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Summary: Thermolysis of dimethyltitanocene in the 
presence of internal alkynes formed the corresponding 
titanacyclobutenes cleanly and efficiently. This reaction 
was shown to be first order in dimethyltitanocene with 
a primary kinetic isotope effect. When diphenylacetylene 
was reacted with dimethyltitanocene at lower temper- 
atures, a competitive migratory insertion process took 
place, forming a vinyl-substituted titanocene species. An 
analogous reaction with 2 equiv of nitriles formed the 
known 1,3-diaza-2-titana-l,4-cyclohexadiene deriva- 
tives. 

Introduction 

The chemistry of transition-metal alkylidenes and 
metallacycles has attracted much recent attention' and 
has resulted in a number of useful synthetic transforma- 
tions. Among the titanium complexes, the Tebbe reagent2 
(1) has been used widely as a source of the parent 
methylidenetitanocene (3). Although compound 3 has not 
yet been observed in its pure form, ita phosphine complexes 
have been isolated and characterized.3 Also, adducts of 
3 with olefins, acetylenes, and allenes were implicated in 
various rea~t ions .~  Methylidenetitanocene (3) generated 
from 1 is a highly reactive species, which methylenates 
carbonyl compounds (4 - 5)5 and reversibly converts 
alkenes (6) to titanacyclobutanes (7).1c*5b*6 It also reacts 
with 2 equiv of nitriles (€9, to form 1,3-diaza-2-titana- 
1,4-cyclohexadienes (9),leJ and with alkynes (lo), to form 

(1) (a) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G. 
Principles and Applications of Organotransition Metal Chemistry; 
University Science Books: Mill Valley, CA, 1987. (b) Nugent, W. A,; 
Mayer, J. M. Metal-Ligand Multiple Bonds; Wiley: New York, 1988. (c )  
Grubbs,R.H.;Tumas, W.Scieme 1989,243,907. (d)Feldman,J.;Schrock, 
R. R. Prog. Inorg. Chem. 1991,39,1. (e) Doxsee, K. M.; Mouser, J. K. 
M.; Farahi, J. B. Synlett 1992, 13. 

(2) Tebbe, F. N.; Parshall, G. W.; Reddy, G. S. J. Am. Chem. SOC. 1978, 
100,3611. 

(3) (a) vandeHeiateeg,B. J. J.;Schat,G.;Akkerman, 0. S.;Bickehaupt, 
F. J. Organomet. Chem. 1986,310, C25. (b) Meinhart, J. D.; Anslyn, E. 
V.; Grubbs, R. H. organometallics 1989,8, 583. 

(4) (a) Lee, J. B.; Ott, K. C.; Grubbs, R. J. Am. Chem. SOC. 1982,104, 
7491. (b) Anslyn, E. V.; Grubbs, R. H. J.  Am. Chem. SOC. 1987,109,4880. 
(c) Hawkins, J. M.; Grubbs, R. H. J. Am. Chem. SOC. 1988,110, 2821. 
(5) (a) Pine, S. H.; Zahler, R.; Evans, D. A.; Grubbs, R. H. J. Am. 

Chem. SOC. 1980,102,3270. (b) Brown-Wensley, K. A.; Buchwald, S. L.; 
Cannizzo, L.; Clawson, L.; Ho, S.; Meinhardt, D.; Stille, J. R.; Straus, D.; 
Grubbs, R. H. Pure Appl. Chem. 1983,55,1733. (c) Pine, S. H.; Pettit, 
R. J.; Geib, G. D.; Cruz, S. G.; Gallego, C. H.; Tijerina, T.; Pine, R. D. J. 
Org. Chem. 1986,50, 1212. 

(6) (a) Tebbe, F. N.; Parshall, G. W.; Ovenall, D. W. J.  Am. Chem. SOC. 
1979, 101, 5074. (b) Howard, T. R.; Lee, J. B.; Grubbs, R. H. J. Am. 
Chem. SOC. 1980,102,6876. ( c )  Lee, J. B.; Gajda, G. J.; Schaefer, W. P.; 
Howard, T. R.; Ikariya, T.; Straus, D. A,; Grubbs, R. H. J. Am. Chem. 
SOC. 1981,103,7358. (d) Straus, D. A.; Grubbs, R. H. Organometallics 
1982,1,1658. (e) Ikariya,T.; Ho, S. C. H.; Grubbs, R. H. Organometallics 
1986,4,199. (0 Gilliom, L. R.; Grubbs, R. H. Organometallics 1986,5, 
721. (9) Finch, W. C.; Anslyn, E. V.; Grubbs, R. H. J. Am. Chem. SOC. 
1988, iio, 2406. 
(7) (a) Doxsee, K. M.; Farahi, J. B. J. Am. Chem. SOC. 1988,110,7239. 

