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ABSTRACT

Reaction of precursors of "Cp2Ti=CH>" (Cp = n?-C5Hj5) with cyclo-
butene yields polybutadiene. The preparation of the titanacyclobutane 3
by the addition of 3,3-dimethylcyclopropene to "Cp2Ti=CH?" is described.
When phosphines PMeR7 (R = Me, Ph) are added to 3, phosphine adducts of
the isomeric g-substituted titanium-carbene compound are obtained. Reaction
with AlMeCl affords a heterobimetallic complex. Poly(dimethylpropenamer)
is produced from reaction of 3 with excess olefin. The observed reactivity is
consistent with productive cleavage of the metal-containing ring in 3 to
"CppTi=CHC(CH3)CHCH,."

Titanacyclobutanes.7 and 11 have been prepared from the reaction of
norbornene with precursors of "CpTi=CH" and with metallacycle 3,
respectively. On thermolysis, both 7 and 11 produce products consistent
with the intermediacy of y-substituted titanocene-carbene compounds.
Thermolysis at 65°C in the presence of excess norbornene affords ring-opened
polynorbornene with a cis to trans ratio of 38:62. The polymerizations are
highly efficient in catalyst and yield polymers of controlled molecular weight.
Polymer prepared from 11 shows polydispersities as low as 1.07 based on gel
permeation chromatography versus polystyrene standards. The molecular
weight distributions of polymers obtained with 7 are always broader than those
obtained with 11. The kinetics of both polymerizations are zero-order in
monomer with AG*338 = 24 keal/mol, AHT = 27 kcal/mol, and aST =
9 e.u. Polymerization with 7 shows an induction period correspond-

ing to a first-order decay of 7 with ty, = 80 min at 65°C, whereas the



polymerization with 11 is linear throughout. Simultaneous incorporation of
d2-norbornene into the polymer by all active sites confirms that this system is
best described as a living polymer. The polymerization mechanism is
discussed as an olefin metathesis with rate-limiting cleavage of

trisubstituted titanacyclobutanes affording high energy carbene
intermediates.

Reaction of endo-dicyclopentadiene with "Cp2Ti=CH2" and 3 affords
titanacyclobutanes 15 and 16 with exclusive addition to the bicyclic double
bond. The X-ray diffraction study of 15 indicates a puckered metal-containing
ring. Polymerization of endo-dicyclopentadiene occurs with cleavage of the
bicyclic ring system. Preliminary results demonstrate that cyclopentene can
be polymerized with 3 at high monomer concentrations. The polymerization
of norbornadiene to a linear ring-opened polymer is described. Reaction of
these catalysts with 1,4-epoxy-1,4-dihydronapthalene occurs at the double
bond and yields oligomers.

Analysis of the microstructure of polymers prepared from methyl-
norbornenes indicates that the double bonds in these polymers are predominantly
trans. The catalysts exhibit a moderate head-to-t1il selectivity. The
preferred tacticity of dyads at trans double bonds is racemic while tﬁat at cis

double bonds is meso.
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INTRODUCTION



Although metallacyclobutane compounds have been invoked as
intermediates in the olefin metathesis reaction! for many years,2 the
isolation of metallacycles capable of catalyzing metathesis has only recently
been reported. A variety of bis(cyclopentadienyl)titanacyclobutanes were

prepared by the reaction of Tebbe reagent3 with terminal olefins.# The

szTi\/\/Ali + L base _ Cp?_TiO—R
Cl R
+

base-. AIMeZCI

regioselectivity of the addition of "CpTi=CH>" to the olefins placed
substituents in the g-position of the product metallacycle ring. An alternate
synthesis of B-substituted titanacyclobutanes from titanocene dichloride and
1,3-digrignard reagents has been described.” Incorporation of either a carbon-
13 or a deuterium label on the a-position of the ring permitted observation of
degenerate metathesis reactions as shown in Scheme 1.4D

Theoretical studiesb of degenerate metathesis using the model

[rrr———

compound Cl»TiCH2CH2CH2 were consistent with the experimental results.
The metallacycle was found to be 11.5 kcal/mol more stable than the isomeric
titanacarbene-olefin complex with the transition state essentially isoener-
getic with the high energy complex. Since an additional 10.4 kcal/mol barrier

was found for the dissociation of the ethylene fragment from the carbene
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complex, the calculated barrier to dissociative metathesis in this system is
21.9 kcal/mol. This value is considerably larger than the 7-14 kcal/mol
barrier observed” for typical metathesis catalysts. Calculated geometrical
features of the titanacycle, which include a flat metal-containing ring that is
perpendicular to the plane defined by the two chlorine ligands and the titanium

center, agree well with the results of crystallographic studies® of

Cl H
’Tl STi=c{ -
Cl “H

B -substituted bis(cyclopentadienyl)titanacyclobutane compounds. The
calculated geometry of dichlorotitanium-methylidene is planar.

While the observation of degenerate metathesis with these systems is
a significant advance in the mechanistic study of olefin metathesis, useful
metathesis reactions are non-degenerate. Entry into a productive metathesis
system requires, first, a synthetic route to titanacyclobutanes with an
o-substituent and, secondly, cleavage of the titanacycles to afford
o-substituted titanium carbenes. Two approaches to the synthesis of
o-substituted titanacycles have been studied. Straus and Grubbs? reported
that the reaction of acyclic, internal olefins with precursors of "Cp,Ti=CH2"

afforded o, B -disubstituted titanacyclobutanes. Work on the simplest such

[ 1
compound CpTiCHMeCHMeCH3 has shown this system to be capable of the

non-degenerate metathesis of olefins. Unfortunately, it was highly



inefficient due to a low ratio of productive to non-productive cleavage of the
metallacycle (1:30) and because of the decomposition of intermediates.

The second approach to the synthesis of a-substituted titanacyclobutane
compounds was preparation through the reaction of "Cp2Ti=CH?2" with cyclic
olefins. Two such compounds have been made. Unfortunately, both the
metallacycle derived from cyclopentenelQ and that derived from
cyclohexenell quantitatively regenerated the cyclic olefin on thermolysis.

