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Abstract 

While proton and carbon NMR spectroscopy suggest that (Cp*),(Me)Ti-OC(Me)Hz (1, Cp* = 
ns-CsMe,) is a typical O-bound titanium enolate, this material does not exhibit typical enolate reactivity. 

Specifically, 1 does not react with either methyl iodide or with benzaldehyde. However, some reagents 
that are typically used in electrophilic attack of metal-alkyl or metal-alkoxide bonds do react with 1. In 
some cases the electrophile displaces the enolate moiety, while in other cases selectivity for substitution of 
the titanium-bound methyl group is displayed. Thus the reactivity of 1 is more typical of that expected 
from a titanium alkoxide or an alkyl titanium rather than a titanium enolate. The possible use of the 
(Cp*),(Me)Ti moiety as a protecting group for ketones is discussed. 

Introduction 

Because of their extensive use in C-C bond forming reactions, enolates are 
among the most important organometallic reagents. A relatively new direction in the 
study of enolate chemistry involves the syntheses and evaluation of the reactivity of 
enolates of Ti [l-5] and other transition metals [6-91. Preliminary results suggest 
that some of these materials may be much more useful than the usual lithium 
enolates when stereochemical control is required in C-C bond formation [5,6]. 
Recently, we discovered that titanium enolates could be synthesized in virtually 
quantitative yield via the reaction of most ketones with the hindered alkylidene 
Cp*2Ti=CH, (2) which was generated in situ from Cp*,Ti(Me), (3) [lo]. This 
particular reaction is particularly noteworthy because enolate formation takes place 
with very high regioselectivity, and extraordinarily high stereospecificity. In this 
paper, we discuss some aspects of the chemical reactivity of Cp*,(Me)Ti- 
OC(Me)=CH, (l), the enolate of acetone. 

Results and discussion 

As we have previously reported, reaction of 3 with most thermally stable ketones 
results in virtually quantitative yield to the titanium enolate [lo]. In cases where E- 
and Z-stereoisomeric enolates are possible, the E form is always highly favored 
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(E/Z ratios are typically greater than 97/l). The high stereospecificity of enolate 
formation suggested that this reaction might be quite useful in processes such as the 
diastereoselective aldol reaction, where stereochemical control in enolate formation 
can lead to stereochemical control in the formation of the final product [ll]. 
Consequently, we set out to investigate the chemical reactivity of these new enolates. 

The simplest of these materials is Cp*,(Me)Ti-OC(Me)=CH> (l), the enolate of 
acetone. While this is obviously not an appropriate substrate for investigations 
concerning stereochemical aspects of C-C bond formation, we nonetheless decided 
to use 1 in our initial investigations because of the simplicity of its proton NMR 
spectrum, and because there is no possibility of E to Z isomerization (which may 
occur under certain conditions with more complicated enolates [12]). Since the 
proton and carbon NMR spectra of 1 are typical of those expected for a reactive 
O-bound transition metal enolate [9], we initially expected that 1 would exhibit 
typical enolate reactivity. 

Conventional enolates are useful because carbon electrophiles attack at the 
carbon atom and lead to the formation of a new C-C bond [13]. Compounds that 
are considered to be highly reactive carbon electrophiles include methyl iodide (and 
many other primary alkyl halides), as well as benzaldehyde (and many other 
aldehydes) [13]. In a reaction with a typical lithium or titanium enolate, addition of 
the electrophile at low temperature is followed by a short period of aging (usually at 
low temperature) and finally work-up of the products. Unexpectedly, our studies 
have shown that 1 does not exhibit typical enolate reactivity. Specifically, 1 did not 
react significantly with either benzaldehyde, or with methyl iodide at ambient 
temperatures (ca. 25 o C) in ether. 

