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ABSTRACT

The thermal decomposition of Cp*2Ti(CH3); (Cp*=nJ-CsMes) in
toluene solution follows cleanly first-order kinetics and
produces a single titanium product Cp*(CsMeyCH2)Ti(CH3) concurrent with
the evolution of one equivalent of methane. Labeling studies using Cp*2Ti-
(CD3)2 and (Cp*-d5)2Ti(CH3)2 show the decomposition to be intramolecular
and the methane to be produced by the coupling of a methyl group with a
hydrogen from the other TiCH3 group. Activation parameters,
AH* and AS:F, and kinetic deuterium isotope effects have been measured.
The alternative decomposition pathways of a-hydrogen abstraction and
a-hydrogen elimination, both leading to a titanium-methylidene inter-
mediate, are discussed.

The insertion of unactivated acetylenes into the metal-hydride bonds
of Cp*2MH2 (M = Zr, Hf) proceeds rapidly at low temperature to form mono-
and/or bisinsertion products, dependent upon the steric bulk of the acetylene
substituents. Cp*M(H)(C(Me)=CHMe), Cp*2M(H)CH=CHCMe3), Cp*2M(H)-
(CH=CHPh), Cp*M(CH=CHPh);, Cp*M(CH=CHCH3)2 and Cp*3Zr-
(CH=CHCH2CH3)7 have been isolated and characterized. To extend the
study of unsaturated-carbon ligands, Cp*,;M(C=CCH3); have been prepared
by treating Cp*,;MCl; with LiC=CCH3. The reactivity of many of these
complexes with carbon monoxide and dihydrogen is surveyed. The mono(2-
butenyl) complexes Cp*>M(H)(C(Me)=CHMe) rearrange at room temperature,
forming the crotyl-hydride species Cp*>M(H)(n3-C4H7). The bis(propenyl)
and bis(l-butenyl) zirconium complexes Cp*2Zr(CH=CHR)2 (R = CHj,

CH2CH3) also rearrange, forming zirconacyclopentenes. Labeling
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studies, reaction chemistry, and kinetic measurements, including deuterium
isotope effects, demonstrate that the wunusual B-hydrogen elimination
from an sp2-hybridized carbon is the first step in these latter rearrangements
but is not observed in the former. Details of these mechanisms and the
differences in reactivity of the zirconium and hafnium complexes are
discussed.

The reactions of hydride- and alkyl-carbony! derivatives of permethyl-
niobocene with equimolar amounts of trialkylaluminum reagents occur rapidly
producing the carbonyl adducts Cp*;Nb(RXCOAIR'3) (R = H, CHs,
CHpCH3, CH2CH2Ph, C(Me)=-CHMe; R' = Me, Et). The hydride adduct
Cp*oNbH3-AlEt3 has also been formed. In solution, each of these compounds
exists in equilibrium with the uncomplexed species. The formation constants
for Cp*,Nb(H)(COAIR'3) have been measured. They indicate the steric bulk
of the Cp* ligands plays a deciding factor in the isolation of the first example
of an aluminum Lewis acid bound to a carbonyl-oxygen in preference to a metal-
hydride. Reactions of Cp*>Nb(H)CO with other Lewis acids and of the one:one
adducts with Hp, CO and C2Hy are also discussed.

Cp*2Nb(H)(CpHy) also reacts with equimolar amounts of trialkyl-
aluminum reagents, forming a one:one complex that IH NMR spectroscopy
indicates contains a Nb-CH,CHp-Al bridge. This adduct also exists in
equilibrium with the uncomplexed species in solution. The formation
constant for Cp*zNE(H)(CHZCHZP-leg) has been measured. Reactions of
Cp*oNb(H)(CoHy) with other Lewis acids and the reactions of Cp*zNE(H)—

(CH2CH2f§lEt3) with CO and CpHy are described, as are the reactions of



vii

C ]
p*2Nb(H)(CH2=CHR) (R = Me, Ph), Cp*2Nb(H)(CH3C=CCH3) and Cp*,Ti-

(C2Hy) with AlEt3.
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CHAPTER 1

A Kinetic and Mechanistic Study of the Thermolysis of
Bis(pentamethylcyclopentadienyl)dimethyltitanium(IV).