No cleavage to a~substituted titanium carbene occurred.10s11

CpoTi

_35%?— [szTi=CH2] + @

CpaTi% - [szTi=CH2] ¥ Q

The experimental approach to a productive metathesis system
described in this thesis is based on the synthesis of titanacyclobutanes from
strained, cyclic olefins. Table I lists calculated and experimental strain
energies for a number of cyclic olefins. Strain energy values for the
analogous alkanes are listed in Table II. Cleavage of a metallacycle derived

from a strained, cyclic olefin could occur by two pathways. The inherent
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Tablel.  Strained Energies of Selected Cyclic Olefins.2

Bensonb Schleyer¢  Wibergd

D 53.7 54.5 52
. 29.8 30.6 29
- 27.:2 24

1.4 2.5

A2
o
-

3Energies in kcal/mol. PReference 12. CReference 13. dReference 14.



.

TableII. Strain Energies of Selected Cycloalkanes.2

Bensond Schleyer¢  Wibergd

D 27.6 28.1 27

26.2 27.0 26

-- 17.6 14

Q 6.3 7.2 --
<:> 0.0 1.4 --

3Energies in kcal/mol. PReference 12. CReference 13. dReference 14.



a

b
Cp,Ti

7 N

Cp,Ti d Cp,Ti=CH, + D

strain of the cyclic olefin relative to its saturated analogue will disfavor
reaction along path a (non-productive cleavage). Strain in the saturated
cyclic ring system should enhance productive cleavage to arsubstituted
carbene (path b). Once a route to substituted titanium-carbene is found, an
investigation of the activity of such carbenes toward the metathesis of cyclic
olefins can be undertaken.

The requisite product of the metathesis of a cyclic olefin is a ring-
opened polymer.15,16 In contrast to 1,2-addition polymerization, the ring-

opening polymerization of cyclic olefins is an isodesmic reaction. The number

O — T



and type of bonds in the monomer are conserved in the polymer. Thus, the
extent to which and ease with which the reaction proceeds in the direction of
high polymer is governed primarily by release of ring strain in the monomer.
The polymerizations of highly strained ring systems such as cyclopropene,
cyclobutene, and norbornene are thermodynamically favorable. Because of
its low strain, entropic factors can govern the polymerizability of
cyclopentene. Cyclohexene cannot be polymerized by metathesis under any
conditions, since ring cleavage is disfavored both entropically and
enthalpically.

Regardless of its equilibrium thermodynamics, ring-opening polymeriza-
tion of cyclic olefins requires net cleavage of bonds with bond strengths
greater than 100 kcal/mol. A large number of catalysts effective in the
metathesis of acyclic olefins have also been shown to initiate ring-opening
polymerization. The common systems consist typically of a Group IVA-VIIIA
metal halide in combination with an organometallic co-catalyst such as alkyl
lithium, aluminum, tin, and zinc compounds. Several isolable Group VIA
carbene complexes, including (CO)5W=C(CgH5)2 and (CO)5Cr=C(OCH3)CgHj5,
have been reported to initiate ring-opening polymerization without added co-
catalysts.}7

The presumed mechanism of polymer propagation, shown below, was
based on the known Chauvin mechanism?2 for metathesis of acyclic olefins.
Reaction of an intermediate a-substituted carbene affords an g B a*
trisubstituted metallacycle. Productive cleavage of the metallacycle yields

an arsubstituted carbene identical to the initial one except for an
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®n Q ®" @ ®n+1

a4 0O

additional unit in the pendant polymer chain. Non-productive cleavage to
regenerate the cyclic monomer may also be possible. Little direct evidence
for the proposed intermediates has been obtained. Using X-ray photoelectron
spectroscopy, Gassmanl8 acquired data consistent with the presence of a
polypentylene-attached tungsten carbene. Direct lH NMR observation of
chain-propagating carbene complexes in the polymerization of several
substituted norbornenes with W(CHCMe3)(OCH,CMe3)2Bry/GaBr3 has also

been reported. 19

The experiments described in this thesis are based on investigations of
titanacyclobutanes as potential initiators for the polymerization of strained,
cyclic olefins. Chapter | contains studies of the reactivity of three and four-
membered ring cycloolefins toward the titanium system. The polymerization
of norbornene using these catalysts, described in Chapter 2, proved to be
living. The polymerization kinetics and a molecular weight analysis of the
product polymers are included. Chapter 3 details studies of the ability of the
titanacyclobutanes to polymerize monomers bearing potentially reactive
functionalities. Finally, an analysis of the microstructure of selected

poly(methylnorbornenes) is included in Chapter 4.
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CHAPTER |

Reaction of Bis(cyclopentadienyl)titanium-methylidene

with Small Ring Olefins
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Introduction

The presence of ring strain greatly enhances the thermodynamic driving
force in the ring-opening polymerization of cyclic olefins. Although the
contribution of ring strain to increasing the rate of polymerization is less
clear,l highly strained cycloolefins frequently are studied to assess the
activity of new catalysts.] The study of the reactions of bis(n3-
cyclopentadienyl)titanium-methylidene with small ring alkenes detailed below
was initially undertaken to test the viability of these compounds as catalysts
for productive metathesis. Two olefins, cyclobutene and 3,3-
dimethylcyclopropene, were chosen as model three- and four-membered ring
substrates.

Cyclobutene has ﬁreviously been ring-opening polymerized to poly-
butenamer by a variety of metathesis catalysts.2 A wide range of cisstrans
ratios have been obtained. These polymerizations have little practical value
since the product polymer, also known as polybutadiene, is readily and much
less expensively obtained by the anionic polymerization of butadiene.3
Polymerization of cyclobutene can also occur by 1,2-addition to the double
bond with the ratio of vinyl to ring-opening polymerization dependent on the
catalyst and conditions used.2 Titanium-based systems, including typical
Ziegler-Natta catalysts such as TiCly/AlEt3, predominantly afford ring-
opened polymer.4

No ring-opening polymerization of any three-membered cycloolefin
has been reported. In view of their large strain energies; cyclopropenes are
expected to be reactive toward transition metals. Reactions with low-valent

transition metals generally result in either 2,3-carbon-carbon single bond
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cleaving reactions or in cyclooligomerizations at the double bond which
preserve the three-membered ring.> The only reported example of reaction
resulting in cleavage of the double bond involved addition of 3,3-dimethyl-
cyclopropene to a rhodium dimer.6 The dearth of reports of double bond
cleaving reactions could be attributable to limited study of this ring system

rather to any inherent lack of reactivity.