While the failure of 1 to display typical enolate reactivity was unanticipated, it is 
not without precedent. In fact, Grubbs et al. have shown that enolates with the 
general composition Cp,(Me)Ti&OC(R)=CH, (4, Cp = $-CsH,) are likewise unre- 
active [1,2]. Since these enolates differ structurally from 1 principally in that they 
contain Cp rather than Cp* ligands, it is not too surprising that 1 should exhibit a 
similar lack of reactivity. Significantly, Grubbs et al. synthesized similar enolates 
which Jo exhibit enolate reactivity [2,3]. These compounds, which have the general 
formula Cp,(Cl)Ti-OC(R)=CHz (5) differ from 4 in that the Ti-bound methyl 
group of 4 is replaced in 5 by a Ti-bound Cl. Grubbs attributed the difference in 
reactivity between 4 and 5 to the presence of an electronegative chloride ligand on 5, 
which was said to cause the Ti atom to become a better Lewis acid with respect to 
the enolate moiety [l]. An alternative explanation is that the enolate moiety in 4 acts 
as an effective n-donor to the electron deficient Ti atom, and is thereby less 
susceptible to attack by electrophiles than conventional enolates [14]. In compound 
5, the Ti-bound chloride ligand acts as a a-donor, and thereby limits the degree of 
T-donation from the enolate moiety. This leads to an enolate which is much more 
susceptible to attack by electrophiles. 

Because of the precedented reactivity differences between compounds 4 and 5, we 
attempted to replace the Ti-bound methyl group in 1 with a r-donating ligand. In 
principle, substitution of a metal-bound alkyl ligand may be accomplished by 
reaction with a suitable electrophile [15]. However, such reactions with 1 are 
potentially complicated due to the possibility that electrophiles may react at the 
Ti-methyl bond, the Ti-oxygen bond, or at the enolate carbon atom. As a conse- 
quence, mixtures of products may be expected. However, our results suggest that 
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Fig. 1. The reaction of 1 with acidic substrates results in the preferential substitution of the enolate, even 

though the substitution of the methyl group is thermodynamically favored. Protonation of the enolate 

oxygen is probably a relatively facile process which preferentially leads to elimination of acetone. 

initial electrophilic attack may be selective. For example, reaction of 1 with the 
weak acid NMe,Oct . HCl (Ott = ” CsH,,) gave a mixture which contained Cp*,TiCl, 
(6) as the major product, along with some Cp*,(Me)TiCl (7). Significantly, no trace 
of the desired Cp*,(Cl)Ti-OC(Me)=CH, (8) was observed. These results are con- 
sistent with an initial reaction in which the electrophile attacks the Ti-oxygen bond 
to convert 1 to 7, some of which then reacts with additional NMe,Oct . HCl to give 
6 (Fig. 1). The initial electrophilic substitution of the enolate in 1 is undoubtedly a 
kinetic effect since conversion of 1 to 8 should be more exothermic by several 
hundred kilojoules per mole [16]. Protonation of the enolate at an oxygen-bound 
lone pair to give an enol-like intermediate may be the first step in this reaction [17]. 
Similarly, reaction of 1 with the weak acid phenol exhibited some preference for 
initial substitution of the enolate, although the reaction was rather sluggish. 

The addition of bromine to 1 resulted in a rapid, very clean reaction. The 
products consisted of the monosubstituted Cp*,(Me)TiBr (9) as the major con- 
stituent, along with smaller quantities of the disubstituted Cp*,TiBr, (10). None of 
the desired bromo-substituted enolate, Cp*,(Br)Ti-OC(Me)=CH, (11) was de- 
tected. Significantly, no 2-butanone was detected in a reaction that was monitored 
via proton NMR spectroscopy. This result is important because it rules out the 
production of the disubstituted product 10 via a reaction which first gives the 
enolate 11 and methyl bromide, followed by reaction of enolate 11 with methyl 
bromide. 

While reaction of 1 with NMe,Oct . HCl, phenol, or bromine led to preferential 
substitution of the titanium-oxygen bond, the reaction of 1 with iodine or with 
HgCl, led to preferential displacement of the titanium-bound methyl group. Ad- 
dition of a stoichiometric amount of iodine to 1 in C,D, resulted in a rapid reaction 
to give predominately the desired monosubstituted enolate Cp*,(I)Ti-OC(Me)=CH, 
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(12), a smaller amount of the disubstituted Cp*2TiI, (13) and methyl iodide. Since 
no butanone was observed, the production of 13 via reaction of 12 with methyl 
iodide can be ruled out. Similar reactivity was noted in both ether and hexane. 
although the reaction was significantly slower in hexane. 