Evidence for a-Hydrogen Abstraction. !



Introduction

The organometallic chemistry of titanium(IV) provides many examples
of isolable, yet thermally and photolytically unstable compounds containing
Ti-C ¢ bonds.2,3 Moderately stable compounds of the types TiRy
(R = CH2CgHs, CgHs, CH2C(CH3)3, CH2SiR3), TiRX3, TiRX3'L, and
TiRX3-L2 (R = alkyl, alkenyl, alkynyl, aryl; X = halide, alkoxide, amide; L =
oxygen, sulfur, nitrogen, or phosphorus base) have been isolated. Evolution of
RH usually accompanies decomposition, although in no case has the mecha-
nism been fully investigated. Alkyl and aryl derivatives of dicyclopenta-
dienyltitanium(IV) are generally more stable species, and their decomposition
pathways have been more extensively studied.4 Dvorak and coworkers have
shown that the thermal decomposition of (n2-CsHs)2Ti(CgHs)2 probably
proceeds via an benzyne intermediate ((n’-CsHs)2Ti(CgHy)) generated by
ortho-hydrogen abstraction from the other phenyl group.5

The related compound, (n’-CsHs)2Ti(CH3); (1), decomposes even at
room temperature, rapidly in light and more slowly in the dark.6s7 The
mechanism(s) of the decomposition of 1 have proven difficult to establish,
however. Van Leeuwen et al. have shown by chemically induced dynamic
nuclear polarization (CIDNP) studies of photochemically initiated reactions
of (n5-C5H4Me)2Ti(CH3)2 that homolysis of the Ti-CH3 bond does occur.d
Similar studies of the pathway for the thermal decomposition of 1 are not as
conclusive. The favored mechanisms involve loss of the methane via
a-H abstraction by the other methyl group or via a-H elimination and

subsequent reductive elimination of CHq.9'll The thermal decomposition of



1 is complicated by the apparent two-stage nature of the reaction in solution:
a-H abstraction yielding CHy and a dark solution, followed by solid-
catalyzed g-H abstraction coupled with ring-hydrogen abstraction.
Furthermore, there is evidence for yet another minor pathway that results
in ethane production in both solution- and solid-state decompositions.?®> Due
to these complicating features, a kinetic study of the decomposition of 1 has
not been feasible. In view of the increasing interest in the nature of these
proposed o-H abstraction and g-H elimination processes, for example as
regards their possible participation in Ziegler-Natta polymerization of
olefins!2 and in the synthesis of "Tebbe's reagent" (n’-CsHs)z-
TiCH2:CIAl(CH3)2 from (r’-CsHs)2TiClp and AI(CH3)3,13 a system more
amenable to kinetic studies is clearly desirable.

The bis(pentamethylcyclopentadienyl) analogue of 1, Cp*2Ti(CH3)2 (2)
(Cp* = n5-C5(CH3)5 ), has been reported to be much more stable.l4 Upon
heating to 110°C in toluene solution 2 decomposes to form quantitatively a
turquoise compound of known composition, (rP-CsHs)XCsMeyCH2)TiCH3

(3), concurrent with the evolution of 1 equivalent of methane (eq. 1).

. A .
Cp*le(CH3)2 Cp*(CjMeQCHz)TL(CH3) + CH (1)

2 3

4

Preliminary experiments indicated that cleanly first-order kinetic
results could be expected from this thermal decomposition. A kinetic and

mechanistic study of the thermal decomposition of 2 involving rate



measurements taken over a range of temperatures and isotopic 2y

substitutions are reported herein.



Results

The thermal decomposition of Cp*2Ti(CH3)2 (2) and its deuterated
analogues Cp*2Ti(CD3)2 (4) and (Cp*-d)5)2Ti(CH3)2 (5) in toluene solution
were followed by 1H and 2H NMR at 98.3, 115.5, and 127.2°C. The reaction
kinetics, as measured by loss of starting dimethyl compound relative to an
internal ferrocene reference with time, consistently proved to be cleanly
first order for greater than three half-lives. A representative plot is
presented in Figure 1. The observed rate constants are summarized in Table

I. Attempts to determine the rate by measuring the increase in integrated

Tablel.  Summary of Rate Constants for the Thermolysis of Cp*,Ti(CH3);
(2) and Its Deuterated Analogues.