=7

Results and Discussion

Cyclobutene. Reaction of sz“lCiCHZC(Me)z(]:Hz, 1,7 with cyclobutene
afforded polybutadiene in quantitative yield. The red monomer/catalyst
solution rapidly became dark and viscous with substantial heat evolution. The
product polymer, identified by comparison of its lH and 13C NMR spectra
with published data,3 had a cis:trans ratio of 45:55.

Although the isolation of polybutadiene is suggestive of a metathesis
reaction, more data are required before any mechanistic conclusions can be
made. Careful observation of the reaction of cyclobutene with 1 by IH NMR
spectroscopy showed that the polymerization occurs readily at 09C. When

the metallacycle derived from cyclopentene 22 was used as the catalyst,
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polymerization occurred only at temperatures greater than 35°C. Since the
metallacycles 1 and 2 are known to cleave to carbene-olefin at 00C and 40°C,
respectively,l0 the polymerization appears to be coupled to the generation of
"Cp2Ti=CHz."

No peaks attributable to metallacycles other than the catalyst were
observed. Even the q,R-disubstituted titanacyclobutane expected from the
reaction of "Cp2Ti=CH2" Qith cyclobutene was not present in concentrations
sufficient for NMR detection. Since the difference in strain energy of cyclo-
butene and cyclobutane is only 3 kcal/mol,l1 little of the strain of cyclobutene

would be relieved on formation of a metallacycle. Effective

i 1 i T
Cp,Ti —— szTij
— wd — -

release of strain would occur only on cleavage to carbene plus olefin.
Consequently, observation of titanacyclobutanes may have been prevented by
rapid reaction to carbene.

If olefin metathesis occurs, the intermediacy of a-substituted
titanacarbenes is required. In an effort to provide evidence for such
carbenes, the polymerization of cyclobutene with 1 was attempted in
the presence of trimethylphosphine. Reaction between the phosphine and any

carbenes could yield stable phosphine-carbene adducts. The predominant
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reaction product by lH NMR was szTi:CHz(PMe3)12 which presumably
results from trapping of "Cp2Ti=CH2" generated by the thermolysis of 1.
Identification of the adduct was based on the presence of a doublet at
§ 12.08 assigned as the methylene protons.12 An additional NMR signal,
broad and unresolved, was observed at § 12.51. This result provides
suggestive, but inconclusivg, evidence for the presence of
a-substituted carbenes in this sytem.

3,3-Dimethylcyclopropene. Reaction of the Tebbe reagentl3 with 3,3-
dimethylcyclopropene and N,N-dimethylaminopyridine (DMAP) afforded titana-
cycle 3 as red needles in 33% isolated yield.14# Compound 3 was stable at
230C as a solid but slowly decomposed in solution with a half-life of approxi-

mately one week. Proton NMR analysis of 3 showed the a—proton15 at § 4.90

S Me
Cp,Ti AI< + D< —DMAP__  cp,Ti 3

e Me

DMAP-AlMe,Cl

and the R-proton at § -0.28. The diastereotopic o'-protons occur at § 2.39
and 2.03 with the expected coupling patterns. A high-field g-proton and low-
field q-protons are characteristic of the titanacyclobutane structure.3,?
Signals assigned as the two inequivalent Cp groups and the two inequivalent
methyl groups appear in the appropriate regions of the spectrum. The

chemical shift of the g-carbon (§ = 134.82) occurs at low field while that of
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the B-carbon occurs at § 18.43. The large C-H coupling observed for the B-
carbon, J = 170 Hz, is similar to those generally obtained in cyclopropane ring
systems.16 Interestingly, the Jcy for the a-position (149 Hz) is close to that
at the o'-position (145 Hz) even though the a-carbon is in a three-membered
ring. Additional evidence for the formulation of 3 as shown was provided by
the acidolysis of 3. Reaction with HCI at -500C yielded 1,1,2-trimethylcyclo-
propane as the only organic product. No 3,3-dimethyl-1-butene was observed.
When metallacycle 3 was stirred at 23°9C with benzophenone, 3,3-

dimethyl-1,1-diphenyl-1,4-pentadiene was obtained in high yield. Many of the
previously reported titanacyclobutanes have proven to be useful synthetic

reagents for the methylenation of ketones.l7 Thermolysis of the metallacycles

Ph Ph

generally affords olefin and "Cp2Ti=CH2" which then reacts in a manner
analogous to other early transition metal carbenesl8 -- exchanging the
methylidene fragment with the carbonyl oxygen of added ketones. In the

case of metallacycle 3, isolation of 3,3-dimethyl-1,1-diphenyl-1,4-pentadiene
suggests intermediacy of the a-substituted carbene "Cp,Ti=CHC(CH3)2CHCH3."
Since no ,l-diphenylethylene was obtained, the productive cleavage must be
greatly favored over the non-productive reaction to give "CpTi=CHy."

Upon reaction of 3 at room temperature with appropriate alkyl-phos-
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phine compounds, the monophosphine adducts of the a-substituted titanium-

carbene complex were obtained. Complexes containing trimethylphosphine

Cp,Ti MoeR Cp,Ti== \

PMeeR
3 4

(4a) and dimethylphenylphosphine (4b) were cleanly isolated as tan powders.
The lH and 13C NMR data of 4a and &b are consistent with the proposed
structures. Signals for Hyand Cyare found at low field (see Table I) as
reported for other high valent (nucleophilic) carbenes.!? For example, the
signals for the carbene carbons of CppClTa=CHCMe3,12d (tBuCH;0),-
BroW=CHCMe3,192 and Cp,(PPh3)Zr=CHCMe3!8€ are found at 273, 299, and
270 ppm, respectively. The observed values of JCcH at the a-position of 4 are
much smaller than expected for an spz-hybridized carbon. Presumably, this
is due to a deformation of the B tertiary center to reduce the adverse
interaction with the cyclopentadieny! ligand required by the preferred
g,eometry20 of early transition metal carbene species.22 The resulting
increased Ti-C-C bond angle yields greater p-character in the Cy -Hybond.
The electronic demands of the titanium-carbon double bond may also lower
the JCH at the a-position.23 Both 4a and 4b decompose slowly in solution at
room temperature. The hali-life for 4a is three to four days while that for 4b

is roughly one day.
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In contrast to reaction with PMe3 and PPhMey, reaction of 3 with
PMePhy does not go to completion. The PMePhy complex (4c) is formed in
equilibrium with metallacycle 3.26 The equilibrium constant was measured as
10.5%0.5 2+ M-1 corresponding to a AGg% = 1.4(1) kcal/mol-l. NMR
spectroscopic data for 4c are similar to that discussed above for the other
phosphine adducts. No adduct formation is observed when 3 is stirred with
PPh3 even after heating to 459C. This trend is attributable to the increased
steric demands of the larger phosphines and to their lowered basicity.

