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Figure 1. A drawing of molecule B of RhCl(PPh3)2(EtOCONCS)3> 

viewed in the isothiocyanate ligand plane. The PPh3 groups approxi
mately above and below the Rh atom have been omitted for the sake of 
clarity. As judged by agreement between the two independent mole
cules in the asymmetric unit, the estimated standard deviations on 
bond distances are 0.01-0.02 A and on bond angles are 0.3-1.0°. 

the resultant 401 variables (isotropic model) by full-matrix 
least-squares methods has converged to values of 0.072 and 
0.091 for the conventional R and i?w indices, respectively. 
(See paragraph at end of paper regarding supplementary 
material.) 

The two independent nonsolvent molecules in the asym
metric unit differ somewhat in conformations of their ter
minal groups; they are otherwise equivalent. In Figure 1 we 
show a projection of molecule B onto the ligand plane. The 
trans PPh3 groups in axial positions, approximately above 
and below the Rh atom, have been omitted for the sake of 
clarity. The Rh atom has a slightly distorted octahedral 
coordination with trans PPh3 groups. The four equatorial 
sites are occupied by the chloro ligand and by the tridentate 
ligand (EtOCONCS)3 . Two former EtOCONCS molecules 
can be thought of as C ( 6 ) - C ( 5 ) - 0 ( 2 ) - C ( 4 ) 0 ( l ) - N ( l ) -
C( I ) -S ( I ) and C(9 ) -C(8 ) -0 (4 ) -C(7 )0 (3 ) -N(2 ) -C(2 ) -
S(2); the two fragments of the third EtOCONCS molecule 
consist of C(12)-C(l l )-O(6)-C(10)O(5) attached to N(2) 
and of N(3)-C(3)-S(3) joining C(2) and C(I) to form a 
fused system of two five-membered rings. The tridentate li
gand is attached to Rh through two S linkages (S(I) and 
S(2)) and one carbene C linkage (C(3)). The fused ring 
system closely resembles that found earlier for 
(PhCONCS)2 attached to Rh(III ) , 1 2 with the exception 
that an O atom in that system has been replaced by S(2). 
With the exception of the geometrical changes brought 
about by this substitution, the geometries of the two ring 
systems are very similar. In particular, the present ring sys
tem is again essentially planar with some evidence for d e r 

ealization of bonding. The Rh(III)-C(3) (carbene) bond is 
again 1.93 A, and the carbene again exerts a large trans in
fluence on the trans chloro ligand. 

Without mechanistic studies one can only speculate on 
the differing reactivity patterns of EtOCONCS and 
PhCONCS toward RhCl(PPh3)3. Presumably the reactions 
proceed along different but equally remarkable pathways, 
in part because of the differing basicities of R in the 
RCONCS groups. 

Acknowledgment. This work was supported by the Minis
try of Education of Japan and by the U.S. National Science 
Foundation. 

Supplementary Material Available: Atomic parameters (2 
pages). Ordering information is given on any current masthead 
page. 

References and Notes 

(1) M. Cowie, J. A. Ibers, Y. Ishii, K. Itoh, I. Matsuda, and F. Ueda, J. Am. 
Chem. Soc, 97, 4748 (1975). 

(2) M. Cowie and J. A. Ibers, lnorg. Chem., in press. 
(3) Data collection methods are similar to those described in earlier publica

tions. See, for example, P. W. R. Corfield, R. J. Doedens, and J. A. Ibers, 
lnorg. Chem., 6, 197 (1967). 

