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Figure 2. Stereopair drawing of a molecule of p-bromobenzoic anhydride.
The large black circles are bromine atoms and the small ones are oxygen
atoms. The view is down the polar b axis. Note that the molecular 2-fold
axis is parallel to the crystal’s b axis (perpendicular to the page) and
passes through the central oxygen atom.

to single crystals of p-bromobenzoic anhydride with one pointed
end shown previously? by X-ray anomalous scattering to corre-
spond to the direction toward which the oxygen atoms of the C==0
bonds were pointing; the blue (positively charged) particles adhered
to the pointed (oxygen) end and the yellow and the red (negatively
charged) to the other (carbon) end as shown in Figure 1. Thus
it is suggested that the end of the crystal toward which the carbonyl
oxygen atoms are pointing is negatively charged and the opposite
end along the polar axis positively charged. The molecular dipole
moment of benzoic anhydride in benzene solution has been found!!
to be 4.15 D. Determination!?"!® of structures of a number of
substituted benzoic anhydrides has shown that the dihedral angle
between the two planes containing the carbonyl groups and the
central oxygen atom is 47 £ 8°. It seems likely, then that the
preferred conformation of the molecules in the crystal is deter-
mined primarily by intramolecular forces rather than by packing
and, thus, that the molecules in solution have approximately the
same conformation as those in the crystal. Molecules of p-
bromobenzoic anhydride in the crystal'*? lie on a 2-fold crys-
tallographic axis passing through the central oxygen atom and
normal to the long molecular axis (Figure 2). The substantial
molecular dipole moments of molecules in the crystal are thus
aligned along the polar axis of the crystal. To a first approximation
the dipole moment of the crystal can be considered to be the vector
sum of the dipoles of the individual molecules so that the net
moment should have the negative end of the crystal in the direction
of the carbonyl oxygen atoms as found.

The related anhydrides of m- and p-iodobenzoic acid have been
found!? to crystallize in the polar space group Aba2 with the
conformations of the anhydride molecules similar to that in p-
bromobenzoic anhydride. The absolute direction of the polar axis
of p-iodobenzoic anhydride has been determined!® by anomalous
scattering. When the pyroelectric test described above was applied
it indicated that the negative end of the polar axis of the crystal
was that end with carbonyl oxygen atoms directed toward it as
had been found with the p-bromobenzoic anhydride. Reaction
with ammonia gas showed a preferential reaction at faces at the
same (negative) end of the crystal as had also been observed in
the reaction of ammonia with p-bromobenzoic anhydride. Similar
results were obtained with polar crystals of m-iodobenzoic an-
hydride.

Application of the pyroelectric test to crystals of p-chlorobenzoic
anhydride!® and m-bromobenzoic anhydride!? known to belong
to centrosymmetric space groups showed no separation of yellow

(11) Oesper, P. F.; Smyth, C. P. J. Am. Chem. Soc. 1942, 64, 768-771.
This moment is opposed in p-bromobenzoic anhydride by components of two
C-Br dipoles that make an angle of 70° with the polar axis. Corrected for
this, the moment is still approximately 3 D along the polar axis.
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and blue particles, a result consistent with the absence of a polar
axis.
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Alkyl hydride complexes have attracted our interest! and that
of other research groups® because of their potential availability
from hydrocarbon activation® and their presumed intermediacy
in catalytic reactions with hydrocarbon products (e.g., olefin
hydrogenation*). Alkyl hydrides which eliminate alkanes by
simple coupling of the adjacent ligands are, however, rare and
confined to the later transition metals.’ Our attention was
therefore attracted by the synthesis of Cp,W(H)CH;¢ cnd by
reports that it (1) generated Cp,W upon photolysis under matrix
isolation conditions’ and (2) generated, upon thermolysis in so-
lution, a species (possibly also Cp,W) capable of C-H bond
activation.® We now report that (1) under sufficiently dilute
conditions intramolecular methane elimination from Cp,W(H)-
CH; does indeed occur, and (2) in more concentrated solutions,
attack upon the methyl C—H bonds of another Cp,W(H)CH,,
resulting in hydride hydrogen/methyl hydrogen exchange, com-
petes effectively with methane elimination.
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Examination of the molecularity of the elimination process
required the synthesis of appropriately labeled derivatives, which
proved both more difficult and more interesting than expected.
The attempted preparation of Cp,W(D)CHj; by reaction of Na-
[D,Al(OCH,CH,0CHj;),] with Cp,W(CH;)(OCOPhH) (an ana-
logue of the reported®® preparation of the undeuterated material)
gave (9°-CsH,D)(n>-CsH;)W(H)CH,, apparently due to exo
transfer of D~ onto a cyclopentadienyl ring,® followed by endo
transfer of H™ to W (Scheme I). The attempted preparation of
Cp,W(D)CH; by treatment of Cp,WD,’ with #-BuLil? followed
by MeOTs also led to scrambling of the deuterium label.
Cp,W(D)CH,; was successfully synthesized by deprotonation of
Cp,W(H)CH, with n-BuLi, followed by reaction with D,0 (eq
2).