(b) Doxsee, K. M.; Farahi, J. B. J. Chem. SOC., Chem. Commun. 1990, 
1452. (c )  Doxsee, K. M.; Farahi, J. B.; Hope, H. J. Am. Chem. SOC. 1991, 
113, 8889. 
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titanacyclobutenes (1 1) .1e14*6a3b98~9 The latter give various 
titanium-free products (13,'O 14,11 16,12 17,1OJ3 1 8 9  upon 
reaction with aldehydes and ketones (12), phosphorus 
dichlorides (15), and nitriles (8). 

(8) (a) Tebbe, F. N.; Harlow, R. L. J.  Am. Chem. SOC. 1980,102,6149. 
(b) McKinney, R. J.; Tulip, T. H.; Thorn, D. L.; Coolbaugh, T. S.; Tebbe, 
F. N. J. Am. Chem. SOC. 1981,103, 5584. 

(9) For other chemistry of titanacyclobutenes, see: (a) Eisch, J. J.; 
Piotrowski, A. Tetrahedron Lett. 1983,24, 2043. (b) Meinhart, J. D.; 
Santarsiero, B. D.; Grubbs, R. H. J. Am. Chem. SOC. 1986,108,3318. (c) 
Dennehy,R. D.; Whitby, R. J. J. Chem. SOC., Chem. Commun. 1990,1060. 
(d) Binger, P.; Mueller, P.; Herrmann, A. T.; Philipps, P.; Gabor, B.; 
Langhauser, F.; Krueger, C. Chem. Ber. 1991,124,2165. 

(10) Meinhart, J. D.; Grubbs, R. H. Bull. Chem. SOC. Jpn. 1988,61, 
171. 

(11) Doxsee, K. M.; Mouser, J. K. M. TetrahedronLett, 1991,32,1687. 
(12) (a) Doxsee. K. M.: Shen. G. S.: Knobler. C. B. J.  Am. Chem. SOC. 

1989, 111, 9129. (b) Tumas, W.; Skiano, J. A.; Harlow, R. L. Angew. 
Chem. 1990,102, 89. 

(13) Doxsee, K. M.; Mouser, J. K. M. Organometallics 1990,9, 3012. 
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Scheme I1 We have recently reported14 that dimethyltitanocene 
(2) constitutes a synthetically convenient alternative to 1 
and 7 for the methylenation of a variety of carbonyls,'5 
including aldehydes, ketones, esters, lactones, and amides. 
We have also reported similar reactivity with the dibenzyl- 
,le bi~((trimethylsilyl)methy1)-,~7 and bis(cyclopropy1)- 
titanocenes,ls which are readily prepared from titanocene 
dichloride and the appropriate organometallic reagents. 
Moreover, we have found that 2 is able to initiate the 
ring-opening metathesis polymerization of norbornene,lg 
aprocess previously studied with titanacyclobutanes (7).20 
This finding confirmed the formation of a methylidene- 
titanocene species (3) during the thermolysis of 2. In order 
to gain additional mechanistic information on the ther- 
molysis of dialkyltitanocenes and in an effort to enhance 
their synthetic utility, we studied in detail the reactions 
of 2 with alkynes and nitriles, which we report herein.21122 

Results and Discussion 

The reaction of dimethyltitanocene (2) with diphenyl- 
acetylene (1Oc) under photolytic conditions was previously 
shown23 to give mainly the titanacyclopentadiene adduct 
( 2 0 ~ ) ~  and small amounts of the vinyl insertion product 
(19~).~~b 

We have found that under thermal conditions (benzene, 
80 O C ,  7-9 h) the main products of the reaction of 2 with 
various alkynes (10) are the titanacyclobutenes (1 1). For 
example, thermolysis of 2 in the presence of symmetrical 
alkynes (10a-d) resulted in the clean and efficient p rep  
aration of 1 la-d in near-quantitative conversions. Vari- 
able amounts of the vinyl derivative 19c were also observed 
when diphenylacetylene (1Oc) was reacted with 2. Al- 
though only very small quantities of 19c were formed when 
1Oc and 2 were reacted in equimolar amounts, the portion 
of 19c increased dramatically when the temperatures were 
lowered (70 O C )  and when excess 1Oc was used. The 
reactions of 2 with unsymmetrical alkynes proceeded with 
mixed regioselectivities. Thus, while alkyne 1Oe gave a 
1:l mixture of the two regioisomers l l e  and l l f ,  the 
reaction with alkyne log afforded a 4.81 ratio of l l g  and 
l lh .  

