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(chromium trioxide, 0.022 mol, and sulfuric acid, 30 mL, 4 M) is added
dropwise to the reaction flask (in the case of cyclopropylmethyldiazirine,
0.022 mol of freshly prepared silver oxide is substituted). After 30 min
the cooling bath is removed from the reaction flask, allowing the volatile
diazirine to be eluted with the carrier gas (Ar), and the diazirine is
collected into the pentane. The diazirines are identified by their char-
acteristic UV spectrum: All diazirines synthesized had A,, = 364 nm
in pentane except dimethyldiazirine-d, for which A,,, = 362 nm.
NMR Analysis of Photolyzed Diazirine-Methanol Solutions. The
yields of dimethylcarbene-dg and dimethylcarbene were measured by
analyzing the products of photolysis of methanolic solutions of the dia-
zirines, by NMR spectroscopy. The diazirines were prepared in methanol
and methanol-d,, respectively; a small amount of benzene-d; (or benzene)
was added as an internal standard. Two peaks are found in the initial
ZH-NMR spectrum of dimethyldiazirine-dg; benzene-ds (6 7.15), and
dimethyldiazirine-d; (6 0.749). A third peak appears after 12 h of
photolysis at 350 nm (Rayonet) at 4 °C, which is attributed to the

insertion product (6 0.880). When integration against the benzene
standard is carried out, we find an ~52 & 8% yield of carbene insertion
product (isopropyl-ds methyl ether). The spectra for dimethyldiazirine
can be analyzed in the same manner, showing a 40 & 5% yield of carbene
insertion product (isopropyl methyl-d; ether).
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Abstract: The zero-valent tungsten hydrazido complex (CO)sW=NNDMe, (2) reacts with phosphines or phosphites to form
cis-(CO),(PR;)s_,W=NNMe, (3, 8, and 10). Spectroscopic data show that these complexes contain bent hydrazido ligands,
as does 2. Kinetics are consistent with substitution of CO by PR, via a dissociative process. Complexes 3, 8, and 10 are significantly
more stable than 2, with fac-(CO),;(DPPE)W=NNMe, (10b) [DPPE = 1,2-bis(diphenylphosphino)ethane] being isolable

as a crystalline solid. Complex 10b was characterized by X-ray crystallography: P2,/n; a = 8.4406 (20)

, b =1239747

(57) A, ¢ =16.5073 (41) &, 8 =92.36 (2)°, V = 3337.6 (25) A, Z = 4, R(F) = 6.3%, R(WF) = 7.2%, for 3025 reflections,

F, > 30(F,).

Introduction

The generation of zero-valent transition metal nitrene'2 (or
imido) and hydrazido® complexes of the form LsM==NR (1) has
been the subject of several reports in recent years, but in all cases
these compounds have proven too labile for isolation.! Interest
in the preparation of such complexes arises to an extent from their
potential to serve as nitrene (NR) transfer agents. Their carbon
analogues, Fischer carbenes [(CO)sM=CRR’, M = Cr, W], have
been observed to undergo a rich variety of transformations in-
volving the incorporation of the carbene moiety into various organic
products. Examples include ring annelations,* olefin cyclo-

(1) (a) Sleiman, H. F.; McElwee-White, L. J. Am. Chem. Soc. 1988, 110,
8700-8701. (b) Sleiman, H. F.; Mercer, S.; McElwee-White, L. J. Am.
Chem. Soc. 1989, 111, 8007-8009. (c) Arndtsen, B. A.; Sleiman, H. F.;
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9194-9198. (c) Pilato, R. S.; Williams, G. D.; Geoffroy, G. L.; Rheingold,
A. L. Inorg. Chem. 1988, 27, 3665-3668. (d) Herndon, J. W.; McMullen,
L. A.J. Organomet. Chem. 1989, 368, 83-101. (e) Fourquet, J. L.; Leblanc,
M.; Saravanamuthu, A.; Bruce, M. R. M.; Bruce, A. E. Inorg. Chem. 1991,
30, 3241-3243.
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1991, 10, 541-543.

(4) (a) Dotz, K. H. Angew. Chem., Int. Ed. Engl. 1984, 23, 587-608. (b)
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propanation,® and various metathesis reactions.

Systems in which metal nitrene complexes exhibit reactivity
parallel to that of Fischer carbenes are rare. Bergman has shown
that the imido ligand of Cp*IrN'Bu undergoes a variety of cy-
clization reactions with unsaturated substrates, including incor-
poration of the N'Bu fragment into a substituted pyrrole upon
reaction with dimethy! acetylenedicarboxylate.” There are also
several reports in which transition metal nitrene complexes have
been proposed to be the reactive species for the transformation
of olefins into N-tosyl- or N-triflylaziridines.® In addition to these,
many high oxidation state imido complexes undergo metathesis
with aldehydes to form imines, a reaction driven by the stability
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1992, 33, 1001-1004.
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Table I. Spectroscopic Data for cis-PR;(CO),W=NNMe, (3a—e)

Arndtsen et al.

complex IR? (cm™)

(PR,)  'H NMR® (5) 13C NMR (8) 1SN NMR® (5) 3P NMRE (3) rweo AG*(N-N)
3a 3.49 (s, 6 H) 223.6 (d, 2Jpc = 5.2 Hz) 418.8 (s) 23.62 (Jwp = 246 Hz) 2004 m/ 8.4 kcal/mol
PPh, 208.2 (d, 2/pe = 30 Hz) (d, 2y =43 Hz)f  1870s (T. = -98 °C)*

203.3 (d, 2Jpe = 6.2 Hz) Av =47 Hz
59.8 (s)
3b 3.78 (s, 6 H) 224.3 (s) 4226 (d, 2Jpy = 8.1 Hz) -28.15 ("Jwp =242 Hz) 2009m 9.0 kcal/mol
PMe;, 1.51(d, 9 H 210.1 (d, 2Jpc = 25 Hz) 1903 s (T, =-92°C)
2Jpy = 8 Hz)  202.8 (s) 1884 s Av = 26 Hz
60.2 (s) 1856 s
3c 3.77 (s, 6 H) 225.0 (d, WJpc = 5.2 Hz) 4279 (s) 32.14 ({Jwp = 235 Hz) 2012 m 8.4 kcal/mol
PCy, 208.8 (d, 2/pe = 29 Hz) 1925 s (T. = -104 °C)
205.0 (d, 2/pe = 6.4 Hz) Av =22 Hz
60.0 (s)
3d 3.78 (s, 6 H) 220.1 (d, 2Jpc = 7.8 Hz) 413.2 (s) 145.1 (\Jwp = 393 Hz) 2022 m 8.9 kcal/mol
P(OMe); 3.65(d,9H 205.8 (d, 2Jpe = 47 Hz) 1924 s (T.=-88°C)
3Jpy = 11 Hz) 200.9 (d, 2Jpc = 10 Hz) 1896 s Av = 48 Hz
60.1 (s) 1869 s
3e 3.33 (s, 6 H) 217.8 (d, 2Jpc = 8.6 Hz) 414.6 (s) 130.9 (MJwp = 423 Hz) 2043 m 9.1 kcal/mol
P(OPh), 204.7 (d, 2pe = 56 Hz) 1953 s (T. = -88 °C)
200.1 (d, 2pe = 9.5 Hz) 1929 s Av =73 Hz

59.8 (s)

2NMR taken in CDCl;. ?Values referenced to CH;NO, at 0 ppm. ¢Reference to 85% H;PO, in H,0. “Values taken in CH,Cl,, *‘NMR in
CD,Cl,. /KBr pellet. £ With a-1°N label complex. *Coalescence temperature of dimethylamino signal.

of the high-valent oxo complex formed.’