n-BuLi D,O
Cp,W(H)CH; —= [Cp,W(Li)CH;] —— Cp,W(D)CH,
@)

Investigation of methane elimination required that we find an
efficient trapping agent®® for the reactive tungsten species thereby
produced. Solvent benzene did not prove to be a particularly
efficient trap: 0.2 M Cp,W(H)CH,; in C,Dg at 74 °C gave a
complex mixture of products.!! Added 10% acetonitrile was much
more effective: Cp,W (?-CD;CN)!>13 was the principal product
of the thermolysis at 70 °C of 0.003 M Cp,W (H)CH,; in C¢Dg
containing 10% CD;CN. The presence of 10% CD,CN did not
affect the rate of disappearance of Cp,W(H)CHj; under these
conditions. Analysis of the temperature dependence of the rate
of reaction 3 over the range 70-96 °C yielded E, = 25.8 (3) kcal

_CDs

a /C
CoaWHICH3 Tom aoyen, So% Cgoy. CHa szw\u (3)

mol ™, log 4 = 12 (1), AH* = 25.1 (3) kcal mol™!, and AS* =
-4 (1) eu.

In dilute solution methane elimination from Cp,W(H)CH; is
indeed an intramolecular process. Thermolysis (82.5 °C, 6 h)
of a 10% CH;CN/90% toluene solution of Cp,W(D)CH, (0.67

(8) Several examples of exo-D transfer from boron onto n’-dienyls have
been reported: (a) Whitesides, T. H.; Shelly, J. J. Organomet. Chem. 1975,
92, 215. (b) Bandura, B. M. R.; Birch, A. J. J. Organomet. Chem. 1984, 265,
C6. (c) Reger, D. L.; Belmore, K. A.; Atwood, J. L.; Hunter, W. E. J. Am.
Chem. Soc. 1983, 105, 5710.

(9) Green, M. L. H.; McCleverty, J. A; Pratt, L.; Wilkinson, G. J. Chem.
Soc. 1961, 4854,

(10) (a) Francis, B. R.; Green, M. L. H.; Luong-thi, T.; Moser, G. J.
Chem. Soc., Dalton Trans. 1976, 1339. (b) Forder, R. A.; Prout, K. Acta
Crystallogr., Sect. B 1974, B30, 2318.

(11) As reported by Green and co-workers,® C4Hg is an efficient trap
(forming Cp,W(H)Ph) when the thermolysis of Cp,W(H)CHj is carried out
in dilute solution (3 X 107> M). Presumably as the result of a kinetic isotope
effect, C¢Dyg is a less effecient trap. 10% CH3CN (or CD4CN) is an efficient
trap even at high concentrations of Cp,W(H)CH, in C¢Dy.