Some mechanistic aspects of the conversion of 2 to 11 
are noteworthy. Most likely, this reaction involves a rate- 
determining loss of methane to generate a methylide- 
netitanocene intermediate, either in ita free form (3) or as 
a complex with methane or the solvent. Subsequent 

(14) Petasis, N. A.; Bzowej, E. I. J. Am. Chem. SOC. 1990,112,6392. 
(15) For synthetic applications see: (a) Petasis, N. A.; Patane, M. A. 

TetrahedronLett. 1990,31,6799. (b) Csuk,R.;Glanzer,B. I. Tetrahedron 
1991,47,1655. (c) DeShong, P.; Rybczynski, P. J. J. Org. Chem. 1991, 
56,3207. (d) Swenton, J. S.; Bradin, D.; Gates, B. D. J. Org. Chem. 1991, 
56, 6156. (e) Petasis, N. A.; Bzowej, E. I. Tetrahedron Lett. 1993, 34, 
1721. 

(16) Petasis, N. A.; Bzowej, E. I. J. Org. Chem. 1992,57, 1327. 
(17) Petasis, N. A.; Akritopoulou, I. Synlett. 1992, 665. 
(18) Petasis, N. A.; Bzowej, E. I. Tetrahedron Lett. 1993, 34,943. 
(19) Petasis, N. A.; Fu, D.-K. J. Am. Chem. SOC. 1993,115,7208. 
(20) Gilliom, L. R.; Grubbs, R. H. J.  Am. Chem. SOC. 1986,108,733. 
(21) Portionsofthis work werereportedin: Abstracts ofPapers, 204th 

National Meeting of the American Chemical Society, Washington, DC, 
Aug 23-28,1992; American Chemistry Society: Washington, DC, 1992; 
ORG 254. 

(22) Professor K. M. Doxsee (University of Oregon) has informed us 
that his group has also utilized dimethyltitanocene for the preparation 
of titanacyclobutenes. 

(23) (a) Atwood, J. L.; Hunter, W. E.; Alt, H.; Rauech, M. D. J.  Am. 
Chem. SOC. 1976,98,2454. (b) Rauech, M. D.; Boon, W. H.; Alt, H. G. 
J.  Organomet. Chem. 1977,141, 299. 

(24) For other methods for the Preparation of this system see: (a) Alt, 
H. G.; Engelhardt, H. E. J.  Organomet. Chem. 1987,329,61. (b) Tumas, 
W.; Wheeler, D. R.; Grubbs, R. H. J. Am. Chem. SOC. 1987,109, 6182. 
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trapping of 3 with the alkyne, probably via the alkyne 
complex 22, would rapidly lead to 11. Strong evidence for 
the involvement of complexes such as 22 was previously 
provided in the detailed study by Anslyn and Grubbs4bof 
the reactions of alkynes with various other sources of 3. 

Another mechanistic pathway involves the initial com- 
plexation of 2 with the alkyne to give an 18-electron 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

Se
pt

em
be

r 
1,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 S
ep

te
m

be
r 

1,
 1

99
3 

| d
oi

: 1
0.

10
21

/o
m

00
03

3a
05

9



3778 Organometallics, Vol. 12, No. 9, 1993 Notes 

lW' 

0 5 0  100 150 200 250 300 350 400 450 500 
Thne (1 00 x sec) 

Figure 1. lH NMR monitoring of the reaction of dimeth- 
yltitanocene (2) with 10 equiv of diphenylacetylene (1Oc) in 
C a s .  The concentrations of 2,l  IC, and 19c were determined 
in the probe at 76 "C, in relationship to a ferrocene internal 
standard. 

complex (21). This species can be directly converted to 
22 via a ligand-promoted a-abstraction,25 which may also 
involve a Cp ring slippage.26 The same complex 21 is also 
capable of a migratory insertion process to form the 
vinyltitanocene species 19, presumably via transition state 
(TS) 23. While this type of insertion occurs readily with 
cationic titanium species,27 it is not common with neutral 
complexes. Moreover, it is unlikely that 19 is formed via 
a heterolytic cleavage of 2 since, in contrast to the 
photochemical conditions which were shown to involve 
free-radical intermediates,28 the thermally derived 19 was 
not accompanied by other coupling products. 