The scarcity of reported reactions between metal imido com-
plexes and organic substrates is striking given the number of these
compounds.!® This may be a consequence of the high oxidation
state of the metal in nearly all these complexes. In high-valent
imido complexes, the nitrogen lone pair is generally donated into
an empty metal d orbital, creating a linear and often unreactive
metal nitrogen triple bond.'% Isolable imido or hydrazido com-
plexes in any low oxidation state are very uncommon. To our
knowledge, there are only three structurally characterized com-
plexes of this type. Two of these, the reactive Cp*Ir==NR’
discussed above and Fe(porphyrin)NNCgH ;,!! contain linear
imido and hydrazido ligands, respectively. The third, Cp-
(CO),Re=NNMe[p-C;H,O0Me],'? provides a rare example of
a strongly bent hydrazido ligand.

In contrast to high-valent transition metal imido and hydrazido
complexes, the zero-valent nitrene complexes LsW==NR are
predicted to possess a bent, doubly bonded nitrene ligand, as
donation of the nitrogen lone pair into the electron rich metal
center would result in a 20 e~ complex.!>!* This situation is
analogous to that leading to the bent ligand in the Re hydrazido
complex described above.!?

In the bent complexes, the nitrene or hydrazido ligand can be
considered a neutral 2 € donor. Thus, these L{W=NR species
should more closely resemble the zero-valent Fischer carbenes than
the linear imido complexes. They would then appear to be ex-

(9) Examples include: (a) Cotton, F. A.; Hall, W. T. J. Am. Chem. Soc.
1979, 101, 5094-5095. (b) Rocklage, S. M.; Schrock, R. R. J. Am. Chem.
Soc. 1980, 102, 7809-7811. (c) Rocklage, S. M.; Schrock, R. R. J. Am.
Chem. Soc. 1982, 104, 3077-3081.

(10) For reviews of imido complexes, see: (a) Nugent, W. A.; Haymore,
B. L. Coord. Chem. Rev. 1980, 31, 123-175. (b) Cenini, S.; LaMonica, G.
Inorg. Chim. Acta 1976, 18, 279-293. (c) Nugent, W. A.; Mayer, J. M.
Metal-Ligand Multiple Bonds; Wiley-Interscience; New York, 1988.

(11) Porphyrin = tetrakis(p-chlorophenyl)porphyrin. Mahy, J. P.; Bat-
tioni, P.; Mansuy, D.; Fisher, J.; Weiss, R.; Mispelter, J.; Morgenstern-Ba-
darau, 1.; Gans, P. J. Am. Chem. Soc. 1984, 106, 1699-1706.

(12) Barrientos-Penna, C. F.; Einstein, F. W. B.; Jones, T.; Sutton, D.
Inorg. Chem. 1982, 21, 2578-2585.

(13) For a discussion of the molecular orbitals of the representative case
(CO)sW=NMe, see ref Ic.

(14) There are a few examples of structurally characterized complexes with
linear imido or hydrazido ligands where there would be 20 €™ at the metal if
the nitrogen lone pair were donated into metal orbitals. (a) Anhaus, J. T,;
Kee, T. P.; Schofield, M. H.; Schrock, R. R. J. Am. Chem. Soc. 1990, 112,
1642-1643. (b) Walsh, P. J.; Carney, M. J.; Bergman, R. G. J. Am. Chem.
Soc. 1991, 113, 6343-6345. (c) Walsh, P. J.; Hollander, F. J.; Bergman, R.
G. J. Am. Chem. Soc. 1988, 110,8729-8731. (d) Parkin, G.; van Asselt, A,;
Leahy, D. J.; Whinnery, L.; Hua, N. G.; Quan, R. W,; Henling, L. M.;
Schagfer, W. P.; Santarsiero, B. D.; Bercaw, J. E. Inorg. Chem. 1992, 31,
82-85.
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cellent candidates to mimic the reactivity of the carbenes and there
are indeed certain parallels between the behavior of the
(CO)sW==NR species and that of Fischer carbenes.!*> However,
the features that make these complexes reactive at the metal—
nitrogen bond have also rendered them too labile to isolate.!?

We recently reported the preparation of (CO)sW=NNMe,
(2) by photochemical metathesis of (CO)sW=Ph(Tol) and
PhN==NNMe, (eq 1).> This complex shows greatly increased

p-Tol (CO)sW=N
CO)sW=< 5 s
(CO)s Ph 3 Me,
o &Y
+ — +
NN Mea _N=C(p-Tol)Ph
/ Ph
Ph

stability as compared to the previously reported arylnitrene
complexes,'? persisting in solution at room temperature for several
hours. Spectroscopic data for 2 demonstrate it to contain a bent
NNMe, ligand, with significant donation of electron density from
the amino group into the nitrene nitrogen. This stabilization by
electron-donating substituents is analogous to that observed with
Fischer carbenes, where those that bear heteroatom-containing
substituents are much more stable than those with only aryl or
alkyl groups.!”> Since complex 2 is formally a hydrazido complex
it will be referred to as such here; however, we propose that it
is more descriptive to consider complexes such as 2 as donor-
substituted nitrene complexes, in analogy to the Fischer carbenes.

We now report that complex 2 undergoes reaction with phos-
phines, leading to the replacement of one or more of the metal
carbonyls (eq 2). The PR;-substituted hydrazido complexes
exhibit even greater stability than the parent compound 2. This
has led to the first isolation and structural characterization of a
tungsten(0) hydrazido complex, fac-(CO),(DPPE)W=NNMe,.

(15) (a) Casey, C. P,; Polichnowski, S. W.; Shusterman, A. J.; Jones, C.
R. J. Am. Chem. Soc. 1979, 101, 7282-7292. (b) Fischer, E. O.; Massbél,
A. Angew. Chem., Int. Ed. Engl. 1964, 2, 580-581.