The reaction of HgCI, with 1 was rapid, quantitative, and highly selective for the 
formation of the desired enolate Cp*,(Cl)Ti-0C(Me)=CH2 (8). However, we were 
not able to cleanly separate this product from the accompanying MeHgCl by 
extractions, or by fractional recrystallizations. This created a serious problem 
because MeHgCl slowly but cleanly converts 8 to 6. (This process may involve the 
reaction of 8 with HgCl,, which can be produced from MeHgCl via the Schlenk 
equilibrium [g]). In order to circumvent this problem, we followed the addition of 
HgCl, to 1 by the addition of a stoichiometric amount of methyllithium. This 
procedure converted the MeHgCl to HgMe,, which was then removed along with 
the rest of the volatile components in oacuo. By this procedure, 8 was isolated in 
yields of ca. 80%. We note that the proton NMR spectrum of 8 shows that, like the 
precursor 1, this compound contains an oxygen-bound enolate moiety. 

Preliminary investigation of the reactivity of 8 indicated that this compound, like 
the precursor 1, does not exhibit typical enolate reactivity. Specifically, addition of 
methyl iodide to solutions containing 8 resulted in no discernible reaction. Benz- 
aldehyde does react with 8, but the product is not the expected aldolate. Although 
we have not yet determined the identity of the product of this reaction. we have 
been able to show that it is not the expected aldolate since the identical material is 
the major product of the reaction of Cp*,TiMez (3) with benzoyl chloride [19]. 

Our investigations have shown that both enolates 1 and 8 are unusual owing to 
their lack of typical enolate reactivity. Indeed, enolate 1 seems to react more like a 
typical metal alkyl or metal alkoxide rather than an enolate. This notable lack of 
enolate reactivity may be due, in part, to the fact that the enolate moiety is 
deactivated due to n-donation of the titanium (uide supra). However, at least part of 

this lack of reactivity is undoubtedly due to steric effects. Structural studies of 
compounds which contain the Cp*,Ti moiety [20] show that the Cp* ligands are 
extremely bulky and suggest that attack of the incoming ligand is effectively blocked 
from all directions except from the open cleft of the molecule. In addition, the bulk 
of the Cp* ligands constrains the enolate moiety to be in the plane perpendicular to 
the plane containing the two Cp* rind centroids, and the Ti atom. Attack of the 
enolate from above or below the plane containing that ligand is therefore prohibited 
for steric reasons. 

The lack of typical enolate reactivity of 1, coupled with the fact that enolates like 
1 may be synthesized in high yield via reaction of ketones with 3 suggests an 
important practical application: the Cp*,(Me)Ti may be an attractive protecting 
group for ketones. For example, reaction of an unsymmetrical diketone with 3 
would result in selective conversion [lo] of the more accessible ketone functionality 
to an unreaclive Ti-enolate. Subsequent reaction with LDA could be convert the 
unprotected ketone functionality to a conventional enolate. After reaction of the 
conventional enolate moiety, the products could then be treated with HCI (or an 
ammonium chloride) to convert the Ti-enolate back to the ketone, and in the 
process generate Cp*,TiCl?. The Cp*zTiC1 z could then be recovered and converted 
back to 3 [21]. 
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Table 1 

Proton NMR data for some of the compounds cited in this paper; all spectra were collected in C,D, and 

referenced indirectly to TMS via the 6 7.15 resonance of residual C,D,H; a precise position for the 

m-hydrogens of Cp*,(CH,)Ti(OC,H,) could not be assigned due to overlap with the solvent peak 

Compound Assignment 

Ti-CH, Cpfz(Me)Ti-O(CH,)C=CH, (1) 

Cp*,(I)Ti-O(CH,)C=CH, (12) 

OC(C&)C=CH, 

C,(C%), 
OC(CH,)C=CHH 

OC(CH,)C=CHH 

C&H,), 
OC(CH,)C=CH, 
OC(CH,)C=CHH 

OC(CH,)C=CHH 

C,(CH,), 

s 

0.33 (s. 3H) 

Cp*,(Cl)Ti-O(CH,)C=CH, (8) 

1.70 (s. 3H) 

1.79 (s. 30H) 

3.74 (s. 1 H) 

3.84 (s, 1 H) 

1.86 (s, 30H) 

1.91 (s, 3H) 

3.96 (s, 1 H) 

4.05 (s. 1 H) 

1.94 (s, 30H) 

1.99 (s, 3H) 

3.95 (s. 1 H) 

4.01 (s. 1H) 

0.23 (s, 3H) 

1.77 (s, 30H) 

0.02 (s, 3H) 

1.90 (s, 30H) 

0.29 (s, 3H) 

1.88 (s. 3OH) 

1.83 (s. 30H) 

1.80 (s. 30H) 

2.06 (s, 30H) 

Cp*,(CH,)TiCI (7) 

Cp*,(CH,)TiBr (9) 

Cp*,(CH,)TiI 

C*2TiC12 (6) 

Cp*,TiBr* (10) 

Cp*,TiIz (13) 

Cp*2Ti(CH,), (3) 

Cp*Z(CH,)Ti(OC,H,) 

stoichiometrically.) The product yields may be slightly lower than the 90% reported 
herein, but a purer product will be obtained. 

