
addition of Me3SiC1 and purification on silica gel to give 
5a in 52% yield. A possible intermediate in the formation 
of 5a, which we did not attempt to isolate nor detect, would 
be 5 (R1-R3 = H, R4 = R5 = &Me3). 

Whenever possible (5c-f,h-1) the reactions described in 
Scheme I proceeded in a highly stereoselective manner 
with the formation of complexes 5 as one major diaste- 
reomer. For example, meso-5c (eq 1) was formed diast- 
eroselectively (>go%, as determined by 'H NMR spec- 
troscopy)13 in the reaction between 2 (R1 = CH,, R2 = H) 
and 3 (R3 = H, R4 = CH3) and Me3SiC1 as the electrophilic 
quenching agent. Moreover, a single-crystal X-ray struc- 
ture of 5j (Figure 1) clearly revealed that this isomer, which 
was the only one formed, had the two large tungsten 
carbene fragments on the same side of cyclopentane ring. 
No doubt, 5j arises by CHz=CHCHzBr adding to the 
sterically less hindered side of 4j.14 

The solid-state structure of 5j (Figure 1) contains two 
(CO)5W fragments bridged by a p-1,5-bis(pentylidene) 
ligand.15 To our knowledge compound 5j is only the 
second (p-bis(carbene))ditungsten complex that has been 
characterized by X-ray crystallography.2k The structural 
features associated with the (CO)5W-carbene portions of 
5j are similar and are typical of other Fischer-type pen- 
tacarbonyl tungsten carbene complexes.2kJJ6 For example, 
the W(l)-C(ll)  and W(2)-C(19) carbene bond distances 
of 2.10 (2) and 2.16 (2) A, respectively, are similar to 
distances in other tungsten carbene complexes in which 
an alkoxy group and a carbon are directly bonded to the 
carbene carbon. The two tungsten carbene fragments have 
different orientations with respect to the cyclopentane ring; 
the angle between the respective mean planes through 
C(12), O( l l ) ,  C( l l ) ,  W(1), C(13) and C(20), 0(12) ,  C(19), 
W(2), C(l8) is 83.1'. 

Initial studies on the reactivity of these (p-bis(carb- 
ene))ditungsten complexes 5 have revealed an interesting 
intramolecular carbene-carbene coupling reaction (eq 2)." 

CH,? ,OW3 

CeHe. 7 5  *C 
(2) 

\ 
7 

Thus, heating a solution of 5e in benzene for 3 h cleanly 
produced the 1,2-dimethoxycyclopentene derivative 7 in 
90% yield. The organometallic products formed in this 

2074 Organometallics 1988, 7, 2074-2076 

(12) Macomber, D. W.; Liang, M.; Rogers, R. D. Organometallics 1988, 
7, 416. 

(13) 'H NMR of meso-5~ (CDC13): 6 4.58 (s, 6 H), 4.02 (sextet, J = 
6.7 Hz, 2 H), 1.95 (dt, J = 13.9, 6.9 Hz, 1 H),  1.12 (dt, J = 13.8, 7.0 Hz, 
1 H),  1.06 (d, J = 6.7 Hz, 6 H). 

(14) We are currently investigating the origins of this observed 
diastereoselectivity and will report these findings in a more complete form 
at a later date. 

(15) Complex 5j  crystallizes in the centric Pbca space group with cell 
constants (at 20 "C) a = 11.931 (6) A, b = 14.404 (8) A, c = 31.496 (9) A, 
and D d d  = 2.10 g cm" for 2 = 8 (Mo KLY, X = 0.710 73 A). Data were 
collected on a Enraf-Nonius CAD4 diffractometer. Least-squares re- 
finement based on 2868 observed reflections led to a final R value of 0.064 
(314 parameters varied in the final cycles). All but the methyl (C(12), 
C(20)) and C(23) hydrogen atoms were placed in calculated positions 0.95 
A from the bonded carbon atom and allowed to ride on that atom with 
B fixed a t  5.5 A2. All non-hydrogen atoms except C(2), C(7), C(l8), and 
C(11) were refined with anisotropic thermal parameters. 