Crystal Structure of fac-(CO);(DPPE)W==NNMe,
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3d R=OMe' 10b PRy=1/2 DPPE
3¢ R=OPh

Results and Discussion

Reaction of 2 with Monodentate Phosphines. The addition of
1 equiv of PR; (R = aryl, alkyl, OR) to a chloroform solution
containing (CO)sW=NNDMe, (2)*° results in an immediate ef-
fervescence and darkening of the reaction mixtures. The 'H NMR
spectra reveal the disappeararnce of 2 and the formation of a new
series of compounds (3a—e) (eq 2). Complexes 3a—e have been
identified as cis-(PR;)(CO),W=NNMe,, based on the data
below.

The transient nitrene complex (CO)sW=NPh (4) has been
shown to undergo nucleophilic attack by PPh, to yield phosphi-
nimine complex 5, which releases the free phosphinimine
Ph,P=NPh upon treatment with additional CO'® (Scheme I).
A similar addition of PPh, to the nitrene nitrogen in 2 would result
in formation of (CO);W(Ph,P=NNMe,) 6 or the free amino-
phosphinimine Ph;P=NNMe, (7). Therefore, an authentic
sample of phosphinimine 7 was prepared and reacted with
(CO)sW(THF)'¢ to produce the phosphinimine complex 6.
Multinuclear NMR spectra of 6 and 7 confirm that neither one
is 3a, the product of the reaction of 2 with PPh,.

Spectroscopic data for 3a—e are summarized in Table I. In
their 'H NMR spectra, the dimethylamino signal of each is upfield
from that of 2 (3.90 ppm). In addition, there is a PR, signal which
integrates to one PR, per dimethylamino group. The *P NMR
spectra of 3a—e provide strong evidence for the coordination of
the PR, ligand to the metal center. As can be seen in Table I,
3a—e all have one phosphorus signal with the expected 'Jp_w
(242-423 Hz).V

The 3C NMR data of 3a—e are also consistent with the co-
ordination of a single phosphine cis to the hydrazido ligand.
Compounds 3a—e all possess three inequivalent CO peaks in a 1:2:1
ratio. Such a pattern is indicative of the replacement of one
carbony! of 2 with a PR; unit. The substitution of the trans-CO
can be ruled out, since all four CO’s in trans-PR,(CO),W=
NNMe, are expected to be equivalent. In addition, one of the
carbonyl signals for 3a—e shows the large 2J, ¢ typical for a
carbony! trans to phosphine.!” The IR spectra of 3a—e all show
Ymco patterns consistent with cis-PR;(CO),W=NNMe, com-
plexes.

In the characterization of 2, "N NMR was used to help as-
certain the geometry of the hydrazido ligand. The dramatic shift
of the NMR signal of the nitrene nitrogen (N,) to 420 ppm
downfield of CH;NO, was taken as evidence for bending at N,,.3
When 3a-e were prepared from 2 which was N labeled at N,
they all exhibited similar deshielding in the >N NMR, with peaks
between 413 and 428 ppm. In the case of 3b, the coupling between
phosphorus and nitrogen was strong enough for the signal to be
split into a doublet (3Jp_x = 8.1 Hz). The geometry of the
hydrazido ligand in these complexes thus appears to be very similar
to that of 2.

To further probe the nature of the hydrazido ligand, varia-
ble-temperature 'H NMR studies were performed on 3a—e. In
all cases, the room temperature NMR showed a sharp singlet at
25 °C for the dimethylamino group which upon cooling broadens
and eventually is resolved into two distinct signals in a 1:1 ratio.
The phosphine 'TH NMR signals remained unchanged at all
temperatures. This behavior is interpreted as arising from partially
restricted rotation about the N-N bond of the hydrazido ligand,
similar to that observed in 2.2 The coalescence temperatures for
3a—e were in the range of —-88 to —104 °C, which gives an estimate

(16) Strohmeier, W.; Mueller, F.-J. Chem. Ber. 1969, 102, 3608-3612.
(17) Verkade, J. G.; Quin, L. D. Phosphorus-31 NMR Spectroscopy in
Stereochemical Analysis; VCH Publishers, Inc.: Deerfield Beach, FL, 1987.
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of their barrier of rotation (AG*) of 8.4-9.1 kcal/mol.*®

In the cases of 3a, 3¢, and 3e, the addition of excess phosphine
or phosphite did not result in further carbonyl substitution. The
addition of 2 equiv of trimethylphosphine to 2, however, leads to
the production of another compound 8a, which has been identified
as trans,mer-(CO),(PMe,),W==NNMe, (eq 3). When greater
than 1 equiv of P(OMe); is added to 2, a similar reaction occurs
to produce 8b, but the reaction invariably forms mixtures of 8b
and 3d as well as other decomposition products.

CO
2PMe, | PMe; 3
(COY)sW=N_ —W OC‘;W:N\ 3)
5 NMe, Me;P” | NMe,
CO
8a

The 'H NMR spectra of 8a and 8b (Table II) each show a
dimethylamino singlet upfield of those for 3b and 3d, respectively,
and one phosphine (or phosphite) doublet. Integration of the
signals indicates that there are two phosphines per NMe, unit.
The 3'P NMR spectra of 8a and 8b each have only one signal,
which shows coupling to tungsten similar to that seen in the
monosubstituted complexes., This shows that the phosphorus-
containing ligands are chemically equivalent, and therefore both
cis to the hydrazido fragment.

The meridional orientation of the carbonyls in 8a,b is shown
by the 1*C NMR data. There are two carbonyl peaks in a 2:1
ratio in the spectra for both complexes, with the larger of the two
signals split into a triplet. This eliminates a facial conformation
of 8a,b, since it would give rise to a doublet of doublets for the
cis carbonyls, due to stronger trans coupling to phosphorus.

1N NMR spectra of 8a,b labeled at the nitrene nitrogen once
again exhibit one signal shifted very far downfield. In addition,
8a shows the nitrogen—phosphorus coupling that is observed in
3b, this time splitting the signal into a triplet (3Jp_y = 8.1 Hz).

Mechanism of Carbony] Substitution in 2. The formation of
the phosphine-substituted hydrazido complexes 3a—e and 8a,b via
reactions of PR; with 2 illustrates the dramatic shift of reactivity
in going from (CO)sW==NPh (4), which forms phosphinimine
complex § upon reaction with PPh; (Scheme I), to the donor-
stabilized (CO)sW==NNMe,. The observation of restricted ro-
tation about the N=N bond in 2? indicates substantial donation
of electron density to the nitrene nitrogen. Such donation makes
N, of 2 less susceptible to attack by nucleophiles and therefore
formation of a phosphinimine complex such as 6 is suppressed.