Since the strain energy of cyclopropane (27 kcal/mol)ll can be used as
a lower limit of the inherent strain in the ring system of titanacycle 3, it is
perhaps surprising that 3 was stable enough with respect to ring cleavage to
permit isolation. The observed stability of previously reported titanacyclo-
butanes relative to titanium carbene compounds has been discussed in terms
of electronic factors.2l Non-productive cleavage of 3 to "Cp,Ti=CH>" requires
loss of the highly strained olefin. The experimental evidence discussed above
clearly precludes the pathway. Cleavage of 3 to "Cp2Ti=CHC(CH3)2CHCH2"
is favored by relief of ring strain; however, this productive cleavage places a
tertiary center in the B position of the titanium carbene. Since the preferred
Jeometry of titanium carbene compounds requires an adverse interaction of
the a-substituent and a cyclopentadienyl group, the overall energy of the
cleavage product is increased. Once the carbene is formed, the absence of 8-
hydrogens and steric barrier to dimerization may enhance its kinetic stability.
Hence, a balance of structural and electronic effects permits isolation of

both titanacyclobutane 3 and phosphine adducts of the isomeric o~substituted
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carbene compound.
A bimetallic alkylidene-bridged complex analogous to the Tebbe

reagent was obtained when AlMe,Cl was added to titanacycle 3. In contrast

X

szTi AlMegCl .
—e szT|\CI/A|M82

3 5

to the reactivity of 3 with phosphines or with benzophenone, this reaction
was rapid at -40°C, One explanation is a strong assistance by AlMe2Cl in the
ring-opening reaction.2? Low-temperature NMR data for 5 are included in
Table I and in the Experimental Section. The two cyclopentadienyl groups,
the aliphatic methyl groups, and the two aluminum-bonded methyl groups are
inequivalent. The chemical shifts of Hyand Cyare similar to reported data
for related compounds.13:28;29 In the case of 5, the JcHof ll6 Hz is a
reasonable value for an sp3-hybridized carbon attached to the electrophilic Ti
and Al centers. The purple, crystalline complex 5 is less stable than the
phosphine adducts, decomposing in solution at temperatures above 10°C.
Metallacycle 3 was not regenerated.

Although synthetic routes to aralkyl-substituted zirconium-carbene
compounds18C and to bimetallic bridged alkylidene complexe523a29 had been
described, none of the reported methods had proven useful for the isolation of

the analogous titanium compounds.30 Schwartz and Hartner28 had observed
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lH NMR signals attributable to a propylidene-bridged bimetallic complex on
addition of an organoaluminum hydride compound to a titanocene-alkenyl
complex; however, paramagnetic irnpurities prevented full characterization.
Yoshida29 had observed reactivity consistent with the aluminum adduct of a
titanocene-carbene complex on addition of alkenyl aluminum compounds to
titanocene dichloride. Synthesis of substituted analogs of the Tebbe
reagent13 by the same method used to prepare it had failed, presumably due
to the presence of [S-hydrog\ens}-l The only monometallic carbene complexes
of titanium which had been reported are phosphine adducts of the parent
methylidene com pound.zl*:28 This work has provided the first examples of
isolable a-substituted titanium-carbenes.

On reaction of metallacycle 3 with pyridine, a color change from red
to an intense purple was observed. Observation of the reaction by lH NMR
shows that loss of signals for 3 was accompanied by growth of a pair of
singlets at ¢ 8.18 and 8.12, a pair of singlets at § 5.81 and 5.77, and another

pair at § 1.18 and 1.17 along with signals attributable to a terminal olefin.

CpoTi iCpo CpoTi TiCpy
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The area ratio within each pair was approximately 2:1. Although the
presence of a loosely bound pyridine adduct cannot be ruled out, these data
could be attributable to dimers of the substituted carbene (6). Ott and
Grubbs32 report that the parent dimer (Cp2Ti=CH2); is purple and that the
lH NMR signal for the methylene groups is found at § 8.72. Schwartz and
Hartnerl8C have prepared zirconium dimetallacyclobutanes with a -
substituents. Attempts to isolate 6 were unsuccessful.

Preliminary experiments in which metallacycle 3 was stirred at 23°C
in the presence of excess dimethylcyclopropene showed that a polymeric
product was obtained. Analysis of the spectral data indicates the product is a

ring-opened polypropenamer. The lH NMR spectrum consists of two broad

_ xs [><< €=> \/‘%‘
Cp2T| ———230(: n

3

singlets, one in the olefinic region and one in the aliphatic region with
relative areas of 1:3. The fact that the 13C NMR spectrum consists of three
sharp singlets suggests that only one double bond isomer was obtained.
Assignment as the all trans polymer is based on the strong absorbance at 973
cm=1 in the infrared spectrum of the polymer and absence of bands between
600 and 800 cm~1. The consistently low number of turnovers --
approximately three monomers per catalyst were consumed -- may result

from destructive decomposition of intermediates in the polymerization. Since
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both chain-carrying titanacycles and carbenes must be substituted at the
o-position by a tertiary center, adverse steric interactions with the proximal
cyclopentadienyl should lower their overall stability. Further work is needed

to optimize reaction conditions and polymer yields.
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Conclusions

The results of this study on the reactions of 3,3-dimethylcyclopropene
with "Cp2Ti=CH2" demonstrate definitively that metallacycles derived from
strained, cyclic olefins can cleave productively to afford a-substituted
titanacarbenes. The synthesis of a ring-opened poly(dimethylpropenamer)
indicates that inefficient productive metathesis reactions occur with this
olefin. The efficient production of polybutadiene from cyclobutene on
reaction with "Cp,Ti=CH7" suggests operation of a metathetical
polyinerization; however, since no intermediates were characterized,

conclusions about the mechanism cannot be made.
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Experimental Section

All manipulations of air and/or moisture sensitive compounds were
carried out with use of standard Schlenk or vacuum line techniques. Argon
was purified by passage through columns of BASF RS-11 (Chemalog) and Linde
4/1) molecular sieves. Solids were transferred in a Np-filled Vacuum
Atmospheres Dri-Lab equipped with an MO-40-1 purification train and a DK-
3E Dri-Kool.