Temp, Cp*7Ti(CH3), Cp*,Ti(CD3)p (Cp*-d|5)2Ti(CH3)2
oC (2) %) (53
98.3 0.378(18)2 0.128(6) 0.382(18)
115.5 2.05(10) 0.683(32) 1.93(9)
127.2 6.07(29) 2:17(12) 5.78(27)

kH/kp® = 2.92(10); kn/kp30 = 1.03(4)

2Units of 10-% s-! for all values of kohsd- The entry in parentheses is the
error estimated to be one standard deviation based on repetition of the
experiments. The standard deviation calculated from an analysis of residuals
for any single experiment was always much smaller,

intensity of the product Ti-CY3 (Y = H or D) resonance, even when not

complicated by the presence of more than one isotopic substitution pattern



080

0.60

040

0.20

Ti(CH3), Intq. / FeCpj Intg.
o
o

0.04

Figure 1.

[.

| | 1 1 | 1 i
¢} 600 1200 1800 2400 3000 3600 4200
Time, sec.
Representative Plot of Data from a Kinetic Run:

molysis of Cp*,Ti(CH3)2 (2) at 127.2°C.

The Ther-



(vide infra), gave non-first-order plots. Rather, the plots are indicative of a
subsequent, slower first-order reactionl? in which the turquoise product 3
apparently decomposes slowly at the elevated temperatures used (eq. 2),

although no new signals were observed in the NMR spectrum.

. A . A ”
Cp"*le(CHB)2 _—}-CHQ Cp*(CjMe4CH2)T10—13 _ 7
(2)

Verification of the intramolecular nature of the decomposition of 2 is
provided by crossover experiments. A toluene solution of Cp*(CsMeyCH>)-
TiCH3 (3) and Cp*2Ti(CD3)7 (&) (1:1) was heated in a sealed NMR tube at
110°C for 2 h, the time scale of most of the kinetics experiments. No
evidence for Ti-CH3 exchange was found. In fact, the 2H NMR spectrum
(observed at 76.8 MHz) for this experiment was identical with that found for
the thermolysis of 4 alone (vide infra). A 1:1 toluene solution of Cp*,Ti-
(CH3)2 (2) and Cp*3Ti(CD3)7 (4) was also heated at 110°C, but for 24 h, at
which time most of 4 had reacted. Again this sample showed no evidence of
isotope or methyl group exchange during the course of the thermolysis. The
methane and titanium products were those produced by the independent
thermolyses of 2 and &; no significant amount of CH3D or CD3H, expected
from an exchange, was seen (vide infra).

The isotopic labeling of the thermolysis products from the decom-
position of Cp*,Ti(CD3), (4) and (Cp*-d)5)2Ti(CH3)2 (5) was examined by
IH (90- and 500.1-MHz) and 2H (76.8-MHz) NMR, in which the upfield shifts

caused by increasing deuterium substitution in CYy and Ti-CY3 are clearly,
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Figure 2. NMR Spectra of the Titanium-Methyl Region During Thermolysis
of 4 and 5. (a) Proton decoupled 2H NMR spectrum (76.8 MHz)
near the end of the thermolysis of 4. Note the diastereotopic
deuteria in ( Ti-CD2H). (b) !H NMR spectrum (90 MHz) during
the thermolysis of 5.



although not base line, resolved (Fig. 2). Cp*(CsMeyCH2)Ti(CD2H) (6) and
CDy are the major products from the thermolysis of 4.
Cp*(Cs5MeyCH2)TI(CDH3) (7) and CD3H are also observed. The product
ratios were quantified by peak area determinations. As can be seen from
Scheme I and Table II, the observed values agree very well with those
expected for an g-abstraction or g-elimination mechanism in which the
leaving methy!l group couples with a hydrogen from the other Ti-CH3 group
only. Note that a small amount (2%) of Cp*(C5MeyCH2)Ti(CD3) (8) is also
observed. This product is most consistent with abstraction of a ring hydrogen

by a CD3 moiety to yield CD3H and 8. Thus, a ring abstraction mechanism

Scheme I. Statistical Product Distribution for Thermolysis of & (97.0%
Deuteration of Ti-CH3z Groups; Cp* = n°-Cs5(CH3)s;
Fv* = C5(CH3)4CH)).