Synthesis of Cp*,(Cl)Ti-OC(Me)=CH, (8) 
A small flask was charged with 400 mg Cp*,(Me)Ti-OC(Me)=CH, (1, 1.00 

mmol, 97% pure) and 266 mg HgCl, (0.98 mmol). 15 mL ether was then added and 
the solution was stirred. Within 2 minutes, the solution changed color from orange 
to red. After stirring a total of 10 minutes, 0.65 mL of a 1.50 M methyllithium 
solution was added. After stirring the solution for 5 minutes, the volatile compo- 
nents were removed in vucuo. The resulting dark residue was extracted with five 1 
mL portions of hexane. The hexane extracts were combined and then filtered 
through Celite. The hexane was removed in uucuo to give 331 mg (0.81 mmol, 81% 

OC(CH,)C=CH, 

OC(CH,)C=CHH 

OC(CH,)C=CHH 

Ti-CH, 

C,WV, 
Ti-CH, 

C,(CH,), 
Ti-CH 

C,&, 

C,(CH,), 

C,(CH,), 

C,Wf,), 
Ti-CH 

C&H:), 
Ti-CH, 

C,(CH,), 
o-protons of -OC,H, 

p-protons of -OC,H, 

m = protons of -OC,H, 

C,(CH,), 
o-protons of -OC,H, 

p = protons of -OC,H, 

m = protons of -OC,H, 

- 0.58 (s, 6H) 

1.73 (s. 30H) 

0.51 (s, 3H) 

1.73 (s, 30H) 

6.44 (d, 2H. J = 7.7 Hz) 

6.68 (t. 1H. J = 7.5 Hz) 

- 7.15 (pseudo t, lH, J 6 - Hz) 

1.81 (s. 30H) 

6.93 (d, 4H, J = 7.7 Hz) 

6.80 (t, 2N, J = 7.2 Hz) 

7.25 (pseudo t, 4H, .I - 7 Hz) 



29 

Table 2 

Distribution of products in the reactions of 1 with various electrophiles; the yields reported were 
determined by NMR spectroscopy, and are based on the amount of 1 originally present 

Electrophile Conditions a Cp*,(CH,)Ti CPlz(X) CP*mX), Cp*,(X)Ti 

(OCMFCH,) Ti(CH,) (OCMeCH,) 

NMe,Oct. HCI Ether, 1 h* nd e 8% 51% nd 
Ether, 24 h b nd 20% 21% nd 
Hexane, 1 h b nd 16% 43% nd 
Hexane, 24 h b nd 20% 19% nd 

C,H,OH Ether, 1 h 62% 12% 12% nd 
Ether, 24 h 50% 11% 5% nd 

Hexane, 1 h 75% 12% 5% nd 
Hexane, 24 h 69% 20% nd nd 

Br , Ether, 1 h nd 76% nd nd 
Hexane, 1 h nd 68% 37% nd 
Benzene-d,, 1 h ’ nd 60% 40% nd 

1, Ether, 1 h nd nd 34% 66% 
Hexane, 1 h 71% 5% 5% 22% 
Benzene-d,, 1 hd nd nd 33% 67% 

CH,I Ether, 1 h 100% _ 

CAH,CHO Ether, 1 h 100% _ 

a Except where otherwise is indicated, all reactions were initially 0.010-0.012 M in 1. b These solutions 
were 0.006 M in 1. ’ This solution was 0.12 M in 1. d This solution was 0.06 M in 1. ’ None detected 

(less than 5%). 

yield) of 8 as a red microcrystalline material. The proton NMR spectrum of 8 is 
included in Table 1. 

Reaction of 1 with I, in C,D, 
A 10 dram vial was charged with 35.2 mg of 1 (0.086 mmol, 95% pure) and 750 

PL C,D,. A second vial was charged with 22.9 mg I, (0.090 mmol) and 750 I.LL 
C,D,. The I, solution was added to the solution containing 1. 6.0 mg cyclohexane 
was added to the mixture and the solution was stirred, and then transferred to an 
NMR tube which was then sealed. A ‘H NMR spectrum was collected after one 
hour. The results of this reaction are summarized in Table 2. 