Tebbe reagent,33 metallacycle 1,7 metallacycle 2,2 and 3,3-dimethyl-
cyclopropene3% were prepared according to published procedures. The trans-
l,2-cyclobutanedicarboxylic acid was purchased from Pfaltz and Bauer. N,N-
- dimethylaminopyridine (Aldrich) and benzophenone (Aldrich) were recrystallized
from hot toluene. The 3,3-dimethyl-1-butene was purchased from Aldrich
Chemical Co. The 1,1,2-trimethylcyclopropane was purchased from Chemical
Samples Co. Trimethylphosphine (Strem), dimethylphenylphosphine (Aldrich),
and methyldiphenylphosphine (Strem) were used without further purification.
Dimethylaluminum chloride (Texas Alkyls Co.) was used as a 2.5 M solution in
toluene. Dichloromethane was dried over P05 and degassed on a vacuum
line. Pentane was stirred over H2SOy, dried over CaHj, and vacuum-trans-
ferred onto sodium-benzophenone ketyl. Benzene was dried over CaHp,
degassed, and vacuum-transferred onto sodium-benzophenone ketyl. Diethyl
ether, toluene, benzene-dg (Cambridge Isotope Laboratories), and toluene-dg
(Cambridge Isotope Laboratories) were degassed and stirred over sodium-
benzophenone ketyl. The dried and degassed solvents were vacuum-transferred

into dry vessels equipped with Teflon valve closures and stored under Ar.
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Reagent grade petroleum ether (35-60°C) and methanol were used without
further purification.

NMR spectra were recorded on a JEOL FX-90Q (89.60 MHz 1H; 22.53
MHz 13C; 36.27 MHz 31P) NMR spectrometer or on a JEOL GX-400 (399.65
MHz 1H; 100.40 MHz 13C) NMR spectrometer. Chemical shifts for IH and
13C spectra are reported versus residual solvent signals. Chemical shifts for
31P are reported relative to external 85% H3POy. Temperatures were
measured using Ay (CH30H) and were accurate to *0.29C. Difference NOE
spectra were obtained using standard procedures.35 Analytical gas
chromatographic analyses (VPC) were performed on a Shimadzu GC-Mini 2
flame ionization instrument modified for capillary used and equipped with a
Hewlett-Packard Model 339A integrator and a 0.33 mm x 40 m SE30 capillary
column. Infrared analyses utilized a Shimadzu IR-435 infrared
spectrophotometer,

Cyclobutene. Cyclobutene was prepared by the lead tetraacetate
decarboxylation of trans-1,2-cyclobutanedicarboxylic acid using a reported
procedure.,36

Polymerization of Cyclobutene with Metallacycle 1. Metallacycle 1
(20 mg, 0.081 mmol) was dissolved in 1.0 mL toluene in a flask with a Teflon
valve closure. Cyclobutane (128 mg, 2.4 mmol) was condensed onto the
frozen catalyst solution at 77 K. The flask was warmed to -209C and stirred
for 5 min to ensure complete mixture of the reagents. The -20°C bath was
removed and the solution allowed to warm to 239C. After approximately 5

min a rapid reaction occurred as indicated by a color change from red to
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brown, rapid warming of the solution, and its increased viscosity. The
volatiles were removed under vacuum. Yield: 145 mg (111%).

The polymerization was also monitored by !H NMR spectroscopy.
Cyclobutene (0.1 mmol) was condensed at 77 K onto a frozen solution of 1 (10
myg, 0.04 mmol) in 0.5 mL toluene-dg in a 5 mm NMR tube. The tube was
thawed and placed in the -200C probe of the JEOL-FX90 NMR spectrometer.
Proton spectra were recorded regularly as the probe was warmed to 0°C.
Signals at § 5.93 attributable to the olefinic protons of cyclobutene began to
decrease in intensity at 0°C and eventually disappeared. A small
(<10%) decrease in signals for 1 was observed.

Polymerization of Cyclobutene with Metallacycle 2. An NMR sample
was prepared as described above for 1, using metallacycle 2 (10 mg,

0.04 mmol) rather than 1. The tube was thawed and placed in the -20°C

probe of the JEOL-FX90 spectrometer. Proton spectra were recorded regularly
as the probe was warmed to 40°C. Loss of cyclobutene peaks occurred at
359C.

Reaction of 1 with Cyclobutene and PMe3. To a 5 mm NMR tube
containing metallacycle 1 (30 mg, 0.12 mmol) dissolved in 0.5 mL toluene-dg
and frozen at 77 K were added small amounts of both cyclobutene and trimethyl-
phosphine. The solution was thawed and placed in the -20°C probe of the
JEOL-FX90 spectrometer. Integration of the proton spectrum indicated a
ratio of l:olefin:phosphine of 1:2:0.5. Spectra were recorded as the sample
was warmed to 0°C.

Preparation of Metallacycle 3. Approximately 1.5 g (22.0 mmol) 3,3-
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dimethylcyclopropene was vacuum-distilled onto 1.5 g (12.6 mmol) dimethyl-
aminopyridine (DMAP). The mixture was dissolved in CH2Cl7 (10 mL) and
stirred at -200C. A -200C solution of Tebbe reagent (3.0 g, 10.5 mmol) in 5.0
mL CH2Cly was added. After 30 min, the red solution was added dropwise to
150 mL of vigorously stirred pentane at -309C. The precipitated DMAP-
AlMeCl adduct was removed by rapid filtration and the filtrate was
evaporated to dryness under vacuum. The resultant solid was crystallized
from diethyl ether by slow cooling to give 0.89 g (33%) of 3 as red needles.
IH NMR (90 MHz, CgDg): S 5.46 (s, 5H, Cp), 5.26 (s, 5H, Cp), 4.90 (d, 1H,
JHH = 10.3 Hz, Hy), 2.39 (dd, 1H, JHH = 10.7, 8.4 Hz, Hq), 2.03 (pt, 1H,
JHH = 8.4, 8.4 Hz, Hy), 1.42 (s, 3H, Me), 1.03 (s, 3H, Me), -0.28 (ddd, lH,
JHH = 10.3, 10.7, 8.4 Hz, Hg). Difference NOE‘(l#OO MHz, CgDg): Irradiation
of the signal at § 5.46 (Cp) enhances signals at § 2.03 (Hq-cis) and 1.03 (Me).
Irradiation of the signal at § 5.26 enhances signals at § 4.90 (Hq), 2.39 (Hq-
trans), -0.28 (Hg). 13C NMR (90 MHz, C¢Dg): 8 134.82 (d, JcH = 149 Hz,
Cq), 107.46 (d, Cp), 107.07 (d, Cp), 62.56 (t, ICH = 145 Hz, Co), 61.13
(quaternary), 35.53 (q, Me), 20.19 (q, Me), 18.43 (d, JcH = 170 Hz, Cg). IR:
3090 (w), 3010 (w), 2940 (s), 2850 (w), 1440 (m), 1363 (m), 1290 (w), 1017 (s),
823 (sh), 796 (s), 752 (w) cm-1. Anal. caled. for C1gH2qTi: C, 73.85; H,
7.75. Found: C,73.53; H,7.59.