D,
S A .
83.3% Cp*,Ti —£-—>  Cp*Fv*Ti-CD,H + CD, 83.3%
\CD 6
3
/c03 , Cp*Fv*Ti-CD,H + CD,H 10.3%
15.5% Cp*,Ti ———< 6
\CDZH Cp*Fv*Ti-CDH, + CD,  5.2%

7
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Table II. Observed Labeling Patterns and Theoretical Expectations for the
Thermolyses of Cp*2Ti(CD3)2 (&) and (Cp*-d5)2Ti(CH3)2 (5).

Observed Expected2d

Cp*2Ti(CD3)2 (4) CDy 91(3) 83
97.0% CD3H 9(3) 10
TiCD2H 95(3) 94

TiCDH> 4(3) 5

TiCD3 2(1) 0

(Cp*-d|5)2Ti(CH3)7 (5) CHy 100(1) 100
96.9% TiCH2D 96(1) 96
TiCH3 4(1) 3

3Expected values are probability calculations based on the known isotopic
purity of the starting compounds and calculated based on Schemes I and II.
The observed isotope effect for compound &, if included in the calculation,
does not produce significantly different values for the expected product ratio.

appears accessible in this system but represents only a very minor
decomposition pathway. This will be considered further in the Discussion.
The IH and ZH NMR spectra of the products of the thermolysis of
(Cp*-d15)2Ti(CH3)2 (5) show only CHy and the Ti-containing products,
(Cp*Fv*-d,)Ti(CH2D) (9) (Fv* = C5(CY3)4CY2) and (Cp*Fv*-dn)Ti(CH3)
(10) (Fig. 2) in the expected ratio (Scheme II and Table II). To the limits of
detection inherent in NMR spectroscopy, an y-abstraction or g-elimina-

tion mechanism appears to be the only one operative; there is no
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Scheme II. Statistical Product Distribution for Thermolysis of 5
96.9% Deuteration of n3-C5(CH3)s Groups; Cp* =n?-C5(CH3)s;
v¥ = Cs(CH3)4CH3)

. A .
38.9% (Cp*,-d;)Ti(CHy), B> (Cp*Fv*-d,g)TiCH,D + CH,

9 38.9%

3+CH4

37,3% (Cp"‘z-gzg)'l'i(CH:,’)2 10 1.2%

(Cp*Fv*-gzg)T1CH

(Cp*Fv*-d, )TiCH,D + CH,

9 36.1%

(Cp*Fv*-gzg)TiCH + CH

3 4

17.3% (Cp*,-d,o)Ti(CH,), 10 1.2%
(Cp*Fv*—gz7)TiCH2D + CH,
9 16.1%

(Cp"*Fv*-g27)T1CH3 + CH,
5.2% (Cp*,-d,,)Ti(CH,), & 10 0.5%
(Cp*Fv*-d, )TiCH,D + CH,

2 4.7%
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evidence for a ring-abstraction mechanism for 5.

Returning to the kinetic data in Table I, there is a definite deuterium
isotope effect on the thermolysis  of Cp*2Ti(CD3)? (4)
(kH/kp® = 2.92 (10)), indicating that a methy! C-H bond is being broken in
the transition state of the rate-determining step. In contrast, there is no
significant isotope effect observed in the thermolysis of (Cp*-dj5)2Ti(CH3)>
(5) (kH/kp30 = 1.03 (4)). Thus, while the isotopic labeling indicates a ring
methyl carbon-hydrogen bond is broken in the formation of the titanium
product, this must occur after the rate-determining step.

An Arrhenius plot produced from the data of the thermolysis of
Cp*,Ti(CH3); (2) correlates very well with the expected straight line (r2 =
1.000) (Fig. 3) and yields values at 98.3°C of 27.62 (28) kcal-mol-! and 2.85
(71) eu for AH¥ and as¥, respectively.