Yoshio Ishii, Kenji Itoh, Isamu Matsuda, Fujio Ueda 
Department of Synthetic Chemistry 

Faculty of Engineering, Nagoya University 
Furo-cho, Chikusa-ku, Nagoya 464, Japan 

James A. Ibers* 
Department of Chemistry, Northwestern University 

Evans ton, Illinois 60201 
Received January 5, 1976 

An Electron Spin Resonance Study of the Radical Anions 
Derived from Metal Carbene Complexes of Chromium, 
Molybdenum, and Tungsten 

Sir: 

A decade after the initial work by Fischer and Maasbol,' 
there still exists an active interest in transition metal car
bene complexes,2 particularly as regards their electronic 
structure, the mechanisms of their reactions, and their use 
in organic synthesis. 13C NMR 3 and chemical studies4 have 
suggested an M - - C + ylide nature for complexes of the type 
(CO)5MC(X)Y (M = Cr, Mo, W) in which the carbene 
carbon bound to the metal is best viewed as a carbocation 
stabilized by electron donation from the metal and from 
hetero substituents. Recent MO calculations5 validate this 
picture and reveal that the LUMO in a representative com
plex is localized primarily on the carbene atom and is con
siderably more stable than the next lowest unoccupied MO. 
By analogy with carbonium ions,6 these complexes should 
therefore readily undergo one-electron reduction to the cor
responding carbon-centered radicals. We wish to report that 
a variety of reducing agents indeed produce such anionic or-
ganometallic radical species. We also present evidence 
suggesting that these novel species may be the reactive in
termediates in the reactions of carbene complexes with 
strongly nucleophilic reagents via a single-electron transfer 
mechanism. 

A dilute (~0.001 M) solution of (phenylmethoxycar-
bene)pentacarbonylchromium in T H F / H M P A 7 (2:1 v/v) 
treated briefly at —78° in an inert atmosphere with N a / K 
alloy dispersed in THF gives rise to an intense and highly 
resolved ESR spectrum (Figure 1) which persists indefinite
ly at low temperatures (<—50°) but decays with increasing 
rates as the temperature is raised. A computer simulation 
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Table I. ESR Parameters for the Organometallic Radicals i and Their Analogues 
2 3 

XYC ^gH 

X 

Ub 
H 
(CO)5Cr 
(CO)5Mo-
(CO)5W-
(CO)5W-
Hc 

(CO)5W-
(CO)5W-

Y 

OH 
OCH3 

OCH3 

OCH3 

OCH3 

OCH3 

Q H 5 

C6H5 

C6H4 

Z 

H 
H 
H 
CH3 

H 
CH3 

H 
H 
CH3 

Temp, 
0C 

- 3 8 
- 1 1 0 
-75 
- 3 2 
- 6 2 
- 6 6 
- 4 0 
- 6 5 
- 7 3 

(g) 

2.0031 
2.0030 
2.0032 
2.0037 
2.0053 
2.0054 

2.0064 
2.0062 

a(X)" 

14.89 
15.24 

3.65 
3.33 
6.76 
6.78 

14.7 
8.29 

^Y(H) 

1.18 
1.51 
0.843 
1.29 
1.34 
1.31 

Isotropic Hyperfine Splittings, G 

a(H2) 

5.15 
5.04 
4.464 
4.47 
4.35 
4.25 
3.7 
2.57 
2.58 

A(H3) 

1.66 
1.51 
1.419 
1.41 
1.34 
1.31 
1.35 
1.01 
1.05 

2(H 5 ) 

1.55 
1.51 
1.320 
1.29 
1.34 
1.31 

A(H6) 

4.59 
4.52 
4.216 
4.06 
4.05 
3.89 

az(H) 

5.92 
5.75 
5.550 
5.60 
5.49 
5.34 
4.2 
2.86 
2.99 

aThe low field metal isotope satellite lines are broader than the corresponding high field lines. ^R. Wilson, /. Chem. Soc. B, 84 (1968). 
c Reference 14. 

A better picture of the unpaired electron distribution in 
this radical anion emerges by consideration of the a-me-
thoxy benzyl radical in which the a proton formally re
places the negatively charged (CO)5Cr fragment. This radi
cal was generated by photolysis of a cyclopropane solution 
of benzyl methyl ether containing di-fer?-butyl peroxide8 

(Table I). 