(16) (a) Daran, J.; Jeannin, Y. Acta Crystallogr., Sect. B: Anorg. 
Chem., Org. Chem. 1980, B36, 1392. (b) Fischer, E. 0.; Gammel, F. J.; 
Besenhard, J. 0.; Frank, A.; Neugebauer, D. J.  Organomet. Chem. 1980, 
191, 261. (c) Parlier, A.; Rudler, M.; Rudler, H.; Daran, J. C. J .  Orga- 
nomet. Chem. 1987,323, 353. 

(17) Casey, C. P.; Anderson, R. L. J .  Chem. SOC., Chem. Commun. 
1975, 895. 

0276-7333/88/2307-2074$01.50/0 

reaction, as determined by an 13C(lH) NMR experiment 
conducted in C&, were W(CO)6 and ($-C6D6)W(CO)3.1s 
The formation of 7 is significant, in that, the parent com- 
pound 1,2-dimethoxycyclopentene appears to be un- 
known;20 furthermore, a new, general route to highly 
substituted five-membered carbacycles could be developed 
starting with complexes 5.21 
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(18) 13C{1HJ NMR (C6D6): W(CO)e, 6 191.11; (tf-C6D,j)W(CO)s, 6 
215.73, 89.04 (t)." 

(19) Mann, B. E.: Tavlor, B. F. I3C NMR Data for Organometallic 
Compounds; Academic: -New York, 1981. 

(20) Taskinen, E. Tetrahedron 1976,32, 2327. 
(21) (a) Trost, B. M. Angew. Chem., Znt. Ed. Engl. 1986, 25, 1. (b) 

Ramaiah, M. Synthesis 1984,529. (c) Paquette, L. A. Top. Curr. Chem. 
1984, 119, 1. 

Chemistry of the 17-Electron Compound 
[( V5-C5Me5 )Cr(CO 131 

Tilman J. Jaeger and Michael C. Baird" 
Department of Chemistry, Queen's University 
Kingston, Canada K7L 3N6 

Received May 18, 1988 

Summary: The compound [(v5-C5Me,)Cr(CO),] has a 
very weak metal-metal bond and dissociates extensively 
in solution. The resulting monomer [(v5-C5Me5)Cr(C0),] 
takes part in a variety of reactions characteristic of 17- 
electron compounds. 

The compound [(V~-C,H,)C~(CO)~]~ (I) is unusual among 
l&electron, dimeric metal carbonyls in that it has a very 
weak metal-metal bond and dissociates thermally in so- 
lution to an extent of about lO%.l We have utilized this 
fact to study the chemistry of the monomeric [(T~-C~H~!- 
Cr(CO),] (11),2 with which I is in facile equilibrium, veri- 

(1) (a) Adams, R. D.; Collins, D. E.; Cotton, F. A. J. Am. Chem. SOC. 
1974,96,749. (b) Landmm, J. T.; Hoff, C. D. J.  Organomet. Chem. 1985, 
282, 215. (c) Madach, T.; Vahrenkamp, H. 2. Naturforsch., B.: Anorg. 
Chem., Org. Chem. 1978,33B, 1301. (d) McLain, S. J. J. Am. Chem. SOC. 
1988, 110, 643. 

(2) (a) Cooley, N. A.; Watson, K. A.; Fortier, S.; Baird, M. C. Or- 
ganometallics 1986,5, 2563. (b) Cooley, N. A.; MacConnachie, P. T. F.; 
Baird, M. C. Polyhedron, in press. 
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Table I. IR and (for Diamagnetic Compounds) 'H NMR Data 
compound Y (hexane), cm-' 6 (toluene-d8) 