Reaction of I with Br, in C,D, 
A 10 dram vial was charged with 125.4 mg of 1 (0.305 mmol, 95% pure) and 1.50 

mL of C,D,. A second vial was charged with 49.5 mg Br, (0.310 mmol) and 1.0 mL 
C,D,. The bromine solution was added to the solution of 1, and the resulting 
mixture was stirred for 3 hours. 64.1 mg cyclohexane was added and the solution 
was filtered through a small plug of glass wool. The results of this reaction are 
summarized in Table 2. 

General procedure used for the reactions of electrophiles with 1 and with 8 in ether and 
in hexane 

Except where otherwise noted, the exactly the same procedure was used for each 
of these reactions. In each case, an analytical balance was used to determine the 
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exact amounts of 1 (or S), electrophile, and cyclohexane that were used. Except 
where noted, the ratio of electrophile to 1 fell within the range 0.88-1.02. A batch of 
1 which was 95% pure was used in these experiments. 

A 10 dram vial was charged with 0.061 + 0.001 mmol (24.6-25.7 mg) of 1. A 
small stir bar and 2.0 mL of solvent, either hexane or ether, were added. The 
solution was stirred to dissolve the organometallic. A separate vial was charged with 
0.058 + 0.005 mmol of the electrophile and 3.0 mL of the same solvent. The solution 
containing the electrophile was then added to the solution which contained 1. After 
the indicated time, either 1 hour or 24 hours, the volatiles were quickly removed in 

UCICUO. The dried residue was dissolved in 3 mL of C,D,, and 12.0 & 1.0 mg of 
cyclohexane was added. The solution was then filtered through a plug of glass wool 
and placed in an NMR tube. The ‘H NMR spectrum was then collected. The 
amount of each product was determined by careful integration of the spectrum and 
comparison of the integrated intensities of the peaks due to the Cp* protons of each 
product to integrated intensity of the cyclohexane peak. Unless otherwise noted, the 
results of these reactions are summarized in Table 2. 

Reaction of 1 with Br,, 12, and C,H,OH in hexane and in ether. The general 

procedure was used without modification. 
Reactions of I with NMe,Oct . HCI in hexane and in ether. The electrophile was 

suspended in 8.0 mL of solvent. Otherwise, the general procedure was followed. 
Attempted reaction of 2 with benzaldehyde in ether. 20.0 mg 1 (0.048 mmol) and 

6.0 mg benzaldehyde (0.055 mmol) were used. In this case, the ratio of electrophile 
to 1 was 1.15. Otherwise, the general procedure was followed. NMR analysis 
indicated that 100% unreacted 1 

1 with CH, I in ether. 21.4 mg of 1 (0.052 mmol) and 8.7 
mg CH,I (0.061 mmol) were used. In this case, the ratio of electrophile to 1 was 
1.17. Otherwise, the general procedure was followed. NMR analysis indicated that 
100% unreacted 1 remained after 1 hour. 

Attempted reaction of 8 with CH,I in ether. The general procedure was used 
without modification. NMR analysis indicated that 96% unreacted 8 remained after 
one hour. 

Reaction of 8 with benzaldehyde in ether. The general procedure was used. NMR 
analysis revealed that 44% of the initial amount of 8 was still present after one hour, 
but 46% was converted to a new Cp*,Ti-containing product. Although we have not 
yet identified this product, we can rule out the possibility of this being the expected 
aldolate based on its proton NMR spectrum. ‘H NMR of the product: S 1.84 (s. 
C,(CH,),), no evidence of aromatic protons. 

Acknowledgements 

Support for project was provided by a West Virginia University Senate Grant for 
Research or Scholarship, and a grant from the Petroleum Research Fund. which is 
administered by the American Chemical Society. We thank the West Virginia 
University Senate Committee, and the Donors of the Petroleum Research Fund for 
their support. 



31 

References 

1 L. Clawson, S.L. Buchwald and R.H. Grubbs, Tetrahedron Lett., 25 (1984) 5733. 
2 K.A. Brown-Wensley, S.L. Buchwald, L. Cannizzo, S. Ho, D. Meinhardt, J.R. Stille, D. Straus and 

R.H. Grubbs, Pure Appl. Chem., 55 (1983) 1733. 

