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ABSTRACT

The reaction of metal oxo complexes with methylenation
agents,“Cp2TiCH2” and CH2PPh3, was investigated as a means to generate
new transition metal methylidene complexes. With “Cp2TiCH2”, only when
the oxo complex has ancillary ligands of the proper electronic and steric
characteristics, as in WO(CH2XMe3)4 (X = C, Si), is clean reaction observed
producing p-O-u-CHg complexes. Otherwise the many reaction pathways
available to the CpoTiCHg fragment lead to complex reaction mixtures. The
oxo ligand is inert to attack by CHoPPh3 which instead acts as a powerful
alkylating agent in the transition metal systems investigated.

The effect of cyclopentadienyl ring substitution on the reactivity of
titanocene metallacyclobutanes was also investigated. The observed decrease
in reactivity of these compounds with increasing methy! substitution of their
cyclopentadienyl rings is related to the increasing destabilization of the
transition state between metallacycle and methylidene-olefin complex upon
substitution. This destabilization arises from the “reductive” nature of the

formation of methylidene-olefin complex from metallacycle.
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LIST OF ABBREVIATIONS

acac acetylacetonate

bipy 2,2'-bipyridine
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Chapter1l

A Short Introduction to Transition-Metal Methylidene Chemistry



In recent years both theoretical and experimental chemists have been
interested in the study of transition metal complexes containing terminal or
bridging methylidene ligands. Application of various theoretical methods to
systems in which a terminal methylidene ligand, the simplest ligand capable
of carbon-metal double bonding, is bonded to a transition metal center has led
to a better understanding of the nature of carbon-metal multiple bonding.1

Complexes containing bridging or terminal methylidene ligands (or
the related alkylidene ligands) are important reagents, catalysts, or
intermediates for a number of stoichiometric and catalytic transformations.
Such transformations include (Table 1.1) Witting-type methylenation of
carbonyl compounds,2 cyclopropanation of olefins,3 ring-opening
polymerization of cyclic olefins,4 alkyne polymerization,5 and olefin
metathesis.6 Pettit has found that surface methylidene ligands are probably
involved in the formation of hydrocarbons in the reduction of carbon monoxide
with hydrogen in the Fischer-Tropsch process.” Green and Rooney8 have
proposed that alkylidene species are intermediates in the polymerization of
olefins. Bridging methylidene species may also be formed when metal-alkyl
complexes interact with oxide supports.? The wide variety of reactivity of
methylidene complexes makes them attractive synthetic targets.

Species containing terminal methylidene ligands have been observed
spectroscopically and have been trapped to give derivatives;10 however,
isolation of stable terminal methylene complexes has proved to be difficult
presumably because of the high reactivity of the terminal methylidene ligand.
Until recently the only isolated terminal methylidene species were
CpaTa(CHz)Mell and [W(CHz2)(PMe3)4Cl1*[CF3803].12 A few other stable

terminal methylidene complexes now have been isolated including



Table 1.1 Reactivity of Methylidene Complexes

Methylenation of Carbonyls

LonM=CHs + R2C=0

L M=0 + RoC=CH>
Cyclopropanation of Olefins
t

LoM=CHy + ReC=CR2 — R2C-CR2
Ring-opening Polymerization

LnM=CHs + @ _—
Olefin Metathesis

LnM=CHy + CH2=CHR >+ M=CHR + CHz2=CH3
Fischer-Tropsch Reaction

CH
2
CO + Ho —_— MM — hydrocarbons



Cp*2Ta(CH2)H,13 and Os(CH32)CI(NO)(PPhg3)2 14 The known synthetic routes
to terminal methylidene complexes include diazomethane reactions,l4
protonation of methylidyne species,12 methyl deprotonation,11 hydrogen atom
abstraction,15 a-hydride elimination,13 hydride abstraction,10c chloride
abstraction from chloromethyl complexes,10d and alkoxide abstraction from
alkoxymethyl complexes10c.d (Table 1.2).

Methylidene ligands bridging two metal centers seem much less
reactive than terminal methylidenes. A large number of stable bridging
methylidene complexes have been isolated. The most common route to
bridging methylidene complexes is the reaction of dihalomethanes with metal
complexes.16  Other routes include treatment of metal dimers with
diazomethanel7 or phosphorous ylides,18 insertion of terminal methylidene
complexes into metal ligand bonds,19 and reaction of trimethyl aluminum
with metal halides.6a,20 (Table 1.3).

In Chapter II of this thesis we present the results of our efforts toward
synthesis of new methylidene complexes via Wittig-type reactivity of metal
oxo complexes with methylenation reagents.

In Chapter II of this thesis we present the results of studies on
changes in reactivity of titanocene metallacyclobutanes caused by methyl
substitution on their cyclopentadienyl ligands. The observed changes in
reactivity are related to changes in the relative energies of

metallacyclobutanes and methylidene olefin complexes.



Table 1.2 Examples of Synthetic Routes to Terminal
Methylidene Complexes

Diazomethane Reaction

OsCI(NO)(PPh3)2 + CHaN2 —» Os(CH2)CI(NO)PPh3)2 + N2 + PPhj
Methylidyne Protonation