[Cp*Cr(C0)3ln 1999 (vs), 1849 (s, br) 
[Cp*Cr(CO),PMe,] 1910 (vs), 1797 (s, br) 
[Cp*Cr(CO),PMezPh] 1909 (vs), 1793 (s, br) 
[Cp*Cr(CO)zP(OMe)3] 1919 (vs), 1841 (8, br) 
[Cp*Cr(CO) (t-BuNC)] 1920 (vs), 1828 (s, br)b 
c ~ * c ~ ( c o ) J  2018 (s), 1967 (vs), 1934 (9) 1.72 (s, Cp*) 
C P * C ~ ( C O ) ~ B ~  2032 (s), 1979 (vs), 1935 (s) 1.40 (s, Cp*) 
Cp*Cr(C0)3C1 2034 (s), 2027 (s), 1975 (vs), 1965 (vs), 1927 (s) 1.36 (s. Cu*l 
Cp*Cr(CO)qH 2002 (vs), 1951 (s), 1928 (vs), 1921 (vs) 
Cp*Cr(CO)jMe 
Cp*Cr(CO)&H2Ph 
Cp*Cr(C0)3(+C3H5) 

Cp*Cr(CO)3SnBu3 

1998 (s), 1926 (vs), 1918 (5) 
1994 (s), 1924 (vs), 1919 (sh) 
1995 (s), 1929 (vs), 1916 (s) 

1964 (vs), 1898 (s), 1880 (vs) 

OCp* = ?WsMe5. b ~ C N  = 2091 (w), 2064 (w) cm-' 

1.57 (si 16 H, Cp*), -5.58 (s, 1 H, CrH) 
1.41 (s, 15 H, Cp*), 0.36 (8, 3 H,  CrMe) 
1.39 (s, 15 H,  Cp*), 2.43 (s, 2 H,  CHz), 6.9-7.5 (m, 5 H,  Ph) 
1.36 (s, 15 H,  Cp*), 1.93 (d, J = 8.7 Hz, 2 H), 4.78 (d, J = 8.7 

1.61 (s, Cp*), 0.9-1.7 (m, Bu) 
Hz, 1 H), 5.27 (d, J = 16.6 Hz, 1 H),  6.26 (m, 1 H) 

fying that the chemistry of solutions of 1/11 actually reflects 
the reactivity of the monomer. It was also found that I1 
takes part in a variety of atom abstraction reactions and 
is very substitution-labile, as anticipated for a 17-electron, 
metal-centered radical., 

Since the presence of bulky ligands L inhibits the di- 
merization of monomers of the type [ (q5-C5H5)Cr(CO)2L],2 
it was anticipated that the presence of alkyl substituents 
on the ring in a compound such as [(a5-C6Me5)Cr(CO),lZ 
(111) might also stabilize the monomeric [ (a5-C5Me5)Cr- 
(CO),] (IV) with respect to dimerization. We report here 
the initial results of a successful investigation into the 
physical and chemical properties of IV. 

Although I11 has been reported to be formed via the 
high-temperature carbonylation of the triple-bonded com- 
pound [ (q5-C5Me5)Cr(CO)z]2,4 a much superior route in- 
volves dehydrogenation with isoprene5 of the hydride 
(a5-C5Me5)Cr(C0),H, i.e. 

2(q5-C5Me5)Cr(C0),H + isoprene + I11 + monoolefins 
(1) 

The hydride is formed in high yield by treating Cr- 
(CO),(MeCN), with C5Me5H,6 and the dimer that forms 
in (1) can be purified by recrystallization from 4:l hex- 
ane/benzene at  -30 "C or by sublimation at  50 "C (0.01 
mmHg).6 Compound 111, which can be isolated in yields 
of 70% based on Cr(CO)6, forms black, air-stable (for days, 
a t  least, in the solid state) crystals that  have been char- 
acterized by X-ray ~rystallography.~ The dimer is found 

(3) Brown, T. L. Ann. N.Y. Acad. Sci. 1980,333,80. (b) Baird, M. C. 
Chem. Rev., accepted for publication pending minor modifications. 