An NMR experiment provided some indirect evidence 
for the involvement of an intermediate such as 21c in the 
formation of 19c. As shown in Figure 1, during the reaction 
of 1Oc with 2, an induction period preceded the formation 
of the vinyl derivative 19c, while the titanacyclobutene 
l lc begun to increase immediately. This is an indication 
that an alkyne complex (21c) may be involved in the 
formation of 19c but not llc, implying that the ligand- 
promoted abstraction is not required. Although the NMR 
spectra of the reaction mixture included new peaks that 
could be attributed to 21c, these weak peaks could not be 
unambiguously assigned to this compound. Also, despite 
several unsuccessful attempts to isolate analytically pure 
samples of 19c, its structure and geometry were confirmed 
by 2-D NMR experiments (NOESY and COSY) and high- 
resolution mass spectrometry. The cis addition of the 
Ti-CH3 bond to the alkyne invokes an intramolecular 
migratory insertion process via TS 23, rather than an 
intermolecular attack of 2 at  21c.29 

Figure 1 provides information on another mechanistic 
possibility, involving the transformation of 19c to l l c  via 

(25) Ruppercht, G. A.; Messerle, L. W.; Fellmann, J. D.; Schrock, R. 
R. J.  Am. Chem. SOC. 1980,102,6236. 

(26) OConnor, J. M.; Casey, C. P. Chem. Reu. 1987,87, 307. 
(27) Eiach, J. J.; Piotrowski, A. M.; Brownstein, S. K.; Gabe, E. J.; Lee, 

F. L. J. Am. Chem. SOC. 1985,107,7219. 
(28) (a) Samuel, E.; Maillard, P.; Giannotti, C. J. Organomet. Chem. 

1977, 142, 289. (b) Pankowski, M.; Samuel, E. J. Organomet. Chem. 
1981,221, c21. 

(29)See for example: Reger, D. L.; Belmore, K. A.; Mintz, E.; 
McElligott, P. J. Organometallics 1984, 3, 134. 

a rare y-abstraction step.30 This process is unlikely to be 
the major pathway for the formation of 1 IC, since prolonged 
heating at  the same temperature of the final mixture of 
19c and l l c  showed only a small change in their relative 
ratios. While the conversion of 19c to l l c  seems feasible 
either via a reversible loss of alkyne to give 2 or via a direct 
y-abstraction, the rate of this transformation is clearly 
slower than the initial rate of formation of 1 IC prior to the 
consumption of 2. 

Not surprisingly, the strained titanacyclobutene 1 IC was 
more reactive toward electrophiles than was 19c. For 
example, when a mixture of 19c and l l c  was quenched 
with excess acetone, NMR indicated that 19c remained 
intact while 1 IC underwent complete carbonyl insertion 
to yield 25~.~OJl Subsequent acid workup and purification 
afforded 24c and 26c. 

The increased relative amounts of 19c vs 1 IC, observed 
at  lower temperatures and at  higher concentrations of 
alkyne lOc, are consistent with the intermediacy of an 
alkyne complex. However, a vinyltitanocene species such 
as 19c was not formed with other alkynes, indicating 
difficulties in the formation of 21 or 23. As previously 
suggestedFb the polarization of the acetylene moiety in 
the case of diphenyltitanocene is facilitated by an or- 
thogonal positioning of the two phenyl rings, while a similar 
arrangement is not possible with alkyl-substituted alkynes. 
An analogous nonplanar disposition of the phenyl ring in 
22g may be responsible for the selective formation of l l g  
vs 11 h and the lack of selectivity in the case of 1 le vs 1 If. 