(12) Cp,W(3-CH;CN): 'H NMR (C¢Dy) 6 4.12 (Cp), 2.58 (CH,); IR
(Nujol) ven 1725 em™. Anal. (C;;H;3NW) C, H. Cp,;Mo(n*-CH,CN) and
tw?srclatcd compounds containing an n*-nitrile have been reported by Thom-
as.

(13) Thomas, J. L. J. Am. Chem. Soc. 1975, 97, 5943,
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mM) and Cp,W(H)CD, (0.67 mM) gave methane which was
predominantly CH;D (43 & 3%) and CD;H (47 % 2%). Similarly,
thermolysis (82.9 °C, 2.5 h) of a 10% CH;3;CN/90% C¢Hj solution
of Cp,W(H)!3CH,; (0.54 mM, 93% '*C) and Cp,W(D)CD; (0.54
mM, 88% D on tungsten) gave 0.95 equiv of a noncondensable
gas in which mass spectrometry detected *CH, (40 + 6%), CD,
(42 £ 6%), and CHD; (14 + 6%).

In more concentrated solution, however, thermal methane
elimination appeared to be intermolecular. For example, a 10%
CH,CN/90% C4Hg solution of Cp,W(D)CH; (14.0 mM) and
Cp,W(H)CD; (9.4 mM) gave appreciable CH,, CD,H,, and CD,
(collectively 48% of total methanes) after 3 h at 82 °C. 'H NMR
examination of these labeled compounds showed that this apparent
intermolecular elimination was actually the result of label
scrambling before methane elimination. The 'H NMR of an 0.61
M solution of Cp,W(H)CD; at 40.1 °C showed over several hours
a decrease in its hydride resonance and the appearance of a new
signal (8 0.02, the same chemical shift as that of the methyl ligand
in Cp,W(H)CH,) due to methyl ligand hydrogens; the hy-
dride/methyl intensity ratio approached an equilibrium value of
1.6 (1). Similarly, the 2D NMR signal from Cp,W(D)CH,
decreased, and a new signal due to methyl ligand 2D appeared,
with an equilibrium intensity ratio of 4.9 (3). No significant
exchange of deuterium into the cyclopentadienyl ligands occurred
during either equilibration.

The molecularity of the scrambling reaction was investigated
by heating a C4Dg solution of Cp,W(H)!*CH; (66 mM) and
Cp,W(H)CD; (132 mM) at 47.3 °C. Growth of the 12C methyl
'H NMR resonance confirmed that the scrambling process was
occurring in this system. Additionally, however, the 1*C NMR
signal from Cp,W(H)*CH, decreased with time, and a 1*C NMR
signal'* due to Cp,W(H)!*CH,D appeared—demonstrating that
the scrambling occurred intermolecularly.

/|3CH3

\ZCD3
szw\H <

+ szW\H —
13CH,D '2CHD
o M s 2
CppW , CppW etc. (4)
PP o P hip)

This result meant that the equilibration of Cp,W(H)CD; had
formed small amounts of species (Cp,W(H)CHD,, Cp,W(D)-
CH,D, etc.) other than Cp,W(D)CHD,, and that the hydride/
methyl intensity ratio after that equilibration was not a direct
measure of the equilibrium constant K of reaction 5. It was

Cp,W(H)CD, == Cp,W(D)CHD, (5)

nevertheless possible to determine the equilibrium isotope effect,
and therefore to calculate K, from the equilibrium data with initial
Cp,W(H)CD; and initial Cp,W(D)CH, (see supplementary
material). The resulting value of K, 1.4 (2), is less than the
statistical value of 3 and reflects the greater-than-statistical
preference of deuterium for the methyl site expected in view of
the equilibrium isotope effects reported for other organometallic
systems.!’

Knowledge of the W(H)CH; equilibrium isotope effect has
permitted the calculation (see supplementary material) of the final
mole fractions of all 16 isotopically labeled species arising from
the Cp,W(H)*CH;/Cp,W(H)CD; experiment (reaction 4). The
rate of decline (kg€ = 2.8 X 107° s7}) to its equilibrium value
of the fraction of 1*C present in undeuterated methyl groups
(13CH5;) then measures the rate at which equilibrium is approached
via intermolecular processes. The fact that the fraction of 'H

(14) BC NMR (methyl ligand, Cp,W(H)"“CH,D5.,) 5 -41.60 (Jcy = 125
Hz, Uep = 19 Hz, Ycy(hydride) = 6.9 Hz).