(4) (a) Ginley, D. S.; Bock, C. R.; Wrighton, M. S. Inorg. Chim. Acta 
1977, 23, 85. (b) King, R. B.; Iqbal, M. Z.; King, A. D. J. Organomet. 
Chem. 1979, 171, 53. 

(5) This type of reactivity has been observed for ($-C5H5)Cr(CO)SH; 
see ref 2a and: Miyake, A.; Kondo, H. Angew. Chem., Int. Ed. Engl. 1968, 
7, 631. 

(6) Leoni, P.; Landi, A.; Pasquali, M. J.  Organomet. Chem. 1987, 321, 
365. The hydride was prepared essentially as in this paper and was 
purified by sublimation at  65-75 "C. The dimer I11 was prepared by 
stirring a hexane solution of the hydride with excess isoprene for 2 h. On 
standing overnight a t  -20 OC, dark crystals of the product precipitated 
and were collected by filtration. 

(7) Kidd, C. E.; Jaeger, T. J.; Fortier, S.; Baird, M. C., unpublished 
results. Compound I11 crystallizes in space group P2,/n with a = 15.263 
(5) A, b = 8.970 (6) A, c = 9.320 (2) A, = 95.87 (2)O, V = 1269.26 A3, 
2 = 4, Ddd = 1.419 Mg m-3, and p = 8.715 cm-'. Refinement resulted 
in R = 0.039 and R,  = 0.053. Note that the monoclinic cell was selected 
by using the normal convention c < a. The unit cell and space group of 
the molybdenum analogue8 are readily obtained by using the transfor- 
mation matrix 

Scheme I' 

o ~ [ C P * C ~ ( C O ) ~ I ~  [cp*Cr (co), L I c ~ * c ~ ( c o ) ~ x  
/ 5 B r 2 ( 1 2 )  or 

CCI. 
A or h\ t L  

(0 5 C C ~ * C  r (co), I , = [ ~ p * ~ r  ( c o ) ~  I] 

IPhMeCHBr \- snn 
Cp*Cr (CO), H Cp*Cr (CO),R 

Cp*Cr(C0)3X Cp*Cr(C0)3Br + PhCH=CH* Cp*Cr(C0)3SnBu3 

R = Me, PhCH2. CH2CH=CH2 

Cp*Cr (CO ),H 
";/ 

+ + + 

OCp* = $'-C5Me5. 

to be isostructural with the recently reported molybdenum 
analogueE and has a chromium-chromium bond length of 
3.3107 (7) A, significantly longer and therefore weaker than 
the metal-metal bonds of both I (3.281 (1) &la and 
[(a5-C5Me5)Mo(C0)3]2 (3.278 (14) 

Consonant with the latter suggestion, I11 dissolves in 
solvents such as hexane, benzene, and toluene to give 
bright red, extremely air-sensitive solutions containing IV. 
Magnetic moment measurements by the Evan's methodg 
show that the magnetic moment of the solute is 1.70 
(k0.05) fiB/chromium atom, very close to the spin-only 
value for one unpaired electron and suggesting extensive 
dissociation to  monomer at  room temperature a t  the 
concentration studied ([Cr] = 0.04 M). However, the de- 
gree of dissociation is temperature- and concentration- 
dependent, and concentrating or cooling a toluene solution 
results in the magnetic moment being lowered, the vco 
attributed to IV a t  1994 (vs) and 1895 (vs, br) cm-l de- 
creasing in intensity'O and new vco at  1918,1877, and 1848 
cm-' attributed to I I P  appearing. Accompanying these 
changes, which are completely reversible, the solution turns 
deep green, the color of 111. 

This behavior is accompanied by equally striking 
changes in the lH NMR spectrum of a dilute ([Cr] = 0.007 
M), room-temperature toluene-$ solution of III/IV, which 
exhibits a single, broad methyl resonance a t  6 31.3. On 
concentrating the solution such that [Cr] = 0.035 M, the 
methyl resonance shifts upfield to 6 24.4, consistent with 
rapid exchange between I11 and IV and the presence of 

(8) Leoni, P.; Marchetti, F.; Pasquali, M.; Zanello, P. J .  Chem. Soc., 

(9) Evans, D. F. J. Chem. SOC. 1959, 2003. 
(10) The spectrum is very similar to that of 

Dalton Trans. 1988, 635. 

the absorptions of IV 
being to lower frequency in keeping with the greater electron-donating 
properties of the v5-C5Me5 ligand. 