Additional mechanistic information was obtained by 
kinetic studies of the reaction of bis(trimethylsily1)- 
acetylene (10d) with 2, as well as the corresponding d3 and 
d6 derivatives. As indicated in Figure 2, the reaction is 
first order in the titanocene and there is asignificant kinetic 
isotope effect. A k d k D  ratio of 6.4 is reflected in the 
relative rates between 2 - 4  and %de. This isotope effect 
presumably includes both a primary and a secondary 
component. The primary isotope effect results from the 
breaking of a C-H bond during the rate-determining step, 
while the change in hybridization from sp3 in 2 to sp2 in 
3 is responsible for the secondary isotope effect. Figure 
2 also shows that the relative rate between 2 4  and 2-d3 
is 2.0, which is consistent with the fact that 2-do has twice 
as many ways of forming the protio intermediate 3 (at 
either -CH3 group). In the case of 2-d3 a mixture of 
products 1 ld-do and lld-d2 was obtained in a ratio of 5.9. 
Similarly, the relative rate between 2 4 3  and 2-d6 was 3.2, 
half of the isotope effect between 2-do and 2-ds. Also 
consistent with these isotope effects are the results of a 
competition experiment of a 1:l:l mixture of 2-d0, 2-d6, 
and 10d, which afforded lld-do and lld-d2 in a ratio of 
5.6. 

We have also carried out a competition experiment 
between diphenylacetylene (1Oc) and 4-octyne (lob). It 
was previously shown4b that 10b is a much better meth- 
yldienetitanocene trap than lOc, leading to a 1lb:llc ratio 
in the range of 5-23, depending on the source of 3. We 
have observed similar results in the case of 2. Thus, when 
a 1:5:5 mixture of 2, lob, and 1Oc was subjected to the 
typical thermolysis conditions, it gave a mixture of llb: 
llc:19c in a ratio of 181:18. The preferred formation of 
1 l b  vs 1 IC cannot be attributed to product equilibration 
via a reversible conversion of 11 to 22, since upon heating 

(30) For an example Bee: Fendrick C. M.; Marks, T. J. J.  Am. Chem. 
SOC. 1986, 108, 425. 
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Figure 2. Reaction of dimethyltitanocene (2-& 24, and 
2-&) with 10 equiv of bis(trimethylsily1)acetylene (10d) at 80 
OC in C&. The relative dimethyltitanocene concentrations 
(CdC, where CO is the initial concentration) were determined 
by 1H NMR, in relationship to a ferrocene internal standard. 
These plots have p values greater than 0.99 and indicate the 
following relative rates: k 2 - d k 2 - d s  = 2.0; kz.,jJk2.4 = 6.4; kl .  

Scheme IV 

d $ k z . d ,  = 3.2. 

2 27 

R' 

28: R'= t-Bu 
29: R'=Ph 

an equimolar mixture of llc and 10b at  80 "C for 2 h, we 
could not detect any llb. While these competition 
experiments provide support for an intermediate (or TS) 
such as 22, they do not necessarily confirm the ligand- 
promoted elimination of 21 to 22. The observed selectivity 
may be explained either by a competitive ligand exchange 
and equilibration prior to the irreversible conversion to 
11 (trap scrambling) or by a significant difference in the 
rate of formation or ring closure of 22 (Curtin-Hammett 
principle).4b 

Additional evidence supporting the intermediacy of 3 
is found in the fact that the reaction of 10d with 2 is zero 
order in alkyne. As shown in Figure 3, the observed 
reaction rates a t  various alkyne concentrations remained 
essentially the same. 

Finally, we have examined the reactivity of 2 toward 
nitriles. We found that upon heating a mixture of 2 and 

0 
0 1 2 3 4 

Alkyne Concentration (M) 
Figure 3. Reaction of dimethyltitanocene (2,0.33 M) with 
various concentrations of bis(trimethylsily1)acetylene (10d) 
at 80 "C in c&3. The relative concentrations were determined 
by 1H NMR, in relationship to a ferrocene internal standard. 
The observed rates were determined from the slope of first- 
order plots of the decrease in dimethyltitanocene concen- 
tration. All of these plots had p values greater than 0.99. 
2 equiv of pivalonitrile or benzonitrile in benzene at 80 O C  

for several hours, the corresponding l,&diaza-a-titana- 
1,4-cyclohexadiene derivatives (28 and 29) were formed 
quantitatively. These compounds, previously obtained7 
by using 1 or 7, are apparently produced via a sequential 
formation of the azatitanocyclobutene intermediate (27), 
which undergoes insertion of a second molecule of nitrile 
and ta~tomerization.~ 