W(CH)(PMe3)4Cl + CF3SO3H ——> [W(CH2)(PMe3)4Cl]+[CF3S03])-
Methyl Deprotonation

Cp2Ta(CH3)2+ + CHoPMej3 » CpoTa(CH2)(CH3) + CH3PMes+
Hydrogen Atom Abstractiona

CpzW(CH3)2* + -CPh3 » [CpsW(CH2)CH3l+ + HCPhs
a-Hydride Elimination

Cp*oTa-CH3 +» Cp*oTa(CH2)H
Hydride Abstractiona,b

CpL(CO)eWCHj3 + Ph3C* —— CpW(CH2)L(CO)2* + Ph3CH
Chloride Abstractiona,c

FpCH2Cl + AgPFg+[Fp(CH2)]+ PFg~ + AgCl
Alkoxide Abstractiona.c

FpCH20Me + HBF4+ [FpCHol+ BF,” + MeOH

a) Methylidene complex was not isolated
b) L = PEt3, PPhj
¢) Fp = CpFe(CO)2



Table 1.3 Examples of Synthetic Routes to Bridging
Methylidene Complexes

Reaction of Dihalomethanes
(Et4N); Fez(CO)g + CHzlz — (CO)F€-Fe(CO) + 2NEt]
Na2[0s2(CO)g] + CHolz —» (C0O)40$-0s(CO)¢ + 2Nal
Na[CpRu(CO)z] + 1/2 CHClp — 172Cp(CO)2Ru"Ru(C0O)2Cp + NaCl

etc

Reaction of Diazomethane

Cp‘RhsgCon‘ + CH2Nz —Cp*(CO)Ce=Rh(COCp*+ N, + 2¢O

Q,
(C0)2Ca6 -%o(CO)z + 2CHoN2 —(C0)2C6=Co(CO)2 +2 N2+ 2CO
PhP-PPh, Phg""v hy

Reaction of Phosphorous Ylides

Cp(CO)oFe — Fe(CO)2Cp + CHoPPh3 -Cp(CO)F{'-?‘ e(COXCp + ®Ph,+ CO
o ..

Insertion of Terminal Methylidenes into Metal-Ligand Bondsa

“Cp2 Ti(CH2)" + LaM-X —» sz'l‘i\/x)ﬂm

Reaction of Trimethy] aluminum with Metal Halides
CpeTiClz + 2AIMe3 — CpoT{_ “AlMez +MeH 4 Me,ALCI

Cp‘(Cl)RE:Bh(Cl)Cp‘ + 2AIMe3-» Cp*(Me)RYRh(Me)Cp*

a) ML, = Cp*TiClp, Cp*ZrCly, PtMe(PMe3);, RR(COD) (COD = n4-1,5-
cyclooctadiene).
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Chapter 2

Reaction of Metal Oxo Complexes with

Methylenation Agents
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I1.1 Introduction

The idea that transition metal oxo complexes may possess reactivity
similar to organic carbonyl compounds is not new.l Our question was, will
metal oxo complexes react with methylenation reagents to produce
methylidene complexes, a reaction analogous to the Wittig reaction in which
organic carbonyls are converted to terminal olefins with these reagents.

In organic chemistry phosphorous ylides are the classical
methylenation reagents. The generally accepted mechanism for the Wittig
reaction using phosphorous ylides is shown in equation 2.1.2 Phosphorous

ylides are quite nucleophilic and attack the carbonyl

o=CR, _E ~=CR,
Ph3P=CR> Phgf’-CRz " PhsP Ph3P 0 2.1

Betaine ({xarhospuentaine

at carbon forming the betaine intermediate, which has been observed in some
reactions.3 The betaine then collapses to the oxaphosphentaine intermediate
and then goes on to products. If the carbonyl bears a good leaving group, asin
esters, phosphorous ylides cannot be used to produce olefins as elimination of
this leaving group resulting in the formation of a phosphonium salt and

finally an acylated ylide species is competitive with olefination (equation

2.2)4.

Rﬁ X + CH2PPhy — R@CHzPPh;;X— RgCHPPha 2.2
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In recent years, the Grubbs group has investigated the reaction
chemistry of the unobserved reactive fragment, Cp2TiCHz2, which may be
generated from the Tebbe reagentS sz’fiCHzAl(Me)zCIl or from

titanacyclobutanes.8 This fragment exhibits Wittig-type reactivity, reacting
with organic carbonyl compounds, including ketones,? aldehydes,8 esters? and
amides!0 to produce terminal olefins. The proposed mechanism for this

organic reaction is shown in equation 2.3.8 The carbonyl reacts with

oitiecis o= e — et
SR ?\CH’ 2

X
[Cp,Ti = Oln +=-./\ (X = R,OR,NRo,H) 2.3

a source of Cp2TiCHg possibly producing an intermediate complex, 1, which
collapses to an oxatitanacyclobutane, 2, and then goes on to products. No
stable species like intermediate 1 has been observed, but stable
oxatitanacyclobutanes have been prepared.!l Only if the carbonyl bears a
very good leaving group, e.g., Cl- or RC(0)0O-, does elimination of the leaving
group occur, presumably from the oxatitanacyclobutane to produce titanocene

enolate complexes!2 (equation 2.,4).
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X /x
Cp2Ti —— Cp2Ti

1o /; 24

X = Cl,-OgR'

Since the CpoTiCHjy fragment had been shown to be a versatile
methylenating agent with organic carbonyls we wished to see if we could
extend the chemistry to inorganic systems, i.e., attempt to use the CpsTiCHg
fragment to methylenate metal oxo complexes to form terminal methylidenes,
or possibly p-0-p-CHs complexes, 3, via a mechanism similar to that proposed

for the organic systems (equation 2.5).

ML,
“CpaTi=CHz” + O = MLy — CpgTi =CHz —

szTé\dLn ——» CpeTi=0+ CHy=ML, 2.5

We will now present our results from the investigation of the reactivity of the
Cp2TiCHg fragment with metal oxo complexes. Later in this chapter we will
present some results on the reactivity of the more classical Wittig

methylenating agent, triphenyl phosphorane, with metal oxo complexes.
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I1.2 Reactivity of "Cp2TiCH2” with Metal Oxo Complexes

I1.2.1 Results

The B,B-disubstituted titanacyclobutane CpoTiCHoCMeoCHoy, 4, is a
convenient source of the CpoTiCHg fragment producing one equivalent of
isobutylene as a by-product. Thus, 4 was used as the source of the CpsTiCHo
fragment for reaction with various metal oxo complexes. Table 2.1 is a
tabulation of the metal oxo complexes used in this study. We have
concentrated on oxo complexes of metals of Groups 5-7 for two reasons. The
first is that stable methylidene, or related alkyldiene, complexes have been
isolated for group 5 and 6 metals. The second is that group 6 and 7 metals are
used industrially as olefin metathesis catalystsl3 indicating that metal
methylidenes may be viable for these metals.14

For all oxo complexes used in this study, the reaction of 4 as a source
of the CpoTiCHg fragment with the metal oxo complex was initially conducted
on an NMR tube scale, the reaction being monitored by 1H NMR spectroscopy.
Many of the reactions were repeated on a larger preparative scale in an
attempt to isolate identifiable products.