3 J.R. Stille and R.H. Grubbs, J. Am. Chem. Sot., 105 (1983) 1664. 
4 (a) T. Mukaiyama, K. Banno and K. Narasaka, J. Am. Chem. Sot., 96 (1974) 7503; (b) E. Nakamura, 

J. Sbimada, Y. Horiguchi and I. Kuwajima, Tetrahedron Lett., 24 (1983) 3341; (c) T. Mukaiyama, 

Pure Appl. Chem., 55 (1983) 1749; (d) M.D. Curtis, S. Thanedar and W.M. Butler, Organometalhcs, 3 
(1984) 1855. 

5 (a) M.T. Reetz and R. Peter, Tetrahedron Lett., 22 (1981) 4691; (b) M.T. Reetz, K. Kesseler, S. 
Schmidtberger, B. Wenderboth and R. Steinbach, Tetrahedron Lett., 22 (1983) 989; (c) E. Nakamura 
and I. Kuwajima, Tetrahedron Lett., 26 (1985) 3343; (d) C. Siegel and E.R. Thornton, Tetrahedron 
Lett., 27 (1986) 457; (e) C. Gennari, A. Bemardi, L. Colombo and C. Scolastico, J. Am. Chem. Sot., 
107 (1985) 5812; (f) M.T. Reetz and K. Kesseler, J. Org. Chem., (1985) 5436; (g) M.T. Reetz, K. 
Kesseler and A. Jung, Tetrahedron Lett., 25 (1984) 729; (h) C. Gennari, A. Bernardi, C. Scolastico 
and D. Potenza, Tetrahedron Lett., 26 (1985) 4129; (i) C. Palassi, L. Colombo and C. Gennari, 

Tetrahedron Lett., 27 (1986) 1735; (i) M. Nerz-Stormes and E.R. Thornton, Tetrahedron Lett., 27 

(1986) 897; (k) M.T. Reetz, Pure Appl. Chem., 57 (1985) 1781; (1) K. Yamamoto and Y. Tomo, Chem. 
Lett., (1983) 531; (m) M.T. Reetz, K. Kesseler and A. Jung, Tetrahedron, 40 (1984) 4327; (n) H. 
Hagiwara, K. Kimura and H. Uda, J. Chem. Sot., Chem. Commun., (1986) 860; (0) M.T. Reetz, K. 

Kesseler, S. Schmidtberger, B. Wenderoth and R. Steinbach, Angew. Chem., Int. Ed. EngI., 22 (1983) 
989; (p) C. Siegel and E.R. Thornton, J. Am. Chem. Sot., 111 (1989) 5722. 

6 (a) D.A. Evans and L.R. McGee, Tetrahedron Lett., 21 (1980) 3975; (b) Y. Yamamoto and K. 
Maruyama, Tetrahedron Lett., 21 (1980) 4607; (c) Y. Yamamoto, H. Yatagai and K. Maruyama, J. 

Chem. Sot., Chem. Commun., (1981) 162; (d) S. Shoda and T. Mukaiyama, Chem. Lett., (1982) 723; 
(e) T. Harada and T. Mukaiyama, Chem. Lett., (1982) 161; (f) T. Harada and T. Mukaiyama, Chem. 
Lett., (1982) 1459; (g) R.W. Stevens and T. Mukaiyama, Chem. Lett., (1982) 1459; (h) E. Nakamura 
and I. Kuwajima, Tetrahedron Lett., 24 (1983) 3347; (i) S. Shenvi and J.K. Stille, Tetrahedron Lett., 
23 (1982) 627; (j) S.G. Davies, I.M. Dordor, J.C. WaIker and P. Warner, Tetrahedron Lett., 25 (1984) 
2709; (k) G.J. Baird, S.G. Davies, R.H. Jones, K. Prout and P. Warner, J. Chem. Sot., Chem. 
Commun., (1984) 745. 

7 (a) Y. Ito, M. Nakatsula, N. Kise and T. Saegusa, Tetrahedron Lett., 21 (1980) 2873; (b) C.H. 
Heathcock, J.J. Doney and R.G. Bergman, Pure Appl. Chem., 57 (1985) 1789; (c) M.F. Lappert, C.L. 
Raston, L.M. EngeIhardt and A.H. White, J. Chem. Sot., Chem. Commun., (1985) 521; (d) R.A. 
Wanat and D.B. Collum, Organometallics, 5 (1986) 120; (e) J. Hillas, M. Ishaq, B. Gorewit and M. 