(15) (a) Calvert, R. B.; Shapley, J. R.; Schultz, A. J.; Williams, J. M.;
Suib, S. L.; Stucky, G. D. J. Am. Chem. Soc. 1978, 100, 6240. (b) Calvert,
R. B,; Shapley, J. R. J. Am. Chem. Soc. 1978, 100, 7726. (c) Ittel, S. D,;
Van-Catledge, F. A.; Jesson, J. P. J. Am. Chem. Soc. 1979, 101, 6905. (d)
Howarth, O. W.; McAteer, C. H.; Moore, P.; Morris, G. E. J. Chem. Soc.,
Chem. Commun. 1981, 506. (e) Casey, C. P.; Fagan, P. J.; Miles, W. H. J.
Cm. Chem. Soc. 1982, 104, 1134. (f) Brookhart, M.; Lamanna, W.; Pinhas,
A. R. Organometallics 1983, 2, 638.
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present in 2C methyl groups (*>*CH,D;_,) increases to its equi-
librium value by a first-order process with a rate constant (ks
= 2.9 X 107 571} approximately equal to k" indicates that no
intramolecular scrambling occurs—i.e., Cp,W(H)CDs; is converted
to Cp,W(D)CHD, by the same process that transfers deuterium
from one molecule to another and converts Cp,W(H)*CH, into
szW(H)uCHzD.

The tungsten hydride in Cp,W(H)CH; can thus exchange with
the C-H bonds in the methyl ligand of another molecule of the
same material—at a rate that competes successfully with intra-
molecular methane elimination except in very dilute solution.
Preliminary 2D NMR experiments show similar exchange between
Cp,W(D)CD; and Cp,WH,. Similar exchange between arene
hydrogens and M-H bonds of the early transition metals is
common,!6 but the tungsten hydrides discussed herein are the first
hydrides for which intermolecular exchange with an aliphatic
ligand has been reported.

Acknowledgment. We thank NSF Grant CHE82-07597 for
support of this work. We are grateful to M. Bradicich and K.
Hennessy for preliminary work, to M. L. H. Green, N. J. Cooper,
and B. Ladanyi for helpful discussions, and to the Colorado State
University Regional NMR Center (NSF Grant CHE82-08821)
for 2D NMR spectra.

Registry No. Na{D,Al(OCH,CH,0CH,;),], 94370-28-2; Cp,W-
(CH;)(OCOPh), 73210-66-9; (n°-CsH,D)(n’-CsHs)W(H)CH,, 94370-
29-3; Cp,W(D)CH,, 94370-30-6; Cp,W(H)CH,, 72415:89-5; Cp,W-
(H)CD,, 94370-31-7; Cp,W(H)"*CH,, 94370-32-8; Cp,W(D)CD,,
94370-33-9; Cp,W (n-CD,CN), 94370-34-0; D,0, 7789-20-0; CH,D,
676-49-3, CD,H, 676-80-2; *CH,, 6532-48-5; CD,, 558-20-3; CD,H,,
676-55-1; CH,, 74-82-8.

Supplementary Material Available: Determination of the
equilibrium constant K for eq 5 from 'H and >D NMR relative
intensity measurements and determination of the equilibrium
fraction of 13C present in undeuterated methyl groups and the
equilibrium fraction of 'H present in 2C methyl groups (4 pages).
Ordering information is given on any current masthead page.