The reaction of 4 with WO(OCH2CMej3)4, 5, in pentane at 0°C yields a
new cherry-red colored complex, 21, in 30% yield. The room temperature
NMR data for this complex are shown in Table 2.2. The low field resonances
at 8 6.73 in the 1H spectrum and § 181.9 (Jcy = 129 Hz) in the 13C spectrum
are indicative of a methylidene ligand bridging two transition metal
centers.15 The infrared spectrum of 21 shows no bands in the region 820-1020
cm-1indicating that 21 has no terminal oxo ligand.16 Based on this NMR and

infrared evidence we formulate 21 as a p-O-p-CHo bimetallic complex arising
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Table 2.1 Results of Reaction of Cp2TiCHg2 with Metal Oxo Complexes

Metal oxo Result

5 W(O)OCH2CMe3)4 Forms [p-O-pCH2][CpTi]
[W(OCH2CMe3)4]

6 W(O)(OCH3SiMe3)4 Forms [p-O-p-CH2)[CpTi]
[W(OCH2SiMe3)4]

7 W(O)YOMe)4 mixtures of alkoide species

8 W(O)OCMe3)4 7

9 W(O)(OCH2Ph)4 | ”

10 W(O)(CH2CMe3)3Cl observe free CMey

11 Me(0O)2(Me)2bipy Cp2Ti(CH3)Cl formed in

possible radical reaction

12 Mo(O)a(dtc)2 paramagnetic species

13 Mo(O)z(acac)z "

14 Re(O)I(CH3C=CCHg)2 "

15 Re(0O)Cl2(OEt)(Pph3)2 transient terminal

methylidene

16 cis-Re(O)Cl3(PEt3)2 complex reaction mixture

17 trans-Re(O)Cl3(PEt3)2 ”

18 Cp2Nb(O)Cl no stable product

19 Cp2Nb(O)(nBu) ”

20 V(O)(CH2SiMe3)3 | observe free SiMey
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from the formal dimerization of the CpTiCHg fragment with
WO(OCH2CMe3),.

Variable temperature 1H NMR spectroscopy revealed that 21 is a
fluxional molecule (Figure 2.1). As the temperature is lowered the singlet at
4.35 arising from the methylene units of the alkoxide ligand splits into an AB
four-line pattern and two singlets, relative integrals 2:1:1. The singlet at 1.10
arising from the t-Butyl groups of the alkoxide ligands splits into two
resonances in the ratio 3:1. The resonances arising from the uy-CHg and the
cyclopentadienyl groups show no temperature dependence. The low
temperature limit is reached at -61°C. Except for a general broadening of all
resonances no further change in the spectrum occurs upon further cooling to -
78°C.

Since the cyclopentadienyl and p-CHg 1H NMR resonances of 21
remain singlets at all temperatures, the static structure of 21 must possess a
plane of symmetry. The pattern of resonances arising from the alkoxide
methylene units at the low temperature limit indicates that in 21 there are
three distinct types of alkoxide ligands in the ratio 2:1:1. A static p-O-p-CHo
structure consistent with the low temperature 1H NMR data is shown in
Figure 2.2.

Two of the alkoxide ligands lie in the symmetry plane containing the
p-O and p-CHgz ligands and the tungsten and titanium atoms. These ligands
give rise to the two singlets; in certain conformations the methylene protons of
these ligands are related by the symmetry plane of the molecule. Hence, no
geminal coupling is observed from these protons; they are rotationally
equivalent. The methylene protons of the other two alkoxide ligands are

diasteriotopic in all conformations and so give rise to the AB pattern with a
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Figure 2.1 Variable Temperature 1H NMR Spectroscopy of 21.
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typical geminal coupling of 11.7 Hz.18 At low temperature two resonances in
the ratio 3:1 arising from the t-Butyl methyl groups appear because in 21
three of the alkoxide ligands are trans to oxygen atoms and the fourth is trans
to a carbon atom.

As the temperature is raised from -61°C a process begins which
makes all the alkoxide ligands equivalent on the NMR timescale. Since a six-
coordinate tungsten center would be expected to be stereochemically rigid, we
believe that the fluxional behavior of 21 results from the breakage of at least
one of the bridges forming a five-coordinate tungsten center. The alkoxide
ligands then become equivalent through a pseudo-rotational process at the
five-coordinate center.19 Possible intermediates involved in the fluxional
behavior of 21 are shown in Figure 2.3. We have no evidence to indicate
which, if any, of these possibilites is correct; however, formation of transient
terminal ligands from bridging ligands have been proposed to explain
fluxional behavior in several other systems. (cf. cis-trans isomerization of u-
CH2(Cp'Co(CO))220 and (p-CO)(p-CMeg) [CpRu(CO)Jo21 which have
activation free energies, AG=, of +17 kcal/mol-1 at -10°C and + 20 kcal/mol-1
at 108°C respectively.) From the coalescence of the t-Butyl resonances of 21 at
-30° C we can estimate that AG = for the process causing ligand scrambling in
21isca. +13 kcal/mol-1 at -30°C.22

Complex 21 is extremely soluble in aromatic solvents and is soluble
in ethereal solvents and pentane. In solution 21 is not stable. In aromatic
solvents it decomposes at room temperature (13 ~ 12 hrs). Decomposition
seems to be faster in ethereal solvents. Itis quite moisture and air sensitive in
solution. In the solid state 21 is more stable toward oxygen, lasting ca 2 hrs in

dry air at room temperature, but it is still quite moisture sensitive. Acidolysis



20

Figure 2.2 Proposed Structure of 21.
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of 21 with excess HCl(g) yields CpaTiClz, HOCH2CMe3, CH4, and an
unidentified tungsten species; infrared evidence indicates that this species is

not WOCly.