Tsutsui, J. Organomet. Chem., 116 (1976) 91; (f) J.K.P. Ariyaratne, A.M. Bierrum, M.L.H. Green, M. 
Ishaq, C.K. Prout and M.G. Swanwick, J. Chem. Sot. A, (1969) 1309; (g) M. Ishaq, J. Organomet. 
Chem., 12 (1968) 414; (h) R.B. King, M.B. Bisnett and A. Fronzagha, J. Organomet. Chem., 5 (1966) 

341; (i) W.J. Sieber, M. Wolfgruber, R.F. Kreissl and 0. Orama, J. Organomet. Chem., 270 (1984) 

C41; (j) J. Engelbrecht, T. Greiser and E. Weiss, J. Organomet. Chem., 204 (1981) 79; (k) W.G. 
Hatton and J.A. Gladysz, J. Am. Chem. Sot., 105 (1983) 6157; (1) M. Akita, A. Kondoh and Y. 

Mom-oka, J. Chem. Sot., Chem. Commun., 107 (1986) 3130; (n) T. Mitsudo, Y. Watanabe, T. Sasaki, 
H. Nakanishi, M. Yamashita and Y. Takegami, Tetrahedron Lett., 36 (1975) 3163; (0) J.K.P. 
Ariyaratne and M.L.H. Green, J. Chem. Sot., (1964) 1; (p) V. Galamb, G. Palyi, F. Cser, M.G. 
Furmanova and Y.T. Struchkov, J. Organomet. Chem., 209 (1981) 183; (q) R.F. Heck and D.S. 
Breslow, J. Am. Chem. Sot., 84 (1962) 2499; (r) D. Milstein and J.C. Calabrese, J. Am. Chem. SIX., 

104 (1982) 3773; (s) T. Hirao, S. Nagata, Y. Yamana and T. Agawa, Tetrahedron Lett., 26 (1980) 
5061; (t) R. Bertani, C.B. Castellani and B. Crociani, J. Organomet. Chem., 269 (1984) C15; (u) N. 
Yanase, Y. 

Otsuka, J. Chem. 
Sot., Dalton. Trans., (1976) 993; (y) M.A. Bennett, G.B. Robertson, P.D. Whimp and T. Yoshida, J. 
Am. Chem. Sot., 95 (1973) 3028; (z) G.H. Posner and C.M. Lentz, J. Am. Chem. Sot., lOl(1979) 934. 

8 (a) K.H. Theopold, P.N. Becker and R.G. Bergman, J. Am. Chem. Sot., 104 (1982) 5250; (b) L.S. 
Liebskind, M.E. Walker and V. Goedken, J. Am. Chem. Sot., 106 (1984) 441; (c) S.G. Davies, I.M. 
Dordor, J.C. Walker and P. Warner, Tetrahedron Lett., 25 (1984) 2709; (d) P. DalI’Antonia, M. 



32 

Graziani and M. Lenarda, J. Organomet. Chem., 186 (1980) 131; (e) Y. Ito, M. Nakatsuka, N. Kise 
and M. Lenarda, Tetrahedron Lett., 21 (1980) 2873; (f) T. Hirao, Y. Fujihara, S. Tsuno and T. 

Agawa, Chem. Lett., (1984) 367. 

9 (a) J.G. Stack, J.J. Doney, R.G. Bergman and C.H. Heathcock, Organometallics, 9 (1990) 453; (b) 
E.R. Burkhardt, R.G. Bergman and C.H. Heathcock, Organometallics, 9 (1990) 30; (c) E.R. Burk- 

hardt, J.J. Donay, R.G. Bergman and C.H. Heathcock, J. Am. Chem. Sot., 109 (1987) 2022; (d) G.A. 

Slough, R.G. Bergman and C.H. Heathcock, J. Am. Chem. Sot., 111 (1989) 938; (e) J.J. Doney, R.G. 

Bergman and C.H. Heathcock, J. Am. Chem. Sot., 107 (1985) 3724; (f) J.G. Stack, R.D. Simpson. F.J. 

Jollander, R.G. Bergman and C.H. Heathcock, J. Am. Chem. Sot., 112 (1990) 2716. 