(11) IR spectrum of 111: in Nujol mull, 1903 (vs), 1892 (vs), 1868 (8) 
cm-l. , in ' a KBr disk, 1906 (vs, br), 1869 (vs), 1851 (m) cm-'. 
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increased amounts of diamagnetic 111. 
On cooling the latter solution from 95 to 35 "C, the broad 

(AvlI2 = 180 Hz), averaged methyl resonance shifts 
downfield from 6 -29.0 to 6 -32; the correlation of 
chemical shift with temperature appears to be consistent 
with Curie law behavior.12 Interestingly, however, on 
further cooling, the apparent Curie law behavior is lost, 
as the methyl resonance reverses the trend and shifts 
upfield, presumably because of an increasing contribution 
of the methyl resonance of the diamagnetic I11 to the av- 
eraged chemical shift. The spectrum remains invariant 
below -75 "C, a sharp singlet a t  6 1.54 being attributable 
to 111. 

Solutions of III/IV exhibit pronounced chemical re- 
activity characteristic of metal-centered radicals, as shown 
in Scheme I. While benzene solutions seem indefinitely 
stable at room temperature under rigorous exclusion of air 
and light, conversion to [ (q5-C5Me5)Cr(CO)2]24b occurs on 
protracted heating above 40 "C or on exposure to sunlight. 
As with the q5-C5H5 analogue,1d,2 IV is very substitution- 
labile and readily reacts with 13C0 to give 13C0-enriched 
material, as shown by changes in the IR spectrum. Sim- 
ilarly, reactions with t-BuNC and smaller tertiary phos- 
phines (PMe3, PMe2Ph, P(OMe),, but not the larger PPh,) 
result in the formation of extremely air-sensitive, mono- 
substituted compounds of the type [ (q5-C5Me5)Cr(C0),L]. 
The substituted compounds are thermally labile and have 
not been successfully purified. However, they have been 
identified by their IR spectra (Table I), which are very 
similar to those of compounds of the type [(q5-C5H5)Cr- 
(CO),L] ,2 by their paramagnetism (one unpaired electron), 
by the presence of very broad resonances in the 'H NMR 
spectra, and by the mass spectra of the PMe, and PMe2Ph 
derivatives, which exhibit peaks a t  m/z  values corre- 
sponding to the M', (M - CO)+, and (M - 2CO)' ions. The 
steric restrictions to substitution reactions of IV are evident 
from the lack of reaction of PPh,; both this ligand and 
tricyclohexylphosphine form derivatives in the q5-C5H5 
system.2 

Solutions of III/IV also take part in atom abstraction 
reactions typical of other 17-electron compounds? reacting 
with bromine and iodine to form the known halo com- 
pounds (q5-C5Me5)Cr(C0)3X (X = Br, I)I3 and with carbon 
tetrachloride to form the chloro analogue (Scheme I). As 
has been reported,', the bromo and iodo compounds are 
very labile and cannot be purified satisfactorily; the chloro 
compound is similarly difficult to work with. However, 
all three compounds were readily identified on the basis 
of comparisons of their spectroscopic properties, as shown 
in Table I. Interestingly, (q5-C5Me5)Cr(C0),I takes part 
in an iodine atom exchange process with IV, as evidenced 
by coalescence of the methyl resonances of the two com- 
pounds. This type of exchange does not occur for the 
compounds ( T ~ - C ~ M ~ ~ ) C ~ ( C O ) , X  (X = H, C1, Br), although 
it is a common feature of the chemistry of 11.' 