The reactivity of 21 was investigated. Unlike the Tebbe reagent,

Cp2TiCH2Al(Me)2Cl, 21 does not exhibit Wittig type reactivity; no terminal
olefin is formed when 21 is treated with benzaldehyde or acetone. Addition of
Lewis acids, AlCl3 and AlMe2Cl, rapidly decomposed 21; no new methylidene
species was observed. There is no reaction between 21 and PPh3, but when 21
is treated with approximately ten equivalents of the smaller more basic
phosphine, PMe3, its dimer structure is disrupted yielding a mixture of
Cp2Ti(CH2)PMe3, WO(OCH2CMe3)4, 21, and free phosphine (equation 2.6).
The equilibrium constant, K, was determined to be 6.2 x 10-3 at room
temperature, 25°C. Unlike

o

Cp2Ti /W(OR)4 + PMeg,—'ngzTi(CHz)PM% + WO(OR)4 2.6

CH,
21
R =-CH2CMej

K = [szTi(CHz)PMesl[WO(ORM]/ [21][PMe3]

some other p-CHg containing complexes,35 21 does not readily react with CO;
the reaction with CO was attempted with 300 torr and 50 psi of CO pressure.
There is also no reaction between 21 and excess diphenylacetylene, a good
trap for the CpoTiCHg fragment.23

To date only one analog of 21 has been prepared by the reaction of 4
with a tungsten (VI) oxo complexes. The reaction of 4 with WO(OCH2SiMe3)4
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produces a new complex, 22, with physical properties similar to those of 21.
Unfortunately, although crystals of both 21 and 22 could be formed, they were
unsuitable for structural analysis by x-ray diffraction methods. Attempts to
prepare other analogs of 21 wvia the reaction of 4 with WO(OMe)y,
WO(OCMe3)4, WO(OCHoPh)4 were not successful; only complex mixtures of
alkoxide containing species were observed in these reactions. The same
reaction with W(O)(CH2CMes3)3Cl produced free alkane, CMe4 (1H NMR), but
no identifiable organometallic product was observed.

As can be seen from Table 2.1, all the metal oxo complexes reacted
with “CpeTiCH2”, but led to no identifiable stable product. A number of
reactions produced paramagnetic species c.f. reaction of Mo(O)2(acac)s,
Mo(0)2(dtc)2 and Re(O)I(CH3C =CCH3)s.

The only identifiable product in the reaction of Mo(O)2(Me)o(bipy), 6,
was Cp2Ti(CH3)Cl, no CpeTi(CH3)Cl was observed when the reaction was
carried out in CD2Cls. No Mo-CH3 species was observed. The formation of
Cp2Ti(CH3)Cl may indicate a radical reaction in which electron transfer
occurs from CpaTiCH224 to 6 followed by hydrogen abstraction from 6 to form
CpoTi(CH3) which might then react with chlorinated solvent to form
Cp2Ti(CH3)Cl. No identifiable product was observed when the reaction of 6
was repeated in either benzene-d¢ (NMR tube scale) or in toluene (preparative
scale).

The 1H NMR spectrum of the reaction mixture of 4 with
Re(O)Cl2(OEt)(PPhg3)g, 8, exhibited multiplets in the spectral region § 12-13, a
region appropriate for terminal methylidene complexes.l5 The reaction
mixture was quite complex, and all attempts to cleanly isolate the species

responsible for the downfield 1H NMR signals were not successful.
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The reaction of 4 with rhenium oxo complexes similar to 8, cis and
trans Re(O)Cl3(PEt3)2 were also attempted. These reactions also led to
complex reaction mixtures from which no identifiable compounds could be
isolated.

The reaction of 4 with three Group 5 metal oxo complexes,
Cp2Nb(O)C1, CpaNb(O)nBu, and V(O)(CH2SiMe3)3, was attempted. The
niobium complexes reacted with 4 but no identifiable products could be
isolated. The reaction of V(O)(CH2SiMe3)3 with 4 produced free SiMes (1H

NMR). Noidentifiable organometallic product was observed.
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I1.2.2 Discussion

The thermochemical data relating to transition metal methylidene
and oxo compounds is limited. Metal-oxygen bond energies of neutral and
cationic metal monoxides have been measured.26 Metal-carbon bond energies
of cationic metal-methylidenes have been measured.27 Metal-oxo and metal-
methylidene bond energies have not been determined experimentally in
systems in which the metal center is surrounded by a realistic, in a synthetic
sense, array of ligands. Theoretical calculations provide a means for
estimation of thermochemical values in these systems.

Rappé and Goddard28 have calculated bond energies for a number of
systems (Table 2.3) including Cl3TiCHg, a model for the reactive CpsTiCHo
fragment. The oxophilic nature of titanium can be seen from the data in Table
2.3. The difference in titanium-oxo and titanium methylidene bond strengths
is quite large, larger than in the other systems shown in Table 2.3. This large
bond energy difference is the driving force for the Wittig reactivity of titanium
methylidene. Using bond energies29 for formaldehyde, D(C=0) = 175
kcal/mol-1, and ethylene, D(C=C)= 163 kcal/mol-1, and the values from Table
2.3, leads to a calculated exothermicity of 50 kcal/mol-1 for the reaction shown

in equation 2.7 despite the large C-O double bond strength.