10 S.H. Bertz, G. Dabbagh and C.P. Gibson, Organometallics, 7 (1988) 563. 

11 (a) J.-E. DuBois and M. DuBois, Tetrahedron Lett., 8 (1967) 4215; (b) J.-E. DuBois and P. Fellmann, 

Tetrahedron Lett., 16 (1975) 1225; (c) P. Fellmann and J.-E. DuBois, Tetrahedron, 34 (1978) 1349; 

(d) W.A. Kleschick, CT. Buse and C.H. Heathcock, J. Am. Chem. Sot., 99 (1977) 247. 

12 C.P. Gibson, G. Dabbagh and S.H. Bertz, J. Chem. Sot., Chem. Commun., (1988) 603. 

13 (a) L.M. Jackman and B.C. Lange, Tetrahedron, 33 (1977) 2737; (b) D. Caine. in R.L. Augustine 

(Ed.), Carbon-Carbon Bond Formation, Vol. 1, Marcel Dekker, New York, 1976: (c) G. Stork, Pure 

Appl. Chem., 43 (1975) 553; (d) J. d’Angelo, Tetrahedron, 32 (1976) 2979. 

14 (a) J.W. Lauher and R. Hoffmann, J. Am. Chem. Sot., 98 (1976) 1729; (b) J.C. Huffman, KG. 

Moloy, J.A. Marsella and K.G. Co&on, J. Am. Chem. Sot., 102 (1982) 3009; (c) J.A. Marsella, K.G. 

Moloy and K.G. Co&on, J. Organomet. Chem., 201 (1980) 389. 

15 J.P. Collman, L.S. Hegedus, J.R. Norton and R.G. Finke, Principles and Applications of 

Organotransition Metal Chemistry, University Science Books, Mill Valley, CA, 1987. 

16 R.C. Weast, M.J. Ashe and W.H. Beyer (Ed%), CRC Handbook of Chemistry and Physics, 67th 

edition, CRC Press, Boca Raton, FL, 1986. The estimate of the difference in AC,,, is a very rough 

estimate based in tabulated bond dissociation energies. 

17 (a) B. Capon, B.-Z. Guo, F.C. Kwok, A.K. Siddhanta and C. Zucco, Act. Chem. Res., 21 (1988) 135; 

(b) 2. Rappoport and SE. Biali, Act. Chem. Res., 21 (1988) 442. 

18 K. Hartley, H.O. Pritchard and H.A. Skinner, Trans. Faraday Sot., 46 (1950) 1019. 

19 D.S. Bern and C.P. Gibson, unpublished observations. 

20 (a) S.A. Cohen, P.A. Auburn and J.E. Bercaw, J. Am. Chem. Sot., 105 (1983) 1136; (b) D.M. 

21 
22 

23 

24 

25 

Hamilton, S.W. Willis and G.D. Stucky, J. Am. Chem. Sot., 103 (1981) 4255; (c) D.J. Sikora, M.D. 

Rausch, R.D. Rogers and J.L. Atwood, J. Am. Chem. Sot., 103 (1981) 1265; (d) R.D. Sanner, D.M. 

Duggan, T.C. McKenzie, R.E. Marsh and J.E. Bercaw, J. Am. Chem. Sot, 98 (1976) 8358: (e) T.C. 

McKenzie, R.D. Sanner and J.E. Bercaw, J. Organomet. Chem., 102 (1975) 457. 

J.E. Bercaw, R.H. Marvich, L.G. Bell and H.H. Brintzinger, J. Am. Chem. Sot., 94 (1972) 1219. 

(a) D.F. Shriver and M.A. Drezdon, The Manipulation of Air-Sensitive Compounds, second edition, 

John Wiley & Sons, New York, NY, 1986; (b) A.L. Wayda and M.Y. Darensbourg (Eds.). 

Experimental Organometallic Chemistry, American Chemical Society, Washington, DC, 1987. 

D.D. Pert-in and W.L.F. Armarego, Purification of Laboratory Chemicals, third edition. Pergamon 
Press, New York, NY, 1988. 

(a) H. Gilman and F.K. Cartledge, J. Organomet. Chem., 2 (1964) 447; (b) R.R. Turner. A.G. Altenau 
and T.C. Cheng, Anal. Chem., 42 (1970) 1835. 

D.R. Burfield and R.H. Smithers, J. Org. Chem., 43 (1978) 1966. 