Reaction of 3 with Benzophenone. To a solution of 3 (50 mg, 0.19
mmol) in 1.0 mL toluene at 0°C was added benzophenone (39 mg, 0.21 mmol).
The reaction mixture was warmed to 239C, stirred at 23°C for 10 h, and then

diluted with 10 mL petroleum ether. The resultant yellow precipitate was
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removed by rapid filtration through silica gel. Evaporation of the solvent
under reduced pressure afforded a colorless oil. Identification of the product
as 3,3-dimethyl-1,1-diphenyl-1,4-pentadiene was based on comparison of
thelH NMR data with published data37 and on a high-resolution mass
spectrum. Yield: 40 mg, 83%.

Acidolysis of 3. HCI was generated by the addition of NaCl (25 mg,
0.43 mmol) to 1.5 mL concentrated H2SO4. The evolved gas was vacuum -
transferred onto titanacycle I (50 mg, 0.19 mmol) in 2.0 mL toluene. The
reaction flask was isolated by means of a Teflon needle valve and warmed to
-500C. After 15 min, the volatiles were removed by vacuum distillation.
Cyclohexane (10 uL, 0.09 mmol) was added to the volatiles and the products
were quantitated by capillary VPC. The single volatile product, 1,1,2-trimethyl-
cyclopropane, was identified by coelution with an authentic sample. Yield:
0.17 mmol, 89%.

Preparation of PMe3 Adduct #a. To 3 (100 mg, 0.38 mmol) in 2.0 mL
benzene was added 60 uL PMe3 (0.76 mmol). The solution was stirred at
239C for 1.5 h. Removal of the volatiles in vacuo afforded a brown oil. The
flask was cooled to -780C and its contents were triturated with 0.5 mL
-789C pentane. The added pentane was removed in vacuo. Phosphine adduct
4a was obtained as a tan powder (63 mg, 50%). !H NMR (400 MHz, CgDg): §
12.06 (d, 1H, Jyp = 7.3 Hz, Hy), 6.24 (dd, IH, J4H = 17.5, 10.4 Hz, CHCH)),
5.35 (d, 5H, Jqp = 2.4 Hz, Cp), 5.33 (d, 5H, IJyp = 2.0 Hz, Cp), 5.05 (dd, 1H,
JHH = 17.5, 1.8 Hz, CHCHH), 4.96 (dd, 1H, Jqy = 10.4, 1.8 Hz, CHCHH),

1.27 (s, 3H, Me), 1.18 (s, 3H, Me), 0.80 (d, 9H, Jyp = 6.3 Hz, PMe3). 13C
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NMR (100.4 MHz, CgDg): S 306.90 (ICp = 26.6 Hz, JCH = 111 Hz, C ),
151.83 (Jcp = 4.5 Hz, CHCH3), 106.55 (CHCH>), 102.42 (Cp), 99.85 (Cp),
56.28 (quaternary), 31.41 (Jcp = 4.4 Hz, Me), 30.42 (Jcp = 6.0 Hz, Me), 20.44
(Jcp = 17.7 Hz, PMe3). IR (CgDg): 3070 (w), 2940 (s), 2900 (s), 2850 (m), 1625
(w), 1420 (m), 1365 (w), 1298 (w), 1279 (m), 1020 (sh), 1010 (m), 942 (s), 933
(sh), 892 (m), 818 (w), 790 (vs), 780 (sh), 720 (w), 710 (s), 660 (w) cm-1. 31p
NMR (36.27 MHz, CgDg): & +11.91. Anal. calcd. for C1gH29TiP: C, 67.863
H, 8.70. Found: C, 67.83; H, 8.18.

Preparation of PMe;Ph Adduct 4b. The adduct 4b was prepared by the
same procedure described for #a using PPhMes (60 uL, 0.42 mmol). Phosphine
adduct &b was obtained as a tan powder (84 mg, 55%). 1H NMR (400 MHz,
CeDg): § 13.23 (d, IH, IHp = 6.8 Hz, H ), 7.22-7.09 (m, 5H, Ph), 6.22 (dd,
1H, J4H = 10.6, 17.6 Hz, CHCH), 5.46 (s, 5H, Cp), 5.37 (d, 5H, Jyp = 2.0 Hz,
Cp), 5.07 (d, 1H, Jyy = 17.6, CHCHH), 4.96 (d, 1H, Jqy = 10.6 Hz, CHCHH),
1.30 (s, 3H, Me), 1.29 (d, 3H, Jyp = 6.8 Hz, PMeMePh), 1.21 (s, 3H, Me), 1.18
(d, 3H, J4p = 6.4 Hz, PMeMePh). 13C NMR (100.4 MHz, CgDg): & 309.38
(Jep = 24.9 Hz, IcH = 115 Hz, C ), 151.80 (Jcp = 3.0 Hz, CHCHy), 140.92
(Jcp = 13.2 Hz), 131.52 (Jcp = 10.3 Hz), 129.11, 128.34, 106.71 (CHCH>),
102.96 (Cp), 100.17 (Cp), 56.67 (Jcp = 3.0 Hz, quaternary), 31.68 (Jcp = 4.4
Hz, Me), 30.40 (Jcp = 5.8 Hz, Me), 21.59 (Icp = 22.1 Hz, PMeMePh), 20.01
(Jcp = 20.5 Hz, PMeMePh). 31P NMR (36.27 MHz, CgDg): § +25.10. IR
(CgDg): 3015 (w), 2950 (s), 2900 (m), 2860 (w), 1625 (w), 1480 (w), 1465 (w),
1432 (s), 1365 (m), 1285 (w), 1275 (w) 1091 (w), 1065 (w), 1015 (s), 937 (m), 900

(s), 825 (w), 792 (vs), 740 (s), 722 (w), 692 (m) cm-1. Anal. calcd.
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for Co4H3 TiP: C, 72.35; H, 7.84. Found: C, 72.12; H, 7.59.