ClyTi=CHz + O = CHo—ClsTi = O + CH; = CHy 2.7

AH ~ -50 kcal/mol-1
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Table 2.3 Theoretical Values for Metal Oxo and
Metal Methylidene Bond Energies

DM =X) kcal/mol-1
LM X=0 X = CHy
CloTi 140 78
Cl2(O)Cr 51 48
Cl2(O)Mo 79 71
Cl4Cr 82 .-
ClyMo 102 -

It should be noted that the oxo ligand in CloTiO is triply bonded to
the metal. In the experimentally studied titanocene system, the orbital
required to make the third Ti-O bond is destabilized due to strong interaction
with the cyclopentadienyl rings so that the actual bond strength should be
somewhat lower than predicted by the model sytem. Data from Table 2.3
seem to indicate that the third metal oxo bond is probably worth a maximum
of 20-30 kcal/mol-1 (compare Cr(0)2Cle with CrOCly and Mo(0)2Cle with
MoOCl4).30 Even subtracting this amount from the Ti-O bond strength in
Cl2TiO leaves the difference between titanium oxo and titanium methylidene
bond strengths larger than the corre.sponding differences in other metal
systems. Thus, we expected that methylene transfer between CpoTiCHg and
metal oxo complexes to form a new terminal methylidene complex would be
exothermic; however, in the cleanest reactions studied, the formation of 21

and 22, the methylene transfer stops half-way forming the dibridged p-O-
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pCHg complexes. The dibridged species is thermodynamically more stable
than a mixture of two species, having terminal ligands.

The greater stability of species with bridging ligands relative to
similar species with the same ligands in terminal positions has been
investigated theroetically. Lichtenberger3l has done comparative Fenske-
Hall calculations on the unknown monomeric species, CpMn(CO)2(CHzg), and
the known dimer (p--CH2)[CpMn(CO)2]2. He finds the species with the
bridging methylidene ligand is greatly stabilized relative to the terminal
methylidene species due to the strong interactions between the frontier
orbitals of CHg and the frontier orbitals of the metal dimer fragment (Figure
2.4). Hoffmann32 using extended-Hiickel calculations has studied MaLgEg
systems and found that similar interactions (Figure 2.5) make the dibridged
species (p-E)2(MLy)2, more stable than the species with E in a terminal
position for formally d0 metal centers.

The Cp2Ti fragment33 and the W(OCHgXMej3)4 (X = C,Si) fragment
have frontier orbitals of the proper symmetry to interact with the frontier
orbitals of the methylidene and oxo ligands (Figure 2.6). Both metal centers
are formally dO, and thus, the theoretical results (vide supra) would indicate
that the dibridged structures of 21 and 22 should be the most stable as
observed. To disrupt the dibridged structure requires conversion of four o
bonds to two o bonds and two n bonds. The MO arguments (vide supra) simply
boil down to the fact that in these high valent metal systems o bonding is more
important than n bonding.

The dibridged structure of 21 can be disrupted by the addition of a
very good ligand, PMe3. The equilbrium constant measured for this reaction,

K = 6.2 x 10-3, shows that AGggg for reaction shown in equation 2.6 is 3.0
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Figure 2.4. Orbital Interaction Diagram at the Frontier Orbitals of CH3 and
the Frontier Orbitals of a Metal Dimer Fragment.31
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Figure 2.5. Orbital Interactions for a Dibridged Complex (pn-E)o(ML4)9.32
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Figure 2.6. Orbital Interaction for (p-O)(p-CHg2)[Cp2TillW(OR)4]
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kcal/mol-1. Making several assumptions,34 we can crudely estimate that the
free energy change required to break up 21 is on the order of 20-30 kcal/mol-1
(equation 2.8). This is approximately twice the energy required to break one
bridge, as estimated from the 13 kcal/mol-1 barrier for alkoxide scrambling

(vide supra).

21 = CpoTiCHgz + WO(OR)4 2.8
AGest = 20-30 kcal/mol-1
R = CH2CMes

Thus, it is not surprising that 21 is not easily disrupted by added
reagents. No Wittig chemistry is observed with orgariic carbonyl compounds.
No reaction occurs with diphenyl acetylene, CO, or PPh3. Possibly, these
reagents are not nucleophilic enough to disrupt the structure of 21. The low
reactivity of 21 is reminescent of the low reactivity of the dibridged species, (p-
CH32)2[TiCp2lz formed by the formal dimerization of two Cp2TiCHg
fragments.37

Compounds 21 and 22 are the only examples of isolated p-O-p-CHg
species. Marks38 has found evidence that such species can form when
actinide alkyls interact with alumina supports. Compounds 21 and 22 may be
models for species formed in reactions involving catalysts supported on metal
oxides. Thus, this structure of these complexes would be interesting.
Unfortunately, although crystals of both 21 and 22 could be formed, they did
not diffract well enough for structural analysis by x-ray diffraction methods.

Our failure to make analogs of 21 and 22 and the results of the

reaction of 4 with other metal oxo complexes (Table 2.1) indicate that, in
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general, metal oxo complexes probably have too many reactive pathways to
allow clean production of new methylidene complexes by reaction with
Cp2TiCHj3. Metal oxo complexes are good oxidizing agents,17 and CpoTiCHg
has been shown to act as a reducing agent.25 Thus, electron transfer processes
to form odd-electron species is not surprising. Most of the oxo complexes
studied have electronegative ligands like halides or alkoxides. Recent work in
our laboratory39 has shown that CpoTiCHj3 can insert into the bonds between
transition metals and such ligands. The reaction of 4 with some metal oxo
complexes having alkyl ligands instead of electronegative ligands were tried,
but without success. Free alkane derived from the alkyl ligands was the only
identifiable product from the reaction of 4 with VO(CH2SiMe3)3, 20, and
WO(CH2CMe3)3Cl, 10. Osborn40 has found that the interaction of Lewis acids
with metal oxo complexes bearing alkyl ligands can induce a-hydrogen
abstraction producing free alkane and an alkylidene complex. The 1l4e
fragment Cp2TiCH2 has never been observed free in solution and is expected
to be quite Lewis acidic. Hence, production of alkane from the reaction of 4
with 10 and 20 may be due to the induction of a-hydrogen abstraction
reactions. Clean reaction of Cp2TiCHg with metal oxo complexes in a Wittig
manner is atypical. The clean production of 21 and 22 may be due to the fact
that the alkoxide ligands in those systems stabilized the high oxidation state
of tungsten, preventing redox side reactions, and were of the right steric bulk
to prevent ready insertion of Cp2TiCHg2 into the metal alkoxide bonds while
still allowing reaction at the oxo ligand. Clearly, the reaction of CpsTiCHo>
with metal oxo complexes does not provide a general route to metal

methylidene complexes.
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I1.3 Reactivity of CH2PPhg with Metal Oxo Complexes

