapley, J. R.; Stucky, G. D. Inorg. Chem. 1979, 18, 319-323. (g) 
Brown, M. P.; Fisher, J. R.; Franklin, S. J.; Puddephatt, R. J.; Seddon, K. 
R. J. Chem. Soc, Chem. Commun. 1978, 749-751. (h) Ashworth, T. V.; 
Berry, M.; Howard, J. A. K.; Laguna, M.; Stone, F. G. A. Ibid. 1979, 43-46. 
(i) Fischer, E. 0.; Lindner, T. L.; Fischer, H.; Huttner, G.; Friedrich, P.; 
Kreissl, F. R. Z. Naturforsch. B. 1977, 32, 648-652. (j) Levisalles, J.; Rudler, 
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(16) (a) Hofmann, P. Angew. Chem., Int. Ed. Engl. 1979, 18, 554-556. 
(b) Shaik, S.; Hoffmann, R.; Fisel, C. R.; Summerville, R. H. / . Am. Chem. 
Soc 1980, 102, 4555-4572. 

(17) (a) Tebbe, F. N.; Parshall, G. W.; Reddy, G. S. / . Am. Chem. Soc. 
1978, 100, 3611-3613. (b) Hursthouse, M. B.; Jones, R. A.; Abdul Malik, 
K. M.; Wilkinson, G. Ibid. 1979, 101, 4128-4139. (c) Sumner, C. E.; Riley, 
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I R = [CH2CH2CH2CH(CH3)] CH3 

R=CH3 

antioxidant activity in vitro.4 The apparent "discrepancy" between 
the high in vivo vitamin E activity of 1 and its apparently low in 
vitro antioxidant activity has generally been accepted uncritically. 
This is surprising because 1 has just those structural features in 
its phenolic moiety which would lead one to predict that it would 
be a highly efficient chain-breaking (peroxyl radical trapping) 
antioxidant.5,6 That is, inhibition by phenols involves reactions 
1 and 2,5 and the magnitude of the rate constant for the rate 

ROO- + ArOH 

ROO- + ArO-

ROOH + ArO- (1) 

nonradical products (2) 

controlling step, km)l, has been shown, in a comprehensive survey 
of the effect of ring substituents on the rate of reaction (I),6 to 
be increased by a 4-methoxy group and by methyl groups in the 
2, 3, 5, and 6 positions.7 Furthermore, chain transfer via ArO-
(which reduces the effectiveness of ArOH) is retarded when the 
phenoxyl oxygen is sterically protected by alkyl groups in the 2 
and 6 position.5b,5c Chain transfer is also retarded by the elec
tron-donating 4-methoxy group.5b 

In an attempt to reconcile the structure of 1 with its purported 
low in vitro antioxidant activity, we have measured kinii for 1 in 
the well-proven autoxidation system of styrene under 760 torr of 
O2, thermally initiated with azobis(isobutyronitrile).6'8 The 
standard induction period method9 showed that 1, like the majority 
of phenols,5'6'83'10 reacts with two peroxyls, i.e., the stoichiometric 
factor («) is 2.0, as would be expected for reactions 1 and 2. For 
1 at 30 0C, fcfah = (23.5 =•= 5.0) X 105 M"1 s"\ which indicates that 
it is an extremely efficient phenolic chain-breaking anti-
oxidant,5,6'8"'11 just as we anticipated. Deuteration of the phenolic 
hydrogen in the usual way6'8a reduces the antioxidant activity of 
a-tocopherol, kinb

H/kiTliP = 4.0 ± 0.5, showing that H-atom ab
straction (reaction 1) is rate controlling, as with other phenols. 

We expected that 4-methoxy-2,3,5,6-tetramethylphenol, 2, 
would be equally reactive. This phenol has n ~ 2.0 and k^/k^P 
= 10.6 ± 3.7, but to our great surprise it has kinb = (2.) ± 0.2) 
X 105 M"1 s"1 at 30 0C. To discover whether the "vital force" 
(magic) of 1 resides in the phytyl side chain (R in 1) or in the 

Antioxidant Activity of Vitamin E and Related Phenols. 
Importance of Stereoelectronic Factors1 

Sir: 
There is now a rather general agreement that a-tocopherol (1), 

the major component2 of vitamin E, functions as an efficient 
inhibitor of lipid peroxidation in vivo,3 but there is widespread 
confusion regarding its absolute antioxidant effectiveness in vitro. 
Comparisons of 1 with other natural and synthetic phenols have 
usually led to the conclusion that it has only a rather modest 

(1) Issued as N.R.C.C. 18858. 
(2) Generally ~85%; the other three components (/3-, y-, and 5-tocopherol) 

are close structural relatives to 1. 
(3) (a) Vitamins 1972, 5, 166-317. (b) Bieri, J. G.; Farell, P. M. Vitam. 

Horm. (NY.) 1976, 34, 31. (c) Scott, M. L. In "The Fat-Soluble Vitamins"; 
DeLuca, H. F„ Ed.; Plenum: New York, 1978; pp 133-210. (d) "Tocopherol, 
Oxygen and Biomembranes"; de Duve, C, Hayaishi, 0., Eds.; Elsevier: 
Amsterdam, 1978. 

(4) Chipault, J. R. In "Autoxidation and Antioxidants"; Lundberg, W. 0., 
Ed.; Interscience: New York, 1962; Vol. 2, Chapter 12, pp 477-542. 

(5) For reviews of autoxidation inhibition by phenols, see: (a) Ingold, K. 
U. Chem. Rev. 1961, 61, 563. (b) Mahoney, L. R. Angew. Chem., Int. Ed. 
Engl. 1969, 8, 547. (c) Ingold, K. U. Spec. Publ. Chem. Soc. No. 24 1971, 
285. (d) Howard, J. A. In "Free Radicals"; Kochi, J. K. Ed.; Wiley: New 
York, 1973; Vol. 2, Chapter 12, pp 3-62. 

(6) Howard, J. A.; Ingold, K. U. Can. J. Chem. 1963, 41, 2800. 
(7) Values of /cinh for ring substituted ArOH can be correlated via the 

Hammett equation using Brown's a* substituent constants.6 Phenols having 
different degrees of steric protection of the OH group give different correlation 
lines, but all have a large negative slope,6 i.e., p is negative. 

(8) (a) Howard, J. A.; Ingold, K. U. Can. J. Chem. 1962, 40, 1851; 1963, 
41, 1744; 1964, 42, 1044. (b) Brownlie, I. T.; Ingold, K. U. Ibid. 1966, 44, 
861; 1967, 45, 2419. 

(9) Boozer, C. E.; Hammond, G. S.; Hamilton, C. E.; Sen, J. N. J. Am. 
Chem. Soc. 1955, 77, 3233. 

(10) Horswill, E. C; Howard, J. A.; Ingold, K. U. Can. J. Chem. 1966, 
44, 985. 

(11) Literature values'2 of /tirh for 1 range from 2 X 105 to 5 X 108 M"1 

s"1. 
(12) Aristarkhova, S. A.; Burlakova, E. B.; Khrapova, N. G. Izv. Akad. 

Nauk SSSR, Ser. Khim. Nauk 1972, 2714! Kharitonova, A. A.; Kozlova, 
Z. G.; Tsepalov, V. F.; Gladyshev, G. P. Kinet. Katal. 1979, 20, 593. Packer, 
J. E.; Slater, T. F.; Willson, R. L. Nature (London) 1979, 278, 737. 
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