Reaction of 3 and PPhyMe. To a 5 mm NMR tube containing 3 (10 mg,
0.04 mmol) in 0.5 mL benzene-dg was added 20 uL PPhpMe (0.10 mmol). The
tube was placed in the probe of the JEOL-GX400 NMR instrument and the
reaction was monitored by 1H NMR spectroscopy. The reaction was observed
to reach an equilibrium between 3 and its PPhoMe adduct 4c, with an
approximate ratio of l:1, within 1 h. IH NMR (400 MHz, CgDg) assignment
based on exclusion of peaks attributable to 3: § 12.32 (d, 1H, Jyp = 5.9 Hz,
Hys 7.22-7.02 (m, LOH, Ph), 6.14 (dd, 1H, J4H = 17.6, 10.5 Hz, CHCH?), 5.49
(d, 5H, J4p = 2.0 Hz, Cp), 5.36 (d, 5H, Jyp = 2.0 Hz, Cp), 5.12 (d, 1H, JHH =
17.6 Hz, CHCHH), 4.97 (d, 1H, J4H = 10.5 Hz, CHCHH), 1.65 (d, 3H, JpH =
6.0 Hz, PMe), 1.38 (s, 3H, Me), 1.26 (s, 3H, Me). 13C NMR (100.4 MHz,
CgDg): § 312.20 (OJcp = 23.5 Hz, IJCH = 110 Hz, Cy-

Equilibrium Measurements. To each of three 5 mm NMR tubes was
added 400 uL of a 0.096 M solution of 3 in benzene-dg (10 mg 3 to each).
One, two, and four equivalents (7.2, 14.3, and 28.6 uL) PMePh, were added to
the tubes along with additional benzene-dg to bring the volume of the
contents of each tube to 450 uL. The samples were stored at -20°C until
use. Each tube was placed in the probe of the JEOL-GX400. The reactions
were monitored by 1H NMR spectroscopy until no change was observed for 30
min. All samples required less than 1.5 h to reach equilibrium. The
equilibrium ratio was measured by integration of the doublet at § 4.90 (Hyof
3) and the doublet at § 4.97 (CHCHH of 4c). The three derived equilibrium

constants were averaged to obtain the reported constant.
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Preparation of the AIMe2Cl Adduct 5. To a -40°C solution of 3 (250
mg, 0.96 mmol) in 2.0 mL toluene was added 400 UL of a 2.5 M AlMe5Cl
solution (1.0 mmol AlMeCl). An immediate color change from red to purple
was observed. After 30 min at -409C, the volatiles were removed in vacuo at
-100C yielding a dark purple solid. The solid was redissolved in -100C
pentane. A small amount of insoluble material was discarded. Slow cooling
of the pentane solution to -509C afforded 95 mg (28%) of 5 as a purple
powder. Solid 3 was stored at -40°C. In solution, 5 is unstable at
temperatures above 10°C. !H NMR (90 MHz, CgDg, 10°C) § 9.78 (s, H,
Hgq), 6.63 (dd, 1H, J4H = 16.6, 10.0, CHCH)), 5.85 (s, 5H, Cp), 5.61 (s, 5H,
Cp), 5.04 (d, 1H, JqH = 16.6, CHCHH), 5.01 (d, 1H, JHH = 10.6, CHCHH),
1.20 (s, 3H, Me), 0.96 (s, 3H, Me), -0.13 (s, 3H, AlMeMe), -0.24 (s, 3H,
AlMeMe). 13C NMR (22.5 MHz, Cg¢Dg, 10°C) § 225.83 (d, IcyH = 116 Hz,
Ha), 150.51 (d, CHCHy), 113.33 (d, Cp), 111.12 (d, Cp), 109.12 (t, CHCH>),
59.13 (quaternary), 34.83 (q, Me), 30.99 (q, Me), -4.7 (broad q, JCH = 115 Hz,
AlMe7). Anal. calcd. for CjgH2¢TiAICL: C, 61.29; H, 7.43. Found: C,
60.96; H, 7.23. A more complete analysis was precluded by the thermal
instability of 5.

Reaction of Metallacycle 3 with Pyridene. To a 5 mm NMR tube
containing a solution of 3 (10 mg, 0.04 mmol) in 0.5 mL benzene-dg was added
pyridene (10 ML, 0.12 mmol). The tube was placed in the probe of the JEOL-
FX90. Proton spectra were recorded periodically. The reaction was complete
within 1.5 h.

Polymerization of 3,3-Dimethylcyclopropene with 3. Metallacycle 3
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(20 mg, 0.077 mmol) was dissolved in 0.75 mL toluene in a flask equipped

with a Teflon valve closure. Dimethylcyclopropene (150 mg, 2.2 mmol) was
condensed onto the frozen catalyst solution at 77 K. The solution was thawed
and warmed to 239C. After being stirred for 2.5 h at 239C, the contents of the
flask were slowly added to 20 mL rapidly stirred methanol. The resulting
white powder was collected by centrifugation and dried under vacuum. Yield:
17 mg (11% conversion). 'H NMR (400 MHz, CDCl3): § 5.28 (s, 2H, HC=),

1.05 (s, 6H, Me). 13C NMR (100.53 MHz, CDCl3): § 135.24 (d, JcH = 156

Hz), 37.67 (s), 28.37 (q, IcH = 126 Hz). IR (KBr): 3000, 2960 (s), 2915, 2870,

1473, 1378, 1360, 1300, 1220, 973 (s), 932 cm-1. .
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CHAPTER 2

The Living Polymerization of Norbornene
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Introduction