The substituent effect upon the reactivity of these nitrene
complexes invites further comparison with their carbon analogues.
Alkyl- or aryl-substituted Fischer carbenes are known to react

(18) The rate constant for the exchange was calculated by using k =
(1r)AV/ 2!/2 at the coalescence temperature.'’

(19) (a) Kreiter, C. G.; Fischer, E. O. Proceedings of the XXXIII Inter-
national Congress of Pure and Applied Chemistry; Butterworths; London,
1971; Vol. 6, pp 151-168. (b) Fischer, E. O.; Kreiter, C. G.; Kollmeier, H.
J.; Miiller, J.. Fischer, R. D. J. Organomet. Chem. 1971, 28, 237-258. (c)
Kegley, S. E.; Brookhart, M.; Husk, G. R. Organometallics 1982, 1, 760-762.
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Table II. Spectroscopic Data for (PR;),(CO);W=NNMe, (8a,b and 10a,b)

Arndtsen et al.

complex IR? (cm™)

(PR;)  'H NMR: (3) 13C NMR (5) 1SN NMR? (8) 3P NMR* (5) rweo AG*(N-N)
8a 3.67 (s, 6 H) 237.0 (s) 427.4 (t, 2py = 8.0 Hz) —30.09 (\Jwp = 265 HZ) 19195 9.5 keal/mol
PMe;, 1.37 (d, 18 H, 216.9 (t, 2Jpc = 14 Hz) 1823 s (T, =-88 °C)

2Jpy =6 Hz)  58.6 (s) 1797 s Av = 20 Hz
8b 3.72 (s, 6 H) 2283 (t, Upe = 7.5 Hz)  423.0 (s) 1472 (Jwp = 387 Hz) 1945 s
P(OMe), 3.67(d, I8H  203.6 (1, 2/pc = 10 Hz) 1862 sh
3oy = 11 Hz) 59.5 (s) 1839 s
10a 3.62 (s, 6 H) 235.9 (s) 4223 (t, Upy = 7.8 Hz) 14.01 (Jyp =228 Hz) 19165  T.<-107 °C
DMPE 170 (m, 4 H)  218.3 (dd %Jpe) = 6 Hz, 1818 s
1.59 (d, 6 H, 2pcqrany = 34 Hz)
2y =7Hz) 588 (s)
1.19 (d, 6 H, 30.2 (t, Jpc = 20 Hz)
2Jpy = 7 Hz)
10b 3.17 (s, 6 H) 233.7 (s) 425.6 (s) 39.2 ("Jwp = 229 Hz) 1908 s* 8.8 kcal/mol
DPPE 271 (m, 2H)  217.4 (dd, Ypoey = 6 Hz, 1814 (T, = =76 °C)
2.60 (m, 2 H) 1803 s Av = 292 Hz

2Jl’C(trans) =135 HZ)
58.4 (s
27.2 (t, Jpc = 18 Hz)

2NMR taken in CDCl;. ?Values referenced to CH;NO, at 0 ppm. Reference to 85% H;PO, in H,O. ¢ Values taken in CH,Cl,. *NMR in
CD,Cl,. /Coalescence temperature of dimethylamino peak. #Interference from P(OMe); and decomposition peaks prevented determination of value.

#KBr pellet.

Table III. Kinetic Data for Reaction of 2 with PRj?

PR, [PR;] (M) 10%kars (s71)°
PPh, 0.022 3.2
0.062 4.1
0.12 38
P(OPh), 0.032 3.8

4Initial concentration of 2 was 0.020 M, experiments performed at
-20 °C. *Values %0.5.

immediately with phosphines to form ylides,'* while the less
electrophilic heteroatom-stabilized carbenes react at 60-80 °C
to replace a metal carbonyl with PPh; (Scheme II).202

In the case of the Fischer carbenes, substitution of PMe, for
CO proceeds through phosphine ylide 9°°° (Scheme II). To in-
vestigate whether a similar intermediate was formed in the con-
version of 2 to 3a—e, the formation of 3a and 3b was monitored
by low-temperature 'H NMR. While at temperatures below —20
°C the reaction could be slowed enough to observe the disap-
pearance of 2, in neither case could an intermediate be detected.
Subsequent 'H NMR kinetic experiments on the reaction of 2
with PPh; and P(OPh), showed a first-order disappearance of 2
with no dependence on phosphine concentration, and no rate
difference between the different phosphorus ligands (Table III).
Thus, in contrast to carbene complexes, this reaction appears to
proceed via a dissociative process. The dissociation of CO from
2 is greatly accelerated (¢,,, = 30 min at -20 °C) as compared
to that of the Fischer carbene (CO)sW==C(OMe)Ph (¢,,, = 8.3
h at 77 °C).2! This enhanced CO labilization in 2 can be ex-
plained by the ability of the hydrazido ligand to act as a 4-electron
donor (which the carbene ligand cannot do), thereby stabilizing
the five-coordinate intermediate. This type of dissociative
mechanism is not at all uncommon for octahedral carbonyl com-
plexes containing donor ligands.?

During substitution of phosphines for carbonyls in the Fischer
carbenes, the phosphine first coordinates cis to the carbene ligand
and then the complex rearranges to the more stable trans isomer.?
In contrast, we have seen no evidence for the isomerization of 3a—e
to their trans isomers, even at elevated temperatures.

Stabilization of 3 and 8 by Phosphine Ligands. While the
spectroscopic data for 3 and 8 seem to indicate these complexes
have hydrazido ligands that are structurally similar to that of 2,
the phosphine-substituted complexes exhibit increased stability.

(20) (a) Kreissl, F. R.; Fischer, E. O.; Kreiter, C. G.; Fischer, H. Chem.
Ber 1973;-106,1262—1276—(b) Fischer; H=; Fischer; E: ©:; Kretssh-F- R+
Organomet. Chem. 1974, 64, C41-C44.

(21) Casey, C. P.; Cesa, M. C. Organometallics 1982, 1, 87-94.

(22) Atwood, J. D. Inorganic and Organometallic Reaction Mechanisms;
Brooks/Cole Publishing Co.: Monterey, CA, 1985.

(23) Fischer, E. O.; Fischer, H. Chem. Ber. 1974, 107, 657-672.

As has been reported, (CO)sW=NNMe, decomposes immedi-
ately upon concentration of the reaction solution, yielding no
identifiable products.> The phosphine-substituted hydrazido
complexes 3a—e and 8a,b, however, do survive concentration and
redilution of the solution, though there is some decomposition.
This increased stability has led to the partial purification of
complexes 3a, 3¢, and 3e by precipitating them out of solution
as black powders upon addition of hexane. 'H NMR spectra of
the powders show the only identifiable compounds in them to be
the hydrazido complexes. However, there also are broad signals
present in the dimethylamino and PR, regions, suggesting oli-
gomeric decomposition products. Complexes 3b,d could be par-
tially purified in a similar manner, but these powders also con-
tained substantial amounts of unidentifiable decomposition
products. In no case could any of the complexes 3a—e be com-
pletely purified.