The structure of the turquoise product 3 is also of interest. Mass
spectral and proton NMR data had suggested structures A and B, which may

be thought of as related by resonance or, in MO theory, by assuming overlap

| \
Ti
& B

of Ti atomic orbitals with those of the methyl-substituted fulvene ligand.ML

An attempt to determine an X-ray structure was unsuccessful; the crystal
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Figure 3. Arrhenius Plot for the Thermolysis of Cp*>Ti(CH3)2 (2).
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was disordered.16 However, infrared and 13C and |H NMR data support A
as the preferred structure. An olefinic C-H stretch at 3040 cm-! is observed
in the IR spectrum of 3.14% The lH spectrum at 500.1 MHz shows two
doublets with coupling constant 2Jyy = 4 Hz assigned to the diasteriotopic
hydrogens of the CH2 group. This coupling constant is more consistent with
the geminal spZ hydrogens of structure A, normally 0-3 Hz, than with the
geminal sp3 hydrogens of structure B, normally 12-15 Hz. The gated carbon
spectrum at 126.8 MHz is the most telling, however. The carbon of the CH>
group resonates at &§ 73.9 with a IJCH = 150 Hz, values most consistent with
sp2 hybridization at carbon. The NMR data for 3 are similar to those
observed for the terminal carbon atoms of the butadiene ligand in
(n %-butadiene)Ti(COT),!7,18 and (n*-butadiene)ZrCp;.19 Note also that the
o-bound CHj3 carbon is present as a further check. It resonates further
upfield (§ 41.4) with a one-bound coupling constant of 119 Hz, consistent with

other observations of sp3-carbon atoms o bound to a metal.20,21,
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Discussion

The labeling and crossover experiments detailed above clearly show
the thermal decomposition of Cp*3Ti(CH3)2 (2) occurs primarily via a
pathway in which one of the titanium-methyl groups obtains a hydrogen from
its neighboring Ti-CH3 group to form methane and the reactive
[Cp*zTi:CHz] species; this rearranges to 3 via hydrogen migration from a
ring methyl group to the methylidene ligand (Scheme IlI). Evidence for direct
abstraction of a hydrogen from a ring-methyl group by the departing Ti-CH3
group is seen only in the thermolysis of Cp*2Ti(CD3)2 (4), where this process
is a very minor pathway that produces only 2% of the final product. Since a
moderate, positive kinetic isotope effect slowing the rate of the principal
process by a factor of three is operative in the thermolysis of &, it is
observed that the direct ring hydrogen abstraction mechanism becomes
competitive with the Q@-hydrogen abstraction/elimination mechanism only
when the rate of the latter process is significantly slowed. Indeed, no ring-
hydrogen abstraction is observed for 5, which decomposes at the same rate as
2.

It must be pointed out that our data do not allow us to choose between
a formal a-abstraction mechanism and a formal @-elimination mechanism
mediated by the titanium methylidene hydride species 12 (Scheme III). The
latter possibility would require generation of an unusual d0 methylidene
species, for which the Ti=CH, w-bonding might resemble the Zr=C=0
T-bonding described for a related complex, Cp*ZrH2(CO).22 Note that
both mechanisms postulate the intermediacy of a titanium-methylidene

species 11, consistent with previous suggestions in the literature.?-11,13c
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Any mechanism not mediated by this species can be excluded by the results
of our labeling studies. Although a titanium-methylidene species analogous
to 11 has never been directly observed, "Tebbe's Reagent",
Cp2TiCH2AICIMey is one example in which such a titanium-methylidene
complex has apparently been sufficiently stabilized by coordination for
isolation as an adduct.!33,b Grubbs and coworkers have further postulated
that formation of titanacycles from Tebbe's Reagent and olefins results from
the olefin trapping the reactive ( CpTiCHp) fragment, which has been
freed from AlMe,Cl.13d,e

Attempts to trap our proposed methylidene intermediate 11 with
AlMe2Cl were unsuccessful. Adding AlMeCl to a toluene solution of
Cp*(CsMeyCH2)Ti(CH3) (3) in an attempt to revert it to 11 leads only to
decomposition of 3. When AlMe,Cl is added to a toluene solution of
Cp*2Ti(CH3); (2), a loose complex is formed as proposed by Tebbe et al. for
the reaction of Cp,Ti(CH3); (1) with AlMes, 133 so the usual thermolysis
pathways are apparently prevented from operating. A reaction did occur, and
methane was produced during the thermolysis; however, NMR spectra of the
resultant mixtures were not readily interpretable.