Compound IV also takes part in atom abstraction pro- 
cesses, reacting with methyl iodide, benzyl bromide, allyl 
bromide, and tri-n-butyltin hydride, as shown in Scheme 
I. In all cases, the products have been difficult to separate 
and/or have proven to be too labile to purify, and all have 
been of necessity identified spectroscopically. Thus the 
halo products were characterized on the basis of the 
spectroscopic data discussed above and presented in Table 
I, while the methyl,14 benzyl, and allyl compounds were 

(12) Drago, R. S.  Physical Methods in Chemistry; W. B. Saunders: 
PhiladelDhia. 1977. ChaDter 12. 

(13) Kibg,'R. B.'; Efrky, A.; Douglas, W. M. J. Organomet. Chem. 
1973, 60, 125. 

characterized by their IR and NMR properties (Table I) 
(and by the similarities of these properties to those of 
analogous v5-C5H5 compounds2) following synthesis by 
other routes, such as reaction of the anion [(q5-C5Me5)- 
Cr(C0),]-l3 with the appropriate organic halide or of 
( T ~ - C ~ M ~ ~ ) C ~ ( C O ) ~ I  with alkyllithium reagents. 

Interestingly, while the primary alkyl compound 2- 
phenethyl bromide does not react with IV, the benzylic 
isomer 1-phenethyl bromide does, albeit in a different 
fashion than anticipated. As shown in Scheme I, the 
products are ( ~ ~ - c ~ M e ~ ) C r ( C o ) ~ B r ,  (q5-C5Me5)Cr(C0)3H, 
and styrene. Evidently bromine abstraction does occur, 
but the thus formed secondary alkyl radical undergoes 
hydrogen abstraction by a second molecule of IV. 

The hydride product of the reaction of IV with n- 
Bu3SnH was characterized by its spectroscopic properties 
(Table I), the oily tin-containing compound by comparison 
of its spectroscopic properties with those of a sample made 
by treating [ ( T ~ - C ~ M ~ ~ ) C ~ ( C O ) , ] - ' ~  with n-Bu3SnC1. 

Acknowledgment. We are indebted to the National 
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Kinetics and Mechanism of the Pyrolysis of 
1,l -D[methylsilacyclopent-3-ene 
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Summary Experimental kinetic data for the pyrolysis of 
the title compound and the formation of it and an isomer 
by addition of dimethylsilylene to butadiene are reported 
and shown to be consistent with a nonconcerted mech- 
anism involving vinylsilacyclopropane intermediates. The 
mechanism closely approximates to steady-state condi- 
tions, with no single rate-determining step. 

When we used buta-1,3-diene as a trap for dimethyl- 
silylene during our studies of the silene e silylene isom- 
erization, HMeSi=CH2 :&Mez, we noted that silylene 
addition to form the principal adduct 1,l-dimethylsila- 
cyclopent-3-ene (1) was reversible.' Lei and Gaspar2 
subsequently investigated the vacuum flow pyrolysis of 1 
a t  700 "C, confirming that extrusion of dimethylsilylene 
was the major reaction, accompanied by some isomeriza- 
tion of 1 to l,l-dimethylsilacyclopent-2-ene (2). Very 
reasonably, they suggested that pyrolysis of 1 and the 
reverse addition of dimethylsilylene to butadiene might 
follow nonconcerted mechanisms involving a vinyl- 
silacyclopropane intermediate; they have obtained good 
evidence for such mechanisms from the product compo- 
sition of the pyrolysis of 1,1,2-trimethylsilacyclopent-3-ene2 
and from the addition of dimethylsilylene to methyl-sub- 
stituted butadienes., 

(1) Davidson, I. M. T.; Scampton, R. J. J. Organomet. Chem. 1984, 

(2) Lei, D.; Gaspar, P. P. Organometallics 1985, 4, 1471. 
(3) Lei, D.; Hwang, R.-J.; Gaspar, P. P. J. Organomet. Chem. 1984, 

271 , l .  Lei, D.; Gaspar, P.  P. J.  Chem. SOC., Chem. Commun. 1985,1149. 
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271, 249. 
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