The greater stability of the phosphine-substituted hydrazido
complexes 3a—e is most likely a result of both steric and electronic
effects. In the case of (CO)sW==NNMe,, it was shown that the
electron-donating dimethylamino substituent on the nitrene ni-
trogen greatly increased its stability relative to the arylnitrene
(CO)sW=NPh. The replacement of a CO on the metal center
of 2 with a phosphine or phosphite would also be expected to
increase the electron density at the nitrene nitrogen through im-
proved backbonding. Evidence for the increased backbonding
ability of the metal can be found in the lower IR stretching
frequencies for the carbonyls in 3a—e as compared to 2 (2069 and
1932 cm™).> Presumably, the same effect is present in the W=N
bond, further strengthening the bonding of 3a-e.2*

The steric bulk of the phosphorus-containing ligands may,
however, be the more significant factor in the increased stability
of 3a—e over 2. The more sterically demanding ligands can help
protect the metal and perhaps more importantly the nitrene ni-
trogen from attack by approaching species. In complexes 3a—e,
one would expect steric effects to force the dimethylamino group
to preferentially orient itself away from the phosphine ligand. Such
a configuration would point the lone pair of the nitrene nitrogen
into the PR ligand, providing it with more protection than would
the relatively small carbonyls. Since (CO)s;W==NNMe, is known
to be nucleophilic,’ blocking the lone pair would presumably lead
to kinetic stabilization.

Among the PR, ligands examined, the stabilities of 3a—e in-
crease as the cone angle of the ligand increases. This effect is
illustrated by the fact that the PCy; complex 3c can be isolated
nmuch more cleanly than the PMe; complex 3b. The donor abilities
of these phosphines are nearly identical,>® suggesting that the

(24) vw—n could not be ascertained for these complexes.
(25) Tolman, C. A. Chem. Rev. 1977, 77, 313-348.
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increased stability of 3¢ results from the greater steric bulk of
PCy;. Where the electronic and steric effects seem to conflict,
the steric effect appears to dominate. As mentioned earlier,
complex 3e can be isolated with much less decomposition than
3b. This is despite the fact that P(OPh), is 2 much better =-
electron acceptor than PMe,. Thus, the loss of electron density
at the tungsten center appears to be more than offset by the
increased steric bulk of the P(OPh),.

In the case of the (PMe,)-substituted hydrazido complex 8a,
the extra phosphine ligand appears to destabilize the complex.
Monitoring a reaction mixture of 3b and 8a by 'TH NMR shows
that 8a decomposes more quickly. This is counterintuitive based
on both the steric and electronic arguments above. One possible
explanation for this is found upon examination of a model of
mer-(CO),(PMe,),W==NNMe, (8a), which reveals that in order
to avoid steric crowding between the PMe;, ligands and the NMe,
group the lone pair must be situated between the PMe, groups.
This would thereby minimize the steric protection of the nitrene
nitrogen in 8a. A similar situation occurs with the labile 8b.

Reaction of 2 with Bidentate Phosphines. The replacement of
two carbonyl ligands of 2 by PMe, indicates that it is possible
to exchange a second carbony! ligand for a phosphine. Therefore,
the chelating phosphines 1,2-bis(dimethylphosphino)ethane
(DMPE) and 1,2-bis(diphenylphosphino)ethane (DPPE) were
reacted with 2 in a fashion similar to that described above. Again,
effervescence and darkening of the reaction solutions were ob-
served, and the 'H NMR spectra show new products which have
been identified as fac-(CO);(DMPE)W==NNMe, (10a) and
Sfac-(CO),(DPPE)W==NNMe, (10b), respectively (eq 4).

™/ CcO
(COYW=N P oc w""‘CNO @)
= —_— -—_W=
s ‘NMe -2C0 R.P7 1 NMe,
2 2 ZK/PRZ
10a R=Me
10b R=Ph

The spectroscopic data for 10a,b are summarized in Table II.
Most notably, the 3P NMR spectra show one signal, indicating
both phosphorus atoms are equivalent and therefore cis to the
hydrazido ligand. '*C NMR shows two different CO signals in
a 2:1 ratio, representing the carbonyls cis and trans to the hy-
drazido ligand. The cis-CO signal is split into a doublet of doublets
due to coupling with the cis and trans phosphines, confirming the
facial structure.

15N NMR spectra of 10a,b again show a downfield signal for
N, indicating that the hydrazido ligand is bent. In the case of
10a, this N signal is split into a triplet by coupling to the two
equivalent phosphines (3Jp_y = 8.0 Hz). The dynamic 'H NMR
spectra of 10b again show that the dimethylamino signal can be
resolved into two signals in a 1:1 ratio at low temperatures (AG*
= 8.8 kcal/mol). Interestingly, the two methyl peaks show a large
difference in chemical shift (292 Hz), suggestive of a strong
anisotropic interaction of one of the methyl groups with the phenyl
rings of DPPE. The rotation of the dimethylamino group of 10a
could not be frozen out within the limits of our experiment.

The stability of complexes 10a,b appears to be greatly increased
with respect to their monodentate counterparts 3a and 3b. Ad-
dition of hexane to a solution of the DMPE complex 10a results
in the formation of a black precipitate. 'H NMR spectra of this
precipitate show it to be mainly 10a with a small number of
unidentified decomposition peaks. This contrasts with the large
amount of decomposition observed in precipitation of the PMe,
complex 3b.

In the case of the more sterically bulky DPPE complex 10b,
the effect of two phosphine ligands on stability is even more
pronounced. Addition of hexane to the solution of 10a results
in the precipitation of the pure complex fac-(CO),(DPPE) W=
NNMe, as a dark yellow powder. The solid is stable for days
at —40 °C and can be recrystallized from CH,Cl,/hexane to form
dark yellow crystals.

Crystal Structure of 10b. Identification of 10b as the bent
hydrazido complex fac-(CO),(DPPE)W==NNMe, was confirmed
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Figure 1. Molecular structure of 10b. Thermal ellipsoids are drawn at
the 40% probability level. Selected bond distances (A) and angles (deg)
are the following: W-C(29), 1.93 (2); W-C(30), 1.96 (2); W-C(31),
1.96 (2); W=N(1), 2.12 (1); W-P(1), 2.496 (4); W-P(2), 2.518 (4);
N(1)-N(2), 1.21 (2); N(2)-C(27), 1.43 (2); N(2)-C(28), 1.45 (3);
W-N(1)-N(2), 139 (1); N(1)-N(2)-C(27), 123 (2); N(1)-N(2)-C(28),
122 (2); N(1)-W-C(30), 100.1 (7); N(1)-W-C(29), 170.9 (7); P(1)-
W-P(2), 79.3 (1).

by X-ray crystallography. The complex crystallizes in the P2,/n
space group, with one disordered CH,Cl, solvent molecule co-
crystallized per 10b. Disorder prevented refinement of the solvent.
The orRTEP of 10b and important bond lengths and angles are
shown in Figure 1.