Returning to the mechanism of formation of the methylidene
intermediate 11, it is striking to note the similarity of the activation energy
of this process (E; = 28 kcal-mol-1) to that found by other researchers
investigating the thermolysis of Cp2TiRy. Waters and coworkers# found
activation energies of 20-29 kcal-mol-l for the thermal decomposition of
various CpTi(R)CI species. Boekel and coworkers23 found similar values for

the thermolysis of CpyTi(aryl);. Waters and coworkerst emphasize that
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these values are consistent with a published Ti-C o-bound strength of 31
kcal'mol-1 and propose a caged radical mechanism.24a However, they
neglect an earlier report of the dissociation energy of the Ti-CH3 bond as 60
kcal'mol-1.24b Thijs value seems more reasonable and would discount near
complete homolysis of the Ti-C bond in the transition state for these
systems.

The observed activation energy thus indicates that no Ti-C or C-H
bond is completely broken in the transition state of the rate-determining
step. The rate-determining step, according to Scheme III, must either be
methane formation (for the q-abstraction mechanism)or a 1,2-H shift to the
titanium center (for the g-elimination mechanism). The observed isotopic
effects yield little additional information that would allow a differentiation
between these two plausible alternatives. The lack of a significant ky/kp>9
indicates that ring methyl C-H moieties are not an integral feature of the
transition state. A similar conclusion was also reached by Boekel and
coworkers in their thermolysis of CpTi(aryl).23 The value of ky/kp® = 2.9
is not particularly helpful either. The observed value results from a
compound that is isotopically labeled in all titanium-methyl positions, so
secondary effects are included. Further, the transition state is undoubtedly
bent, which precludes extracting much information from the value, even if it
represented only a primary kinetic isotope effect.25,26 [t is interesting to
note, however, that the value of ky/kp®, to the limits of our experimental
error, does not vary with temperature. This suggests the isotope effect is not
due to zero-point energy differences but rather is found in the pre-

exponential, or entropy, term. This feature may, in turn, indicate a loosely
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bound hydrogen in the transition state of the rate-determining step,26,27

more in accord with the @-abstraction mechanism.
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Conclusion

As expected, the thermal decomposition of Cp*>Ti(CH3)7 (2) proceeds
cleanly with first-order loss of 2 over a 30° range of temperatures.
Deuterium labeling studies and crossover experiments utilizing Cp*>Ti(CD3)>
(#) and (Cp*-d)5)2Ti(CH3)2 (5) demonstrate that the decomposition is
unimolecular and proceeds via an a-hydrogen abstraction or a-hydrogen
elimination mechanism. The highly reactive titanium-methylidene species 11
(Scheme III) is proposed to be a key intermediate. Thus, activation
parameters and kinetic data obtained in this study are relevant to the further
understanding of the possible role of such species in olefin metathesis and

Ziegler-Natta polymerization.
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Experimental Section

General Considerations. All manipulations were performed using
glovebox or high vacuum line techniques. Solvents were purified by vacuum
transfer first from LiAlHy and then from "titanocene".l4# NMR solvents were
purified by vacuum transfer from activated molecular sieves (4A, Linde) and
then from "titanocene". Hydrogen, deuterium, and nitrogen gases were passed
over MnO on vermiculite and activated molecular sieves.28

IH, 2H, and 13C NMR spectra were obtained using JEOL FX-90Q and
Bruker WM-500 spectrometers. Kinetic data were obtained using the JEOL
STACK*WAIT program and a thermostated probe. An example of a typical
experiment is given below. Infrared spectra were recorded on a Beckman
4240 spectrophotometer.