/-BuO 
C 6H 5CH 2OCH 3 —*• H-C(OCH 3 )C 6 H 5 

[-H-] 
The inequivalence of one pair of phenyl protons again 
implies a static phenyl group on the ESR time scale. A 
comparison of the ESR splittings for these radicals indi
cates only a minor perturbation of the unpaired electron 
distribution by the (CO)5Cr fragment in the organometallic 
radical relative to its organic analogue. Using the aromatic 
proton couplings as a relative measure of the unpaired spin 
density on the phenyl groups, it is tempting to identify the 
average decrease of about 7% in their magnitudes for the 
organometallic radical with the unpaired electron density 
reaching the Cr(CO)5 group. 

The proton hyperfine couplings (gauss) as well as the -K 
spin densities for the oxygen and carbon centers (values in 
parentheses) for an unoptimized geometry9 of the methoxy-
benzyl radical calculated by the INDO method10 are given 
below. The agreement is sufficiently good to make the cal-

-5.72 3.11 

\ (0.215) . 
-15.74 ) ((-0.126) 

\ (0.654) / 
(-0.151) ) 5.00 

'(0.202) 
H3C O ) ((-0.126) 

(0.115) / ( 0 ' 2 1 6 ) 

I I ' M . i i ' l i i 'I J1/ M Jl1Jl1 I I i I i i'i I 

Figure 1. Experimental and calculated ESR spectra of (CO)5Cr--
C(OCH3)C6H5 formed by reduction of the neutral carbene complex 
with (TT-C5H5)Fe(CO)2Na in THF/HMPA at -78°. 

confirms the presence of five distinct doublets due to the 
phenyl protons and of a quartet due to the methyl protons 
(Table I). At higher amplification, satellite quartets belong
ing to the 53Cr nucleus can easily be detected. This para
magnetic species is clearly the radical anion I resulting by 
one-electron reduction of the chromium carbene complex. 

(CO) 5 Cr- -C + (OCH 3 )C 6 H 5 —** 
Na/K 

(CO) 5 Cr--C(OCH 3 )C 6 H 5 

I 

The foregoing data establish the following points: (a) the 
high intensity of the ESR signals indicate that reduction to 
the anion is extensive, (b) the unpaired electron resides pre
dominantly on the organic moiety of the molecule (cf. g 
value, small 53Cr splitting, and narrow line widths of 75 
mG), (c) the rotation of the phenyl group is slow on the 
ESR time scale. 

culated x spin distribution, i.e., 65.4% on the central car
bon, 22.9% on the coplanar phenyl group, and 11.5% on 
oxygen, an acceptable approximation. Judging by the pro
ton splittings, a similar unpaired electron distribution per
tains to the chromium radical anion with a small allowance 
for the spin density on the (CO)5Cr group. MO calculations 
were also carried out for the chromium carbene radical 
anion itself." They predict that the singly occupied MO is 
distributed 4.3% on the metal, 31.0% on the carbene carbon, 
42.3% on the phenyl group, and 13.4% on oxygen. These 
calculations agree with the ESR results in predicting a 
mostly ligand character for the singly occupied MO. It 
should also be noted that the ESR results require a coplanar 
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Figure 2. Experimental and calculated ESR spectra of (CO)sW-
C(CsHs^ formed by reduction of the neutral carbene complex with 
fe/7-butyllithium in THF at -78° . 

arrangement of the phenyl group in contrast to the struc
ture of the neutral carbene complex.12 

Low-temperature reduction with Na/K alloy of analo
gous molybdenum and tungsten methoxyarylcarbenes as 
well as of (diphenylcarbene)pentacarbonyltungsten (Figure 
2) also yielded the corresponding radical anions (Table I). 