The dimethylamino group of the complex is pointed directly
away from the bulky DPPE ligand, thereby both minimizing the
steric interaction and effectively blocking access to the N, lone
pair with the phenyl rings. Thus, kinetic stabilization of the
reactive nitrene nitrogen by the bulky phosphorus ligands is
consistent with the structure of the crystalline complex.

Prior to this report, there have been at least four other struc-
turally characterized complexes containing a bent hydrazido
ligand. Sutton has reported the structures of [Cp,WH-
(NHC6H4F)]PF626 and CpRe(CO)2[NN(CH;)-p-C6H4OCH3],12
both containing strongly bent M—N-N skeletons (146.3° and
138.1°, respectively) and relatively long M—N bond distances
(1.838 and 1.937 A, respectively). [ReOCI(PPh;),
(NNMePh)][PF,],% recently prepared by Dilworth, has a similar
bond angle (146.3°) and bond length (1.845 A). Dilworth has
also reported the strongly bent (M-N-N = 131.2°) ReBr,-
(NNPh)(PPh,),(NNHPh),? but the bending in this complex is
at least partially due to intramolecular hydrogen bonding between
the hydrazido hydrogen and a bromide ligand.

Complex 10b has pseudooctahedral geometry about the metal
center, with normal W-P and W-C bond lengths. The geometry
of the hydrazido ligand resembles that in the complexes described
above, with a W—N-N bond angle of 139°. However, the W-N
bond in this complex is exceptionally long, 2.12 A, or over 0.28
A longer than any previously reported linear (1.73-1.78 A)!% or
bent tungsten hydrazido complex. Interestingly, the pertinent bond
lengths in 10b most closely resemble those observed by Zubieta
for the linear bis(hydrazido) complex [Mo(NNMe,),-
(MoS,),][PPh,]; (11) (Mo-N = 2,13 A, N-N = 1,16 A).® The
bonding in 11 was proposed to be best described by the resonance

(26) (a) Jones, T. A.; Hanlan, A. J. L,; Einstein, F. W. B.; Sutton, D. J.
Soc. Chem., Chem. Commun. 1980, 1078-1079. (b) Einstein, F. W. B.; Jones,
T.; Hanlan, A. J. L.; Sutton, D. Inorg. Chem. 1982, 21, 2585-2589.

(27) Dilworth, J. R.; Jobanputra, P.; Parrott, S. J.; Thompson, R. M,;
Povey, D. C.; Zubieta, J. A. Polyhedron 1992, 11, 147-155.

(28) Dilworth, J. R.; Harrison, S. A.; Walton, D. R. M.; Schweda, E.
Inorg. Chem. 1988, 24, 2594-2595.

(29) Dilworth, J. R.; Zubieta, J.; Hyde, J. R. J. Am. Chem. Soc. 1982, 104,
365-367.
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structure A in which the ligand is a coordinated 1,1-diazene.
Me

d

N

Me

M=—N=N

A

The long W-N bond in 10b is consistent with contribution of
the zwitterionic resonance structure C to the bonding in this
zero-valent hydrazido complex. This was previously hypothesized

(CO)W=N_ (CO)W—N_ .
NMe, NMe,
C
/R. - /RI
(CO)sM=C_ - (COM—C_ ,
NR, NR;

on the basis of the restricted rotation about the N-N bond and
is further supported structurally by the short N-N bond (1.21
A) and the near planarity of the amino nitrogen (deviating by
1.0°).

This type of resonance structure is very similar to that previously
drawn for donor-stabilized Fischer carbenes, which also show a
strong tendency toward a zwitterionic state with good donor
substituents.’ In fact, given that the atomic radius of carbon
is slightly larger than that of nitrogen, tungsten—carbene bond
lengths (2.15-2.21 A) are in good agreement with that observed
for 10b. This further supports the comparison of these zero-valent
tungsten hydrazido complexes with their carbon analogues.

Conclusion

The replacement of the metal carbonyls in 2 with phosphines
or phosphites illustrates the difference in reactivity between
zero-valent hydrazido complexes and (CO)sW==NPh, which has
been shown previously to undergo nucleophilic attack at the nitrene
nitrogen.'® This shift in reactivity is a result of the increased
electron density at N, in 2, which should make that nitrogen less
susceptible to nucleophiles. In this respect, Fischer carbenes and
zero-valent nitrenes show parallel reactivity. However, hydrazido
complex 2 diverges from heteroatom-stabilized carbenes in that
carbonyl loss is much more facile. The increased lability of CO
in (CO)sW==NNMe, is most likely a result of the ability of these
hydrazido complexes to donate the nitrogen lone pair to an
electron-deficient five-coordinate intermediate.

It has been shown that replacing one or more CO’s in 2 with
phosphines or phosphites leads to a dramatic increase in the
stability of these hydrazido complexes. Thus, one can prepare
zero-valent nitrenes which vary from the transient (CO)sW==NPh
to the crystalline fac-(CO),(DPPE)W==NNMe,. The stability
of these complexes appears to depend upon both the electron
density at the nitrene nitrogen and steric protection of the reactive
nitrene ligand. This has allowed the first structural characteri-
zation of a zero-valent hydrazido complex, fac-(CO);(DPPE)-
W==NNMe,. The extremely long W==N double bond in 10b and
evidence for electron donation from the heteroatom substituent
into the nitrene nitrogen support consideration of these complexes
as nitrene analogues to Fischer carbenes. The spectroscopic
similarities between 2 and 10b suggest (CO);W==NNMe, also
has a hydrazido ligand structurally quite similar to that described
here.

Experimental Section

General. Standard inert atmosphere techniques were used in all of
these experiments. Diethyl ether and toluene were distilled from sodi-
um/benzophenone. Hexane, petroleum ether, n-pentane, chloroform, and
methylene chloride were distilled from CaH,. All NMR solvents were
degassed by 3 freeze—pump~thaw cycles. Benzene-dg and toluene-d; were
vacuum transferred from sodium/benzophenone. CDCl; and CD,Cl,
were stored over 3 A molecular sieves. All other reagents were purchased

(30) Schubert, U. In Transition Metal Carbene Complexes; Verlag Che-
mie: Weinheim, 1983; pp 74-111.