The first cycloolefin to be successfully polymerized by ring-opening
was norbornene (bicycld 2.2.1) hept-2-ene).l Since that report, the high
reactivity and general availability of this monomer have contributed to the
large number of patents and publications based on its polymerization.
Commercial production of a ring-opened polynorbornenamer was initiated by
CdF Chemie in 1970 and later competition was provided by American
Cyanamid and Nippon Zeon.2 The primary applications of the commercial
product include oil absorption, vibration dampening, and use as a speciality
rubber.2

Catalyst systems for the ring-opening polymerization of norbornene
based on Ti, Zr, W, Mo, Cr, Ruy, Ir, Os, and Re compounds have been reported.3a4
The useful titanium systems generally consist of TiCly, an organometallic
cocatalyst, and frequently a third component such as a tertiary amine.” A
recent patent suggests that one such system is capable of producing
polynorbornene of controlled molecular weight.6

Based on the promising results described in Chapter 1, a study of the
reactions of norbornene with precursors of bis(cyclopentadienyl)titanium-
carbenes was undertaken. Preliminary work performed by Drs. A. Marchand’
and S. Hentges® had shown that the reaction of norbornene with Tebbe
reagent? afforded a titanacyclobutane compound. The present work, detailed
below, includes the full characterization of this titanacycle, an examination
of the reaction of metallacycle 3 with norbornene, the use of both products
as catalysts for the ring-opening polymerization of norbornene, a kinetic

study of the polymerization, and analyses of the product polymers.
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Results

Preparation and Thermolysis of the Metallacycles. Reaction of the
Tebbe reagent? with norbornene and N,N-dimethylaminopyridine (DMAP) as
previously described for other olefins!0 affords red crystals of metallacyclo-

butane 7 in 58% yield. The NMR spectral data of 7 are similar to that of

N, DMAP .
szT'\ CI/AI\ + J — e Cp,Ti T

<+

DMAP-AlMe Cl

reported a8 -disubstituted titanium metallacycles.!l The characteristic
high-field chemical shift for the B -proton of the four-membered ring is at

0.14 ppm, the single a-protonlZ is shifted downfield to 3.51 ppm, and the

two a'-protonslO are at § 1.91 and § 3.11. Full assignment, based on homo-
nuclear decoupling, is shown in Figure 1. Difference NOE experiments confirm
exo addition of "CpsTi=CH3" to norbornene, which is also seen in additions of
most electrophiles to norbornene.l3 Irradiation of Cp; at§ 5.29 shows
enhancement of Hy at § 1.08. Metallacycle 7 is the most stable titanacyclo-

butane reported to date; it can be prepared by olefin exchange from

[ —
Cp2TiCH2CH(!Pr)CH> 14 jn spite its more sterically demanding a,8 -
substitution pattern and bridged ring system.

Previous studies have shown that titanium carbene species are rapidly
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trapped by ketones and aldehydes.lé They act similarly to Wittig reagents:
substituting the alkylidene fragment for the carbonyl oxygen. Heating 1 in
the presence of benzophenone yields olefins 8a, 9a and 10a as the major
isolable organic products.l7 Diphenylethylene was readily identified by
comparison with an authentic sample. Olefins 9a and 10a were characterized

by the usual spectroscopic techniques. Capillary VPC analysis of 10a coupled

¢\‘r¢ - 4\@ N I:f _ |

8a 90 10a

with high resolution GC-MS suggested the presence of a mixture of isomers.
Further confirmation of these structures was provided by degradative
ozonolysis. The same dialdehyde produced from the ozonolysis of norbornene
and the appropriate equivalent of benzophenone were obtained.

The product yields for three different trapping reactions are presented
in Table I. Addition of free norbornene (reaction 2) to the reaction mixture
increases the yield of 10a and addition of extra benzophenone (reaction 3)
reduces the yield of 10a. Ninety-five percent of the norbornene initially
present in metallacycle 7 can be accounted for in the products of reaction 3.

The synthesis and characterization of the titanacycle, 3, derived from
reaction of "Cp,Ti=CH7" and 3,3-diinethylcyclopropene were described in

Chapter 1. Upon thermolysis, 3 cleaved to give an a-substituted carbene
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which was trapped by a variety of coordinating ligands. Thermolysis of 3 at
200C in the presence of norbornene affords trisubstituted metallacyclobutane
11 as a deep red oil. Metallacycle 11 could not be cleanly isolated by either

crystallization or chromatography. !H NMR spectroscopy shows that 11 is

SN
L&/
CpsTi N e N

20°C CapTt

3 i1

the predominant product. Samples of 11 contain approximately 30% of a
second species assigned as the product of the addition of two equivalents of
norbornene to 3 (see Discussion Section). Spectral assignments for 11, shown
in Figure 2 and reported in the Experimental Section, are based on 2-
dimensional 1H-1H and 1H-13C NMR experiments. The 8 -proton, a pseudo-
triplet at$ 0.08, is coupled to the doublet at§ 3.72 and to the doublet at$
2.63, which are assigned as the® anda' protons,respectively. A high-fieldB -
proton and low-field® -proton are characteristic indicators of titanium
metallacyclobutane structures. The indicated trans stereochemistry is based
on difference NOE experiments. Irradiation of the B -proton signal at$§ 0.08
enhances signals at 6.15 ppm and 3.72 ppm, assigned as Hy and H (see Figure
1b) without substantial enhancement of the signal for H,.13

The peaks in the spectrum of 11 due to the double addition product are
indicated with asterisks in Figure 2. Signals at$ 3.67 and$§ -0.22 occur at

positions characteristic of thea andB protons of titanacyclobutane com-
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pounds. When 11 was stirred with additional norbornene, the signals assigned to
11 diminished while the peaks marked with asterisks grew larger.

When 11 was heated to 65°C in the presence of benzophenone, olefins
12a and 13a were obtained.l7 Products 12a and 13a were identified on the

basis of both spectral data and degradative ozonolysis. High resolution GC/MS

{2a 13a

analysis of 13a indicates that it is a mixture of two isomers, each of which
gives the correct parent ion and a fragmentation pattern similar to that
obtained for 12a. When 11 was prepared by stirring 3 with norbornene for 3 h
rather than the usual 1.5 h, the amount of 13a relative to 12a increased. The
reaction conditions and product yields are summarized in Table II.

Due to the difficulty in isolating pure metallacycle, 11 was prepared in
situ by reaction of norbornene with a measured amount of 3 for 1.5 h at room
temperature and was used immediately in the exp<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>