Conclusions 
We have shown that dimethyltitanocene reacts readily 

with alkynes to form titanacyclobutenes and with nitriles 
to give l,3-diaza-2-titana-l,4-cyclohexadienes. The re- 
action with alkynes is first order in the titanocene and 
shows a primary kinetic isotope effect, consistent with an 
a-abstraction mechanism. 
Our kinetic studies have suggested that the a-abstraction 

step takes place on the free dimethyltitanocene, which is 
converted to the methylidenetitanocene. This highly 
reactive species reacts rapidly with the alkyne to form a 
labile alkyne complex, which is finally transformed to the 
titanacyclobutene. 

Although, in the case of diphenylacetylene, a dimeth- 
yltitanocene-alkyne complex was also invoked, this in- 
termediate was associated with the formation of a vi- 
nyltitanocene product. This uncommon insertion pathway 
is presumably a consequence of the unique ability of 
diphenylacetylene to  polarize and distort the acetylenic 
bond. 

The convenient preparation and handling of dimeth- 
yltitanocene, combined with its efficient application in 
the synthesis of titanacyclobutenes reported herein, may 
enhance the synthetic utility of the latter, particularly 
their reactions with carbonyls and other ele~trophiles.3~ 

Experimental Section 
General Considerations. lH and 13C NMR spectra were 

recorded on a Bruker AMX-500, AM-360, or AC-250 instrument, 
~~~~~ 

(31) Other dialkyltitanocene derivatives, such aa bis((trimethylsily1)- 
methyl)titanocene, Slso react with alkynes to form titanacyclobutenes. 
More detaila of this work will be reported in due course. 
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using CDCl3 or as the solvent. High-resolution mass spectra 
were obtained at the Southern California Mass Spectrometry 
Facility, University of California, Riverside, CA. Microanalyses 
were performed by Galbraith Laboratories, Knoxville, TN. 
Dimethyltitanocene (2) was prepared by the literature method.32 
The d3 derivative (2-d3) was prepared from Cp2TiMeCl and CD3- 
MgC1, whereas the de derivative (%de) was prepared from Cp2- 
Tic12 and CDSMgCl. 

Titanacyclobutene lla. Into a septum-sealed NMR tube 
filled with argon was syringe-transferred a solution of dimeth- 
yltitanocene (2; 48 mg, 0.24 mmol) and 3-hexyne (loa; 22 mg, 
0.27 mmol) in C& (0.8 mL). The reaction mixture was heated 
in the dark at 80 OC for 9 h. The titanacyclobutene l la was 
obtained as a deep red solution, in nearly quantitative yield based 
on the alkyne. The yield was determined by lH NMR, using a 
relaxation time of 20 s. lH NMR (250 MHz, c&): 6 5.53 (8, 

10H, Cp), 3.30 (8 ,  2H, TiChd, 2.54 (q, 2H, CHd, 1.97 (9, 2H, 

C,3&): 6 200.4 (Tic=), 109.9 (Cp), 91.9 ( 4 1 , 7 7 5  (TiCH2, JCH 
= 139.9Hz),29.3,22.4,15.9,12.6. MS(C1): m/e275.1274(MH+), 
calcd for C17HaTi 275.1279. 

Titanacyclobutene l l b  was prepared from dimethyl- 
titanocene (2) and 4-octyne (lob) similarly to the preparation of 
lla. 'H NMR (250 MHz, c&): 6 5.54 (s,lOH, Cp), 3.28 (s,2H, 
TiCH2), 2.52 (q,2H, CH2), 1.92 (q,2H, CH2), 1.43 (m, 4H, CH2), 

6 201.0 (Tic=), 109.9 (Cp), 91.2 (=C), 78.2 (TiCH2, JCH = 139.9 