Arndtsen et al.

in reagent grade and used with no further purification.

H, 13C, 1*N, and 3'P NMR spectra were recorded on a Varian XL-
400 NMR spectrometer. IR spectra were recorded on a Perkin-Elmer
1600 spectrometer. Analytical gas chromatography (GC) was performed
on an HP5890A chromatograph containing a 5 m X 0.25 mm column
of SE-54 on fused silica. Elemental analyses were performed by Rob-
ertson Laboratories, Madison, NJ.

Unless otherwise stated, all photolyses were performed in 5-mm NMR
tubes or 5-mL test tubes by irradiation with a Hanovia medium-pressure
mercury-vapor lamp in a Pyrex immersion well.

Triphenylphosphin(dimethylamino)imine3! 7 was prepared by litera-
ture methods. Pentacarbonyl[2,2-dimethylhydrazido]tungsten’ 2 was
prepared as reported previously and used in situ on the basis of a cal-
culated yield of 65%.

Synthesis of cis-(CO),PR;W=NNMe, (3a,c,e). The procedure for
the preparation of 3a is typical: To a 0.5 mL CDCI; (or CD,Cl,) solution
of 2 (0.13 mmol) was added PPh; (35 mg, 0.13 mmol). The solution
immediately darkened, and there was strong effervescence. 'H NMR
revealed the formation of 3a in essentially quantitative yield. All spectral
data of 3a—e were obtained from the reaction mixtures unless otherwise
noted, with these values tabulated in Table L.

Addition of 2 mL of hexane to the reaction mixtures of 3a—e and
storage at —40 °C for 12 h resulted in the precipitation of a black solid,
which has been determined to contain the nitrene complex as well as
varying amounts of unidentified decomposition material.

Synthesis of cis-(CO) ,PR;W=NNMe, (3b,d). A typical procedure
follows: To a 0.2-mL CDCl, solution of PMe; (5 mg, 0.66 mmol) cooled
to —40 °C was added a —40 °C 0.5-mL CDClI; solution of complex 2
(0.65 mmol). The mixture was allowed to warm to room temperature,
which led to a strong effervescence and darkening. 'H NMR spectra
showed the quantitative for mation of 3b.

Synthesis of cis,mer-(CO);(PMe;),W==NNMe, (8a). To a 1-mL
CDCl, solution of 2 (0.11 mmol) was added PMe; (20 mg, 0.26 mmol).
The solution immediately darkened and effervesced. 'H NMR spectra
revealed the formation of 8a in quantitative yield. When less than 2 equiv
of PMe; were added, mixtures of 3b and 8a were generated. Monitoring
this solution by 'H NMR showed an accelerated disappearance of 8a as
compared to 3b.

Synthesis of cis,mer-(CO),[P(OMe);,W=NNMe, (8b). Toa 1-mL
CDCl; solution of 2 (0.08 mmol) was added P(OMe); (26 mg, 0.21
mmol). 'H NMR spectra showed the formation of 8b (ca. 35% yield),
as well as the monosubstituted complex 3d (ca. 20% yield) and substantial
decomposition.

Synthesis of fac-(CO),(DMPE)W=NNMe, (10a). To a CDCl, so-
lution of 2 (0.066 mmol) was added 1,2-bis(dimethylphosphino)ethane
(11 mg, 0.073 mmol). 'H NMR spectra showed the formation of 10a
in quantitative yield. Addition of 2 mL of hexane to the reaction mixture
and storage at —40 °C for 12 h resulted in the precipitation of a black
powder. Similar to 3a,c,e, this contained 10a as well as decomposition
products. Recrystallization from CH,Cl,/hexane did not improve the
purity of 10a and produced more decomposition products.

Synthesis of fac-(CO);(DPPE)W=NNMe, (10b). Toa 3-mL CDCl,
solution of 2 (0.28 mmol) was added 1,2-bis(diphenylphosphino)ethane
(110 mg, 0.28 mmol). 'H NMR spectra of the reaction solution showed
the quantitative formation of 10b. Addition of 6 mL of hexane to this
solution and storage at —40 °C for 12 h resulted in the precipitation of
a black powder of 10b contaminated with W(CO), (a byproduct of the
formation of 2). Recrystallization of 10b from CH,Cl,/hexane gave dark
yellow crystals of 10b-CH,Cl, (120 mg, 59% yield). Anal. Caled for
C;,H;,C1LN,0,P,W: C, 47.49; H, 3.99; N, 3.46; Cl, 8.76. Found: C,
47.39; H, 3.78; N, 3.49; Cl, 8.21.

Crystal Structure of 10b. X-ray data collection was performed on a
crystal enclosed in a 0.5-mm capillary under N,. The diffractometer was
a Syntex P2, equipped with Mo radiation. Data reduction and refine-
ment were done on a DEC microVAX computer using SDP software.
Observed data were corrected for decay and Lorentz and polarization
factors. A y-scan absorption correction was collected but not applied,
because the amount of correction was small (<4%). The structure was
solved by using the Patterson heavy-atom method and refined by full-
matrix least squares. Non-hydrogen atoms were refined anisotropically,
except for the chlorine atoms in the CH,Cl, solvent, which were highly
disordered. Hydrogens were refined in idealized positions with the C-H
distance fixed at 0.95 A. Uls for the hydrogen atoms were fixed at
1.2V, of the attached carbon atom.

Crystal Data for 10b. Empirical formula, C;,H;,0;N,P,W (CH,Cl);
color, habit, yellow plates; crystal size, 0.20 X 0.30 X 0.25 mm?; crystal
system, monoclinic; space group, P2,/n; a = 8.4406 (20) A, b = 23.9747
(60) A, ¢ = 16.5073 (40) A; 8 = 92.36 (2)°; V' =3337.6 (25) A}, Z =

(31) Zimmer, H.; Singh, G. J. Org. Chem. 1964, 29, 1579-1581.
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4; fw = 724.39; D, = 1.611; abs coeff = 38.243; diffractometer, Syntex
P2,; radiation, graphite monochromated Mo Ka (0.71073 A); 26 range
= 3-45°; scan type, §-26; scan speed, var. 4-29; standard reflections, 3
standard/ 100 reflections; reflections collected = 4855; independent re-
flections = 4684; observed reflections (F, > 30(F,)) = 3025; data/pa-
rameter = 7.77; final R(F), R(WF) = 6.3%, 7.2%; weighting scheme, 1/w
= ¢?(])/4F* + 0.000225F% final GOF = 4.408; A/¢ (mean) = 0.02;
highest peak in difference map = 2.18 e/A? (all peaks larger than 0.807
e/A? were tungsten ghosts).