(CO)5W--C+(C6H5)2 - ^ (CO)5W"-C(C6H5)2 

II 
The decreasing phenyl proton splittings for the carbene rad
ical anions of the heavier metals indicate an increasing spin 
derealization over the organometallic fragment (about 
10% for the tungsten methoxyphenyl radical). The tungsten 
diphenylcarbene radical anion can be compared with the di-
phenylmethyl radical14 (Table I). The average reduction of 
the aromatic proton splittings for the tungsten species of 
about 29% indicates the largest spin derealization over the 
metal group in this series which is consistent with the larg
est g value and the largest 183W splitting (Table I).15 

Reduction of the carbene complexes was also accom
plished with typical one-electron reducing agents such as 
sodium naphthalide in THF and with CfHsFe(CO)2" and 
Mn(CO)s", which are not generally regarded as one-elec
tron donors. In these reactions, single electron transfer 
(SET) necessarily leads to the formation of the correspond
ing transition metal radicals [CsHsFe(CO)2 and 
Mn(CO)5] which are too short lived to be observed direct
ly.16 Radicals I and II are also formed by reaction with tri-
phenyl- and trimethylmethylidenephosphoranes manifestly 
by a SET mechanism.17 

(CO)5W-C+(C6Hs)2 + CH2-P+(C6Hs)3 — 

(CO)5W-C(C6Hs)2 + CH2-P+(C6Hs)3 

II III 
The collapse of the resulting radical ion pair presumably 
leads to the betaine-like intermediate previously postu
lated.'8 Radical cations such as III are not observed in these 
static experiments but can be detected by flow and photo
chemical ESR techniques.19 

Phenyllithium and tert-butyllithium can also produce 
high concentrations of the radical anions of Table I in THF 
solutions at low temperatures.20'21 If these reactions with 
chromium methoxyphenylcarbene are carried out at room 
temperature by mixing the reactants in the ESR cavity, an 
additional broad line (A// = 3 G, g = 2.014) can be ob
served under flow conditions. We attribute this line to the 
transient (CO)5Cr-" species which can dimerize to yield the 
diamagnetic (CO)ioCr2

2- dianion. This species arises most 
likely by homolysis of the metal-carbon bond of the adduct 
IV22 which can be formed either by nucleophilic attack or 
by recombination of the radical pair resulting from a single 
electron transfer from the lithium reagent. The formation 
of the substituted ethane V in the above reaction23 is also 
consistent with a radical mechanism. 

(CO)5Cr--C+(OCH3)C6H5 

C6H5Li 

(CO)5Cr--C(OCH3)(C6H5)2 

IV 

(CO)5Cr--C(OCH3)(C6H5)2 — 
(CO)5Cr-" + C(OCH3)(C6Hs)2 

2C(OCH3)(C6Hs)2-

(C6Hs)2(CH3O)C-C(OCH3)(C6Hs)2 

V 
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Squalene Synthetase. Differentiation between the 
Two Substrate Binding Sites by a Substrate Analogue1 

Squalene ( la) is synthesized biologically from two far
nesyl pyrophosphate (2a) residues via intermediate 3a.2'3 

Squalene synthetase, the membrane-bound enzyme which 
catalyzes this complex transformation in the presence of 
NADPH and Mg2 + , has recently been solubilized from 
yeast.4'5 Kinetic studies indicate that, in forming 3a, the py
rophosphate moiety of the farnesyl residue which is bound 
first to the enzyme is released before the second farnesyl 
unit is bound.4 Little beyond this is known, however, about 
the enzyme mechanism or the active site topology.2"4 We 
now report our studies with 2-methyl farnesyl pyrophos
phate (2b), a substrate analogue, which for the first time 
demonstrates a difference in the tolerance to substrate vari
ation of the two farnesyl pyrophosphate binding sites.6 

Wittig condensation of geranyl acetone with diethyl-1-
carboethoxyethyl phosphonate yielded ethyl 2-methyl-far-
nesoate (84%, E:Z ratio by GLC 54:46).7'8 The E1E isomer, 
isolated by spinning-band distillation, was reduced with 
LiAlH4, and the alcohol was pyrophosphorylated to give 
2b.8 '9 The structure of 2b was confirmed by quantitative 
phosphorus analysis10 and by regeneration of 2-methyl far-
nesol on treatment with bacterial alkaline phosphatase.11 

Substitution of 3H-LiAlH4 into the synthetic sequence gave 
[l-3H]2b (sp act. 0.5 mCi/mmol). 