I1.3.1 Results

Chatt and Dilworth4l have reported that the reactions of
phosphinimenes with ReOCl3(PPh3)2 cleanly give rhenium imido complexes
(equation 2.9). We thought that the analogous reaction of ReOCl3(PPhj3)s
with

ReOCl3(PPh3)2 + RN = PPhg —— 2.9
Re(NR)Cl3(PPh3)2 + O = PPhj
R = Ph,PhCO

CH2PPh3 possibly might lead to the formation of a terminal methylidene
complex. Upon attempting this reaction we found that ReOCl3(PPh3)s rapidly
reacts with more than one equivalent of CHoPPh3 leaving unreacted starting
rhenium oxo and producing an intractable solid; 31P NMR of the reaction
mixture shows no OPPhj is formed.

Reaction of Re(O)I(CH3C=CCHj3)2 with CH2PPh3 in benzene yields
a new compound insoluble in benzene but readily soluble in chlorinated
solvents. This solubility indicates that the new compound is a salt. Infrared
data indicate that the terminal oxo ligand remains. We formulate the new
product as a cationic ylide complex, 23, in which the CHoPPh3 moiety has
displaced the iodide
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O
Al
HPPh, 1
23
from the starting oxo complex. The NMR data (Table 2.4) are consistent with
this formulation. Such a displacement of halide by CHoPPh3 has been
observed in the reaction of CpaMCls (M = Ti,Zr) with CHaPMej.42

The reaction of WO(OCH2CMe3)4 with one equivalent of CHoPPhjg
produces a mixture of compounds from which the salt [CH3PPhj]*
[WO(OCH2CMej3)s], 24, can be isolated. The crude reaction mixture contains
50% of 24. The other species present have not been identified as no other
species can be cleanly isolated. The reaction mixture slowly deposits colorless
insoluble material possibly indicating that the other species present are not
stable.

Acidolysis of the reaction mixture with excess trifluoracetic acid
produces neopentyl alcohol as the only volatile organic product (1H NMR and
GC). Acidolysis with CF3COOD shows no deuterium incorporation into the
neopentyl alcohol produced (except of course in the hydroxyl position 1H and
2H NMR). Thus, it is unlikely that the proton needed to form CH3PPh3+
came from the neopentoxy ligands of WO(OCH2CMe3)4.

A possible mechanism for the formation of a mixture of 50% 24 and
50% of other alkoxide containing species is shown in Scheme 1. The
displacement of anionic ligands by CHoPPh3 has been observed (vide supra) so

that the formation of 25 has precedence. Since the methylene group is bonded
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between a positively charged phosphorous center and a high valent metal
center, its hydrogen atoms should be acidic. Rapid deprotonation of 25 would
produce 26 and CH3PPh3+ OR- (R=CH2CMe3) which may react with
WO(OR)4 to form 24. Such displacements of anionic ligands followed by rapid
deprotonation to form species analogous to 26 have been observed in the
formation of CpoM(CHPPh3)Cl (M = Zr, Hf) from the reaction of CpoMCls
with CHoPPh3.43 It is also analogous to the formation of an acylated

phosophrane in the reaction of CHoPPh; with organic esters (vide supra).

Scheme 1

3 WO(OR)4 + 4 CHzPPh3 — 4 [W(O)(OR)3(CH2PPh3) OR]
25

. -
25 + 4+ CHoPPhz — 3 [W(O)OR)3(CH = PPh3)] + 4 CH3PPhz OR

- -
4+ WO(OR)4 + 4 CH3PPh3 OR — 4 [W(O)(OR)5]-CH3PPh3*
24
R=CH2CMe3

If one equivalent of neopentyl alcohol is added to the reaction mixture
of 5§ and CH2PPh3, 24, is the only product produced (1H NMR). In preparative

scale reactions, 24, can be isolated in good yield as colorless crystalline

material.
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A crystal of 24 was found suitable for a structure determination by x-
ray diffraction methods. The structure of the cation, CH3PPh3*, is
unexceptional. The structure of the WO(OCH2CMe3)5~- anion is shown in
Figure 2.7. The geomertry about tungsten is a distorted-octahedral one. The
short W-O (oxo) bond distance, 1.693(5) A, shows a high degree of multiple
bonding between the oxygen and tungsten.44 Repulsion between the n
electrons of the tungsten-oxo. bond45 and the alkoxide ligands cis to the oxo
ligand, bends these ligands down slightly away from the oxo ligand, and the
average O-W-O(cis-alkoxide) angle is 93.8(2). The W-O(alkoxy) distance in
24, 1.934(5) (average), is short enough to be suggestive of some alkoxy-to-
tungsten n bonding.44 The large W-OX-CXl (X = 1-5) angles, 132.0(6)
(average), may be an indication of alkoxy n bonding;46 however, steric
interactions between the ligands probably play the major role in determining
these angles. Although the oxo ligand has a large trans influence,47 the W-
O(alkoxy) distance is no greater for the alkoxide trans to the oxo ligand than it
is for the alkoxides cis to that ligand.

The presence of a good n-donating ligand trans to the oxo ligand
would be expected to weaken the W-O(oxo) bond. Such a weakening may be
indiated by changes in the W-O(oxo) stretching frequency. In
WO(OCH2CMej3)4 this frequency is 960 cm-1 (in CgDg) while in 24, with a
good n-donating alkoxide trans to the oxo, it is lower, 875 cm-1. Interestingly,
the infrared spectrum of WO(OCH2CMe3)s in a KBr pellet shows the oxo
stretch at 890 cm-1. Possibly a solid state reaction occurs to produce
K+*[WO(OCH2CMe3)4Br}-in the KBr pellet.
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Reaction of CHoPPh3 with trans-ReOCl3(PEt3)2 and CpaNb(O)Cl led
to intractable materials. No OPPh3 was formed in these reactions (31P NMR_)

so methylene transfer did not occur.