Synthesis of (CO)sW (Ph,P=NNMe,) (6). To the oil (CO);W(THF)
(150 mg, 0.42 mmol) was added PhyP=NNMe, (7) (100 mg, 0.31
mmol) dissolved in 1| mL of CDCl;. This resulted in the quantitative
conversion of 7 to 6. Spectral data for 6 were obtained on this solution.
6: '"H NMR (CDCl;) 6 2.53 (s, 6 H), 7.2-7.8 (m, 15 H). 3C NMR
(CDCly) 6 202.06 (COyyqpe), 199.21 (COy), 49.12 (CH;). 3P NMR
(CDCl,) 6 32.69 (s). 7: '"H NMR (CDCl;) 6 2.33 (s, 6 H), 7.4-7.7 (m,
15 H). 3C NMR 6 51.63 (d, 3Jpc = 10.0 Hz, CH;). P NMR (CD-
Cl,) & 18.60 (s, broad).

Kinetics of Reaction of 2 with PPh; and P(OPh);. To three separate
NMR tubes containing a 0.5-mL CDCl, solution of 2 (0.010 mmol) and
cooled to —50 °C were added 1.1 equiv of PPh; (3 mg, 0.011 mmol), 3.1
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equiv of PPh; (8 mg, 0.031 mmol), and 6.0 equiv of PPh; (16 mg, 0.060
mmol). The solutions were warmed to —20 °C in the NMR probe, and
the disappearance of 2 was monitored every 5 min for 1 h. Similarly,
the disappearance of 2 with 1.6 equiv of P(OPh); (5 mg, 0.016 mmol)
was monitored. The plot of In [2] vs time gave a straight line with a slope
equal to k.. Error in k., was based upon 5% NMR integration error.

Acknowledgment. Funding for this work was provided by the
U.S. Army Research Office, the Office of Naval Research, the
donors of the Petroleum Research Fund, administered by the
American Chemical Society, and the NSF-MRL Program through
the Center for Materials Research at Stanford University. We
thank Professor T. D. P. Stack for helpful discussion regarding
the crystallography.

Supplementary Material Available: Tables of bond distances
and angles, hydrogen atom coordinates, and thermal parameters
(13 pages); table of observed and calculated structure factors (15
pages). Ordering information is given on any current masthead

page.

A o-Bond Metathesis Mechanism for Dehydropolymerization
of Silanes to Polysilanes by d° Metal Catalysts

Hee-Gweon Woo, John F. Walzer, and T. Don Tilley*

Contribution from the Department of Chemistry, 0506, University of California at San Diego,
9500 Gilman Drive, La Jolla, California 92093-0506. Received April 1, 1992

Abstract: A mechanism for the dehydropolymerization of hydrosilanes to polysilanes, as catalyzed by early-transition-metal
metallocene derivatives, is proposed. This mechanism is based on two o-bond metathesis reactions that pass through four-center
transition states: (1) the dehydrometalation of silane, H(SiHR),H, with a metal hydride to give hydrogen and a silyl derivative,
M(SiHR),H, and (2) coupling of the metal silyl derivative with more hydrosilane, H(SiHR),,H, to produce H(SiHR)(SiHR),,H
and regenerate the active metal hydride catalyst. This proposal is based on a number of observed, stoichiometric o-bond metathesis
reactions involving zirconocene and hafnocene complexes. These reactions, which involve silicon, hydrogen, and a d® metal
center, are rather facile and apparently reflect the tendency of silicon to expand its coordination sphere under these conditions.
One reaction of this type is rapid MH/SiH hydrogen exchange, for example between PhSiH; and CpCp*MHCI (1, M = Zr,
or 2, M = Hf), which is observed via deuterium labeling. Hydrogenolysis of CpCp*M|[Si(SiMe;);]Cl (3, M = Zr, and 4,
M = Hf) provides a convenient route to the monomeric hydride complexes 1 and 2, respectively. The first step in the proposed
polymerization mechanism, which is the reverse of M-Si bond hydrogenolysis, is observed in stoichiometric reactions of 1
or 2 with PhSiHj, to give hydrogen and the phenylsilyl complexes CpCp*M(SiH,Ph)Cl (5, M = Zr, and 6, M = Hf). The
thermolytic decomposition of 6 to 2 results in Si-Si bond formation, with the production of polysilane oligomers. This second-order
reaction exhibits a deuterium isotope effect at 75 °C of 2.9 (2) and activation parameters (AH* = 19.5 (2) kcal mol™ and

* = =21 (6) eu) that suggest a four-center transition state. The second-order reaction of 6 with PhSiH; (to give 2 and
(SiHPh),, polysilanes) was also studied kinetically and found to exhibit similar kinetic parameters. This s-bond metathesis
reaction, which corresponds to the second step in the proposed mechanism, is believed to pass through a four-center transition
state that results from interaction of the CpCp*(Cl)Hf-SiH,Ph and H-SiH,Ph bonds. Evidence for the role of hydride complexes
as true catalysts is obtained by comparing gel permeation chromatograms for polysilanes obtained from both 3 and 1 as catalysts.
Observed reactions of CpCp*Hf[Si(SiMe;);]Me (7) with PhSiHj,, to give CpCp*Hf(SiH,Ph)Me (8) and then CpCp*Hf(H)Me
(9), model proposed processes for the activation of catalyst precursors. The step-growth character of the reaction is illustrated
by the slow dehydrocoupling of PhSiH, by Cp*,HfH,, which allows observation of early polysilane intermediates (di-, tri-,
and tetrasilane). The participation of M(SiHPh),H complexes as intermediates in dehydrocoupling was investigated. Partly
on the basis of the observed reaction of CpCp*Hf[(SiHPh),H]Cl (11) with PhSiH; to give 6 and H(SiHPh);H, it is concluded
that a preferred dehydrocoupling pathway involves monosilyl intermediates, MSiH,Ph, and chain growth by one monomer
unit per catalytic cycle. Implications of the proposed mechanism are discussed.

Current interest in polysilane polymers results from their un-
usual electronic, optical, and chemical properties and the potential
applications derived therefrom.! The most convenient route to
these polymers, the Wurtz coupling of dichlorosilanes by alkali
metals, is severely limited as a general method since it tends to
produce only moderate yields and does not tolerate many func-
tional groups.! Because substituent effects can significantly in-

(1) Reviews: (a) West, R. J. Organomet. Chem. 1986, 300, 327. (b)
Miller, R. D.; Michl, J. Chem. Rev. 1989, 89, 1359. (c) Ziegler, J. M. Mol.
Cryst. Lig. Cryst. 1990, 190, 265.
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fluence the chemical and physical properties of these polymers,!
new synthetic routes which allow more control over the polymer
structure are desired. Alternative polymerization methods that
have been developed include chloride-catalyzed redistribution of
methylchlorodisilanes,’ electrochemical synthesis,? polymerization
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