Procedures. (1) Cp*,Ti(CH3); (2) and Cp*(Cs5MeyCHZ)Ti(CH3) (3).
Compounds 2 and 3 were prepared as previously reported.““ They were
refrigerated under N7 until use. !H (500.1-MHz) and 13C (125.8-MHz)
spectra were obtained for 3: lH data (CgDg, ppm relative to MeySi at
§ 0.00) 1.77 (s, 15, Cp*), 2.03, 1.67, 1.43, 1.26 (all s, all 3, CsMeyCH>), 1.14,
1.92 (d,d, 1,1, 2J4y = 4 Hz, CsMeyCHp), -1.10 (s, 3, TiCH3); 13C data
(C6D6, ppm relative to CgDg at § 128.0) 118.3 (s, CsMes), 12.1(q, 1IcH =
125 Hz, CsMes), 119.6, 123.9, 125.0, 126.0, 130.1 (all s, CsMeyCH53), 10.6,
11.1, 11.2, 14.7 (all q, 13y = 126 Hz, CsMeyCH»), 73.9 (1, 13cH = 150 Hz,
CsMeyCH>), 41.4 (q, 1dcH = 119 Hz, TiCH3).

(2) Cp*2Ti(CD3)2 (4). Compound 4 was prepared in the same manner
as Cp*Ti(CH3), above, except that LiCD3 (97% isotopically pure, Stohler)

was added to Cp*7TiCly in place of LiCH3.“" The orange crystals were
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refrigerated under N2 until use.

(3) (Cp*-d;5)2Ti(CH3)2 (5). Compound 5 was prepared from the
titanium-ethylene species Cp*,Ti(CaHy)2? as follows. D20 was heated
throughout a large glass bomb and a portion of the vacuum line in order to
replace H* by D* at glass sites. Cp*2Ti(C2Hy) (1.20 g, 3.5 mmol) and toluene
(20 mL) were placed in the bomb, which was then evacuated. Deuterium gas
(»1.5 atm, 97% isotopically pure) was admitted to the bomb and the orange-
red solution was allowed to stir at room temperature for
»10 h. The bomb was evacuated, refilled with Dy, and allowed to stir five
more times. After the last evacuation, DC! was admitted and the purple-red
solution stirred at room temperature for 24 h. The toluene was pumped away
and purple-red solid (Cp*-d|5)TiCl; was washed out of the bomb with
CHCI3. The solution was evaporated to dryness and the brown solid was
purified by Soxhlet extraction as previously described for Cp*zTiClz.“‘ The
yield of (Cp*-d;5)2TiCly; was 1.35 g (91%; total isotopic purity = 96.9%).
The infrared spectrum (KBr pellet) of (Cp*-d|5),TiClp, when contrasted with
that of Cp2*TiCly, showed the expected shift to lower frequencies of the
C-H(D) stretch: IR data (KBr, cm-1l): 2238 (m), 2192 (m), 2060 (m), 1487
(m), 1473 (m), 1099 (s), 1069 (m), 1039 (s), 829 (m), 752 (w), 680 (w), 396 (s),
358 (s), 331 (s).

(Cp*-d5)2TiCly (1.01 g, 2.4 mmol) was then reacted with LiCH3 as
described previously for Cp*Ti(CH3)2.1% Yield of (Cp*-djs5)2Ti(CH3)2 (5)
was 0.61 g (66.8%) of orange-yellow needles. The compound was refrigerated

under N2 until use.

(8) Kinetic Measurements of Thermal Decomposition. The rates of
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decomposition were followed by monitoring the decrease in integrated
intensity of the TiCH3 or TiCD3 peak of the starting dimethyltitanocene
relative to an internal, nonreacting standard of FeCp (recrystallized from
benzene) or CgDg, respectively. FT NMR spectra were recorded
automatically at pre-set time intervals by using the JEOL FX-90Q
STACK*WAIT routine. Standard !H and ZH NMR accumulation parameters
were used, and 2H NMR spectra were IH decoupled.30 Reaction
temperatures were maintained by the JEOL probe temperature controller and
were observed to be constant to within 0.4°C by measurement of the peak
separation of ethylene glycol both before and after thermolyses.