I1.3.2 Discussion

Phosphorous ylides exhibit a wide variety of reactions with transition
metal complexes.48 Since the reaction of phosphinimines with metal oxo
complexes can cleanly produce metal imido complexes, we felt that the
reaction of phsophorous ylides with oxo complexes might produce methylidene
complexes in a reaction analogous to the Wittig reaction in organic chemistry.
In the systems we have studied we have found that this reaction does not lead
to methylidene complexes, but instead, CHaPPh3s acts as a powerful
alkylating agent and apparently does not interact with the oxo ligand at all.
Such reactivity is analogous to the reactivity of CHoPPh3s with organic
carbonyls bearing good leaving groups (vide supra).

Since ReOCl3(PPh3)2 bears three chloride ligands, multiple
alkylation is possible, leading to the uptake of more than one equivalent of
CHoPPhg3 and the formation of intractable material. Re(O)I(CH3C=CCHg3)2
bears only one good anionic leaving group, the iodide, and its reaction with
CHg2PPhj3 leads cleanly to 23. In 23 there appears to be no interaction between
the oxo ligand and the phosphorous atom, the 31P chemical shift is more
consistent with a phosphonium cation than five-coordinate phosphorous,49
and the Re-O stretching frequency is not too different from its value in

ReOI(CH,C= CCH,),
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When CH2PPh3 is bonded to a low valent metal center as in 23,
formally a Re(IIT) complex, the methylene protons are not lost readily. In the
reaction of the high valent complex, WO(OCH2CMe3)s4, with CH3PPhjs
deprotonation of the intermediate phosphonium species, 25, apparently can
occur readily.

The metal oxo complexes used in this study all had other alkoxide or
halide ligands. Apparently in the reaction with CHoPPhj3 these ligands can
act as good leaving groups in these inorganic systems just like they do in
organic systems in the reaction of CHaPPh3 with esters or acid halides. The
reaction of CHaPPh3 with oxo complexes having only alkyl ligands was not
investigated. Possibly such reactions could lead to methylene transfer;
however, the lack of interaction between the oxo ligand and a cationic
phosphorous center in 23 may indicate the oxo ligand would be generally inert
toward attack by phosphorous ylides. This inertness could easily arise from
the high multiple bond character of metal oxo bonds. Thus, reaction of metal
oxo complexes with CH2PPh3 in a Wittig manner does not appear to be a

viable means to produce metal methylidene complexes.

I1.4 Conclusions

The reaction of metal oxo complexes with the methylenation reagents
Cp2TiCHg or CHoPPh3 is not a viable method to synthesize new metal
methylidene complexes. The oxo ligand appears to be the least reactive ligand
in the metal oxo complexes. In certain instances when the auxillary ligands

have the proper electronic and steric characteristics, clean reactions of metal
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oxo complexes with these reagents can occur, but most often the reactions lead

to complex reaction mixtures.
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I1.5 Experimental Section

All manipulations of air and/or moisture sensitive compounds were
carried out either with the use of standard Schlenk or vacuum line techniques
or in a Na-filled Vacuum Atmospheres Dri-Lab equipped with an Mo-40-1
purification train and a DK-3E Dri-Kool. The argon used in Schlenk work
was purified by passage through columns of BASF-RS-11 (Chemalog) and
Linde 4A molecular sieves.

The solvents used were treated as follows. Pentane was freed of
olefinic impurities by stirring over conc. HoSO4. It was washed with water,
pre-dried over anhydrous MgSO4 and dried with CaHg. It was degassed and
stirred over sodium benzophenone ketyl solubilized by the addition of é small
amount of tetraglyme. Toluene, diethyl ether, tetrahydrofuran, benzene,
benzene-ds, and toluene-dg were degassed and stirred over sodium
benzophenone ketyl. Methylene chloride-d2 and chloroform-d; were stirred
over CaHg and degassed by several freeze-pump-thaw cycles. All solvents
were vacuum transferred into dry storage flasks equipped with Teflon
closures and stored under Ar.

Metallacycle, 4,6 WO(OMe)4,50 WO(OCH2Ph)4,50 WO(CH2CMe3)s3-
C1,51  Mo(O)2(Me)2(bipy),52 Mo(O)2(dtc)2,53 Mo(O)o(acac)e,54 Re(O)I-
(CH3C=CCH3j)2,55 Re(O)Cl2(OEt)PPh3)9,56 Re(O)Cl3(PPh3)2,56 cis and trans
Re(0)Cl13(PEt3)2,57 CpaNb(O)Cl1,58 CpagNb(O)(nBu),59 VO(CH2SiMe3)3,60 and
salt-free CHaPPh361 were prepared by literature methods. WO(OCMe3)4 was
prepared by K. C. Ott. WOCly was prepafed by reacting WO3 or
NagWO042H20 with refluxing SOCl2.62 The SOCl; was removed in vacuo and
the product isolated by sublimation (120°C 0.001 torr). Acetone was vacuum
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transferred from MgSO4 and stored under Ar. Benzaldehyde was freshly
distilled before use. Trimethylphosphine (Strem) was distilled from Na,
degassed, and stored under vacuum in a tube equipped with a Teflon closure.
Diphenylacetylene, triphenyl phosphine, carbon monoxide, aluminium
trichloride, dimethyl aluminium chloride (Texas Alkyls) were used as
received.

NMR spectra were recorded using a Varian EM-390 (CW 90 MHz) or
a JEOL FX-90Q (FT 90 MHz) spectrometer. Infrared spectra were recorded on
a Shmadzu IR-4354 spectrophotometer. Analyses were performed by
Schwarzkopft Microanalytical Laboratory or Mic/Anal Inc.