Hz), 39.5, 31.8, 24.6, 21.4, 15.1, 14.6. MS (EI): m/e 302.1503 
(M+), calcd for ClgH2~Ti 302.1514. 

Titanacyclobutene l l c  was prepared from dimethyl- 
titanocene (2) and diphenylacetylene (1Oc) similarly to the 
preparation of lla. lH NMR (250 MHz, c a s ,  lit.&): 6 6.89-7.29 
(m, 10H, Ph), 5.68 (8, 10H, Cp), 3.45 (s,2H, TiCH2). 13C NMR 
(63 MHz, CJIe): 6 210.8 (Tic=), 123-147 (Ph), 112.7 (Cp), 100.7 
(C=), 73.4 (TiCH2, JCH = 139.0 Hz). MS (CI): m/e 371.1296 
(MH+), calcd for CzHaTi 371.1279. 

Titanacyclobutene lld. Into a septum-sealed 50-mL flask 
charged with dimethyltitanocene (2; 2.08g, 10 mmol) under argon 
was syringe-transferred a solution of bis(trimethylsily1)acetylene 
(10d; 1.87 g, 11 mmol) in benzene (20 mL). The sealed mixture 
was covered with aluminum foil and heated in an oil bath at  80 
"C. The reaction was monitored by the lH NMR of small aliquots 
(0.50 mL) from which the solvent was evaporated under vaccum 
and replaced with C&. After 10 h the solvent was evaporated 
under vacuum to yield the crude titanacyclobutane 1 Id as a dark 
red solid (3.55 g, 98% crude). Even without further purification, 
this material was quite pure, with 1H NMR showing greater than 
95% conversion. Anal. Calcd for CleH&i2Ti: c, 62.95; H, 8.34. 
Found: C, 61.97; H, 7.99. lH NMR (250 MHz, CeDe, lit.&): 6 
5.22 (8,  10H, Cp), 4.68 (8, 2H, TiCHz), 0.33 ( 8 ,  9H, SiMea), 0.21 
(s,9H, SiMe3). 13C NMR (63 MHz, c&& lit.&): 6 246.8 (Tic=), 
108.8, (TiCH2, JCH = 141.6 Hz), 107.6 (Cp), 102.9 (=C), 2.5 
(SiMes), 1.5 (SiMe3). MS (CI): m/e 363.1435 (MH+), calcd for 
C1eH31Si2Ti 363.1444. 

Titanacyclobutenes 1 le and  1 If were prepared as a mixture 
from dimethyltitanocene (2) and 1-(trimethylsily1)-1-propyne 
(1Oe) similarly to the preparation of lla. NMR data for the 
mixture: 1H NMR (500 MHz, C&e) 6 5.68 (s,lOH, Cp), 5.57 (8,  
10H, Cp), 4.03 (8,  2H, TiCHz), 3.35 (8, 2H, TiCHz), 2.60 (8,  3H, 
CHs), 1.69 (s, 3H, CHs), 0.21 (s,9H, SiMes), 0.18 (s,9H, SiMe3); 
13C NMR (125.8 MHz, C&e) 6 240.47 (Tic-), 221.16 (Tic=), 
110.46 (Cp), 110.22 (IC), 107.48 (Cp), 93.83 (TiCH2, JCH = 141.5 
Hz), 85.29 (TiCH2, JCH = 138.7 Hz), 77.19 (e), 25.22 (CH3), 
20.57 (CHs), 1.53 (SiMea), 0.98 (SiMes). 

Titanacyclobutenes 1 l g  and 11 h were prepared as a mixture 
from dimethyltitanocene (2) and 1-phenyl-2-(trimethylsily1)- 
acetylene (log) similarly to the preparation of lla. NMR data 
for the mixture: lH NMR (500 MHz, cas) 6 6.89-7.20 (m, 5H, 
Ph), 5.59 (s,lOH, Cp), 5.31 (s,lOH, Cp),4.19 (s,2H,TiCH2), 3.67 
(s,2H, TiCHz), 0.05 (s,9H, SiMea), 0.00 (s,9H, SiMe3); 13C NMR 

(32) Clauss, v. K.; Bestian, H. Justus Liebigs Ann. Chem. 1962, 8. 

CH2), 1.05 (t, 3H, CH3), 0.91 (t, 3H, CH3). "C NMR (63 MHz, 

0.98 (t, 3H, CH3), 0.86 (t, 3H, CH3). "C NMR (63 MHz, C a d :  

Notes 

(125.8 MHz, c a s )  6 238.06 (Tic=), 225.60 (Tic=), 123-150 
(Ph), 115.32 (=C), 110.93 (Cp), 108.68 (Cp), 94.12 (TiCH2, JCH 
= 141.5 Hz), 85.33 (TiCH2, JCH = 138.7 Hz), 83.77 (=C), 2.06 
(SiMeS), 0.69 (SiMe3). 

Identification of Insertion Product 19c. A solution of 
dimethyltitanocene (2; 203 mg, 1.0 mmol) and diphenylacetylene 