A typical lH NMR experiment involved 40 mg of Cp*3Ti(CH3); or
(Cp*-d|5)2Ti(CH3)2 and 15 mg of FeCpy dissolved in 0.3 mL of toluene-dg.
A typical 2ZH NMR experiment involved a similar amount of Cp*,Ti(CD3)>
and «l equiv of C¢gDg dissolved in 0.3 mL of toluene-dp. In both cases, 2-3
atm of N> was sealed into the NMR tube to prevent the toluene from
refluxing at the elevated temperatures used in this study.

As the decomposition progressed, the Ti-C(H or D)3 resonance of the
starting material lost intensity, and plots of the decay of the ratio of the
methyl integration/reference compound integration as a function of time
showed first-order behavior for greater than three half-lives. In experiments
that were followed further, no deviation from first-order behavior was found
even beyond five half-lives. As expected, the rate of decomposition was
independent of the concentration of the dimethyl species over a five-fold

range.

The values given in Table I are derived from the slopes of the semilog
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plots. The error represents one standard deviation estimated by repetition of
the experiments. An analysis of residuals for a single determination always
gave a smaller estimate of the error.

An Arrhenius plot of k vs. 1/T was constructed. For the thermal
decomposition of Cp*7Ti(CH3)2 (2), a least-squares fit of the data to the
Arrhenius equation kophsd = In A - E5/RT gives values of In A = 28.24 and
Ea/R = 1.427 x 10% or A= 1.833x 1012 s-! and E, = 28.36 kcal-mol-1l.
AH¥ and ASF were calculated from the usual equations
(AH¥ = E, - RT and AS¥ = R In (hA/KT)) and are presented in the body of
this paper. The error for these last two values represents one standard
deviation estimated from changes in the values of -E3/R and In A when the
kobsd values are varied within their error limit. Analysis of residuals for the
line gave much smaller estimates.

(5) Crossover Experiments. NMR tubes containing approximately
equal amounts of Cp*2Ti(CH3)2 (2) and Cp*3Ti(CD3)2 (&) or
Cp*(CsMeyCH2)TI(CH3) (3) and Cp*3Ti(CD3)7 (#) in toluene solution were
sealed under vacuum and heated to check for any evidence of methyl
exchange or any other result which might indicate intermolecular reaction.
Results were negative, as discussed in the body of the chapter.

(6) Analysis of Isotopic Labeling in Thermolysis Products from
Cp*2Ti(CD3)2 (4) and (Cp*-d)5)2Ti(CH3)2 (5). Proton-decoupled 2H (76.8
MHz) and lH (90 MHz) NMR spectra of thermolyzed samples of & and 5,
respectively, were taken and the region of interest-- from
§ v0.2 for the methanes to & v-1.1 for the titanium methyl peaks -- was

expanded so that couplings and peak overlap could be clearly seen. Each
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spectrum was copied and peak areas determined by a cut-and-weigh
procedure. Values given in Table II are the average from several
determinations and the errors given are one standard deviation (n - |
weighting).

(7) Attempted Trapping of Titanium-Carbene Species 11. In the first
of two experiments conducted, a roughly stoichiometric amount of AlMe,Cl
was added to a yellow-orange toluene-dg solution of Cp*2Ti(CH3)z (2) (32
mg, 87 wmol) and FeCpp (140 wumol). The color changed immediately to an
opaque red-orange. The tube was sealed under N3. Red-orange crystals were
noted after 1 h at room temperature. The !H NMR spectrum showed only
resonances that could be assigned to the Cp* and methyl hydrogens. The
latter appeared at § 0.22, midway between the methyl resonances of
Cp*2Ti(CH3)2 (2) (8§ 0.69) and AlMeCl (& -0.38). Subsequent thermolysis
of this tube in the JEOL FX-90Q at 127.2°C resulted in uninterpretable IH
NMR spectra. Methane (§0.18) was produced, but other resonances were not
clearly resolved.

The second experiment involved adding an excess of AlMe2Cl to a
turquoise toluene-dg solution of Cp*(CsMeyCH2)Ti(CH3) (3) and FeCp>
(+1:1). The color changed immediately to a green-brown solution whic