Standard incubations in this study contained the fol
lowing (concentration units): substrate(s), 20 ^M; MgCb, 
1OmM, NADPH, 1.6 mM; NH 4 OH, 0.8 mM; protein, 1.34 
mg/ml;12 and potassium phosphate buffer (pH 7.5), 50 
mM. Incubations (37°, 1-10 min) were terminated with 
ethanol and the hydrocarbon products, extracted with pe

troleum ether, were chromatographed on silica gel or neu
tral alumina before liquid scintillation counting or structur
al studies. 

Incubation of [3H]2b gave a radiolabeled product which 
behaved like squalene on silica gel TLC (hexane, Rf 0.37). 
Its formation was absolutely dependent on the presence of 
NADPH and active enzyme, while it was stimulated by ad
dition of unlabeled 2a to the incubation. GLC analysis 
showed approximately equal amounts of radioactivity asso
ciated with two peaks, one coincident with endogenous 
squalene (system A, 232 0 C, 7.6 min; system B, 260 0 C, 
14.8 min) and the other at longer retention time (system A, 
232 0 C, 10.0 min; system B, 260 0 C, 19.35 min).13 Both 
peaks were formed whether the incubation was supplement
ed with unlabeled 2a or not. Control experiments showed 
that squalene, and probably 2a, were present in small 
amounts in the enzyme preparation. 

Unambiguous chemical routes were used to prepare the 
all-is isomers of 11,14-dimethylsqualene ( lb) 1 4 and 11-
methylsqualene (Ic).17 The GLC retention time of authen
tic lb (system A, 232 0 C, 13.3 min) did not correspond to 
either labeled peak in the biosynthetic sample, while au
thentic Ic had the same retention time as the slower ra
dioactive peak. The identity of this second GLC peak as Ic 
was firmly established by GLC-mass spectrometry,20 since 
the fragmentation patterns of both samples were identi
cal.21 

Monomethylsqualene (Ic) can be formed by distinct 
pathways in which 2b replaces 2a in either the first or sec
ond catalytic step. These two alternatives are distinguish
able, since a proton is exchanged on the first but not the 
second farnesyl residue.2'4 Deuterated Ic, prepared by incu
bation of approximately equimolar amounts of 1-dideu-
terio-2a22 and unlabeled 2b, was analyzed by GLC-mass 
spectrometry.20 The parent ion and all fragment ions re
taining the central carbons were shifted upward by one (not 
two) mass units relative to the corresponding peaks in the 
spectrum of unlabeled Ic.21 This implies that only 2a is ac
ceptable at the first site and, therefore, 2b can only replace 
the second farnesyl moiety. 

The inability of 2b to function as a first substrate in syn
thesis of Ic can result from failure to form a Michaelis 
complex, or, if bound, failure to meet catalytic require
ments. To investigate if 2b is bound at the first substrate 
site, this analogue was evaluated as an inhibitor of squalene 
biosynthesis from [l-3H]2a (sp act. 6 mCi/mmol).22 Stan
dard 2-min incubations were carried out in which the con
centration of [l-3H]2a was varied from 1.25 to 5.00 ^M in 

OPP 

R 
X Y 

la, H H 
b, Me Me 
c, Me H 

^-\X b 
R - / 
3a,X = H;R = 

b,X = Me;R 

R 
geranyl 
geranyl 
geranyl 

,OPP 

Me 

^ a 

• geranyl 
. = geranyl 

2a,X = H 

b, X = Me 

4a, X = H; R = geranyl 
b, X = Me; R = geranyl 

R= geranyl = (CH:i)2C=CHCH2CH2(CR()C=CHCH,-
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