(16) See footnote 13 of ref 3f for a list of leading references on this topic;
see especially: Parshall, G. W. Acc. Chem. Res. 1975, 8, 113,

Formyl, Acyl, and Carbene Derivatives of
Fe;(u3-EPh),(CO)y (E = N, P). Unique Examples of
Carbene-Nitrene and Carbene-Phosphinidene Coupling

Gregory D. Williams, Gregory L. Geoffroy,* and
Robert R. Whittle

The Department of Chemistry
The Pennsylvania State University
University Park, Pennsylvania 16802

Arnold L. Rheingold
The Department of Chemistry

The University of Delaware, Newark, Delaware 19716
Received October 5, 1984

The chemistry of phosphinidene-bridged (u;-PR) compounds
is currently under active exploration.! Comparatively fewer
nitrene-bridged (u3-NR) clusters have been prepared, and little
is known about the chemistry of this bridging ligand.2 The few

(1) (a) Vahrenkamp, H.; Wucherer, E. J.; Wolters, D. Chem. Ber. 1983,
116, 1219-1239. (b) Burkhardt, E. W.; Mercer, W. C.; Geoffroy, G. L,;
Rheingold, A. L.; Fultz, W. C. J. Chem. Soc., Chem. Commun. 1983,
1251-1252. (c) Mays, M. J,; Raithby, P. R.; Taylor, P. L.; Henrick, K. J.
Chem. Soc., Dalton Trans. 1984, 959-967.

(2) For reviews, see: (a) Nugent, W. A.; Haymore, B. L. Coord. Chem.
Rev. 1980, 31, 123-175. (b) Cenin, S.; La Monica, G. Inorg. Chim. Acta
1976, 18, 279.
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Figure 1. ORTEP drawing of Fe,(u;-NPh),(CO)3{C(OEt)Ph} (6). Rele-
vant bond distances (A) and angles (deg): Fe(1)-Fe(2), 2.498 (1);
Fe(2)-Fe(3), 2.419 (1); Fe(1)-N(1), 1.937 (4); Fe(1)-N(2), 1.929 (4);
Fe(2)-N(1), 1.980 (4); Fe(2)-N(2), 1.988 (4); Fe(3)-N(1), 1.944 (4);
Fe(3)-N(2), 1.939 (4); Fe(1)-C(1), 1.856 (5); Fe(1)-Fe(2)-Fe(3), 77.04
3).
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studies do indicate that u;-nitrene ligands are relatively inert since
they are not easily removed by hydrogenation to give amines or
carbonylation to give isocyanates.> In our studies of the derivative
chemistry of the u;-nitrene cluster Fe;(u3-NPh),(CO) (1)* and
its phosphinidene analogue Fe;(u;-PPh),(CO)q (2)° we have
discovered unique examples of carbene—nitrene and carbene-
phosphinidene coupling, details of which are described herein.

Complex 1 reacts with Li[BHELt;] to give a relatively stable
formyl derivative Li[Fe;(u;-NPh),(CO)s(CHO)] (3),¢ which at

(3) (a) Andrews, M. A,; Kaesz, H, D. J. Am. Chem. Soc. 1979, 101,
7255-7259. (b) Dawoodi, Z.; Mays, M. J.; Henrick, K. J. Chem. Soc., Dalton
Trans. 1984, 433-440. (c) Bernhardt, W.; Vahrenkamp, H. Angew. Chem.,
Int. Ed. Engl. 1984, 23, 381. (d) Coupling of u;-NPh and H ligands on a Ru,
cluster has recently been reported, see: Bhaduri, S.; Gopalkrishnan, K. S;
Clegg, W.; Jones, P. G.; Sheldrick, G. M ,; Stalke, D. J. Chem. Soc., Dalton
Trans. 1984, 1765-1767.

(4) Stanghellini, P. L.; Rossetti, R. Atti. Accad. Sci. Torino, Cl. Sci. Mat.
Nat. 1970, 105, 391.

(5) Cook, S. L,; Evans, J.; Gray, L. R.; Webster, M. J. Organomet. Chem.
1982, 236, 367-374.

(6) 3: IR (THF) 2050 m, 2004 s, 1997 5, 1975 m, 1938 m, 1595 m cm™;
'H NMR § 14.52 (s, CHO).
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