(1Oc; 161 mg, 0.91 mmol) in c&h3 (1.0 mL) was placed in a IO-mL 
flask. After it was degassedunder vacuum at -78 OC, the solution 
was filled with argon, sealed, and placed in an oil bath heated 
at  70 OC for 16 h. The NMR spectrum of the mixture showed 
the presence of titanacyclobutene l lc and the insertion product 
19c in a 60:40 ratio. Spectral data for 19c: 'H NMR (360 MHz, 

=CCH3),-0).44 (s,3H,TiCH3);13C NMR (90MHz,C&) 6 189.6 
(Tic=), 123-147 (Ph), 113.2 (Cp), 90.1 (=C), 50.2 (TiCH33, JCH 
= 125.7 Hz), 25.7 (CH3); MS (CI) m/e 387.1579 (MH+), calcd for 
C2eH2,Ti 387.1592. 

Reaction of l lc with Acetone. The mixture of l lc and 19c, 
prepared as above, was treated with excess acetone and heated 
at 70 "C for another 1 h. At this time the reaction mixture turned 
from dark to red and NMR indicated the presence of 25c10 and 
unreacted 1% in a ratio of 6040. Compound 25c could be isolated 
by column chromatography (neutral alumina, 10% ethyl acetate 
in hexane). Quenching the mixture of 19c and 25c with excess 
HCl in ether, followed by aqueous workup and flash column 
chromatography, gave 24c (68 mg) and 26clo (125 mg). Spectral 
data for 25c: lH NMR (500 MHz, C&, lit.lo) 6 6.73-7.00 (m, 
10H, Ph), 5.98 (~ ,10H,  Cp), 2.72 (8 ,  2H, CH2), 1.27 (8,6H, CH3); 
l3C NMR (125.8 MHz, c&, lit.lo) 6 190.0 (Tic=), 153.8 (=C-), 
122.3-146.7 (Ph), 113.6 (Cp), 88.3 (CO), 58.5 (CHa), 28.4 (CH3); 
MS (EI) m/e 428.1612 (M+), calcd for C d m T i O  428.1619. 

Typical Kinetic Experiment. A solution of dimethyl- 
titanocene (2; 40.6 mg, 0.20 mmol), bis(trimethylsily1)acetylene 
(10d, 356 mg, 2 mmol), and ferrocene (18.6 mg) in C & 3  (0.5 mL) 
was placed in an NMR tube. The solution was degassed under 
vacuum; after it was cooled to -78 "C, the tube was filled with 
argon, sealed, and placed in an oil bath heated at 80 OC. The lH 
NMR (360 MHz) spectra of the mixture were recorded period- 
ically. The relative concentrations (C) of the components were 
determined by dividing the peak integrals for the titanocene Cp 
with the integral of the ferrocene Cp. The R value for all of the 
reported plots was >0.99. 

Reaction of Dimethyltitanocene with Pivalonitrile. Into 
a septum-sealed NMR tube filled with argon was syringe- 
transferred a solution of dimethyltitanocene (2; 94 mg, 0.46 mmol) 
and pivalonitrile (60 mg, 0.72 mmol) in c& (0.5 mL). The 
reaction mixture was heated at  80 "C for 6 h, forming 28 in 90% 
yield based on the nitrile. 1H NMR (250 MHz, C&e, lit.?): 6 5.70 
(8 ,  10H, Cp), 4.83 (8, lH, =CH), 1.19 (8,  9H, ~Bu) ,  1.03 (8, 9H, 
tBu); 13C NMR (63 MHz, CD8, lit.') 6 175.0 (C=N), 111.0 (Cp), 
87.6 (CH=), 37.6 (C-Me), 37.0 (C-Me), 29.8 (Me), 29.5 (Me). 
MS (FAB): m/e 359.1976 (MH+), calcd for CzlHslN2Ti 359.1967. 

c&) 6 6.89-7.39 (m, 10H, Ph), 5.86 (5, 10H, Cp), 1.47 (8, 3H, 
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Supplementary Material Available: lH and l3C NMR 
spectraforcompounds lla, l lb ,  l l c ,  l ld ,  l l e / l l f ,  l l g / l l h ,  l l c /  
19c, 25c, and 28 (9 pages). Ordering information is given on any 
current masthead page. 
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