All reactions of 4 with metal oxo complexes were first investigated on
an NMR tube scale with reagents concentrations on the order of 0.1 M. For
room temperature reactions the solid reagents were weighed into an NMR
tube in the dry box.. The tube was fitted with a rubber septum and ca 400 pl of
solvent was added via syringe. For low temperature reactions the reagents
were weighed into an NMR tube which was then fitted to a Teflon needle
valve adaptor via an O-ring fitting. Through this adapter the tube could be
attached to a vacuum line, evacuated, cooled to 77K (LNg2) and solvent
vacuum transferred in. The tube was then sealed with a torch and warmed to
the desired temperature.

Preparation of WO(OCH2XMeg)y (X = C,Si) (5) and (6)

Under an argon atmosphere, 3.4g (10 mmol) of WOCly is dissolved in
50 ml of benzene. Against a counter-flow of argon, 13.7g (155 mmol) of solid
neo-pentyl alcohol is added to the red solution. The reaction mixture is heated
to reflux for 30 min and changes color from red to greenish-yellow. The

mixture is cooled to room temperature and anhydrous ammonia is bubbled



45

through the solution causing the precipitation of NH4Cl. The resulting
suspension is filtered through Celite to yield a light yellow filtrate. Removal
of the volatiles from the filtrate in vacuo leaves a light yellow solid. The solid
is dissolved in 50 ml of boiling pentane. The pentane solution is cooled to -
20°C and the product precipitates as a white powder which is isolated by
decanting off the mother liquor and drying in vacuo. A second crop of material
may be obtained by concentration of the mother liquor (Yield 3.1g, 57%). The
product is rapidly hydrolyzed in air and must be stored under an inert
atmosphere. 1H NMR data are shown in Table 2.4. IR CgDg solution: 2950
(s), 2895 (m), 2850 (m), 1475 (m), 1460 (m), 1385 (m), 1360 (m), 1210 (w), 1040
(s,br), 1020 (s), 960 (m), 850 (w,br), 800 (w,br), 725 (w), 660 (s,br), 450 (w). IR
KBr pellet: 2930 (s,br), 2870 (s,br), 1475 (m), 1460 (m), 1390(m), 1360 (m),
1282 (w), 1258 (w), 1215 (w), 1199 (w), 1041 (s,br), 1015 (s,br), 890 (m,br), 750
(w).

The same method was used to prepare WO(OCH2SiMe3)4 in low yield
(3%). 1TH NMR CgDg: 64.67 (s,8H), 0.27 (s,36H).
Preparation of (u-CH2)(u-O)[CpaTiJ[W(OCH2XMe3s)s] (X = C,Si) (21) and (22)

In a Schlenk tube, 100 mg (0.4 mmol) of 4 and 220 mg (0.4 mmol) of 5

are dissolved in 30 ml of pentane at 0°C. The reaction mixture is stirred 1 hr
at 0°C changing color from brownish-red to cherry red. The solution is filtered
and concentrated until solids begin to appear. The solution is cooled to -50°C.
The product comes out of solution as a pink powder which is isolated by
decanting off the mother liquor. The powder is redissolved in a minimum of a
pentane-toluene, 10:1 (v/v), mixture at room temperature. The resulting
solution is slowly cooled to -50°C and product, 21, crystallizes out as cherry-

red platelets. (Yield 90 mg, 28%). Calculated for C31H5¢TiW: C, 50.28; H,
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7.62. Found: C, 51.09; H, 7.84. NMR data are shown in Table 2.2. IR CgDg
solution: 2940 (s), 2870 (sh), 2750 (w), 1485 (w), 1460 (w,br), 1385 (w), 1340
(w), 1105 (m), 1070 (s), 1045 (s), 1020 (s), 800 (m,br), 750 (w), 725 (w), 690
(m,sh), 650 (m), 630 (m,sh). IR is essentially the same in a KBr pellet.

The same method was used to prepare 22 isolated as cherry red

platelets in 10% yield. The NMR data are shown in Table 2.2.

Variable -Temperature NMR Study of 21

An NMR tube was charged with a solution of 10 mg of 21 in 400 pl of
toluene-dg. 1H NMR spectra were recorded on the FX-90Q (90 MHz)
spectrometer over the range -78°C to +20°C. The results are shown in Figure
2.1.

Acidolysis of 21

In the dry box, a solution of 12 mg of 21 in CgDg was loaded into an
NMR tube. The tube was capped with a rubber septum and removed from the
drybox. An excess of anhydrous HCl(g) was injected into the tube via syringe.
Immediate reaction took place; the solution changed color from cherry-red to
orange. Cp2TiClg (8 5.93), neo-pentyl alcohol (§ 3.14, 0.79), and CHy4 (5 0.15)
were observed by 1H NMR spectroscopy. An IR of the solution showed that
WOCI14 had not formed63 in the reaction and the tungsten containing product
remains unidentified.

Attempts to treat 21 with exactly one equivalent of trifluoroacetic
acid at -78°C resulted in a complex reaction mixture and no metal containing

species could be identified.
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Attempted Reaction of 21 with Acetone and Benzaldehyde

In the drybox an NMR tube was charged with 11 mg (0.015 mmol) of
21 which was dissolved in 400 pl of CgDg. The tube was capped with a rubber
septum and was removed from the drybox. One equivalent of a carbonyl was
added via syringe. The reaction mixture was monitored by 1H NMR
spectroscopy using the signal of residual protons of solvent as an internal

standard. 21 eventually decomposes but the carbonyl is not consumed.

Reaction of 21 with Lewis Acids, Me2AICl or AICl3

In the drybox an NMR tube was charged with 10 mg (0.014 mmol) of
21 and 400 pl CgDg were added. One equivalent of Lewis acid was added.
Immediate reaction takes place; the color of the solution changes from cherry-
red to brownish yellow. The tube was capped, removed from the drybox and
an NMR spectrum was recorded. The only identifiable product was CpaTiCls
(8 5.93). Unidentified products give rise to broad overlapping signals between
8 0.5 and 1.7 due to alkoxide methyl groups and signals in the region § 3.2-4.0
due to alkoxide methylene groups.
Reaction of 21 with PMeg

In the drybox 18 mg (0.024 mmol) of 21 in 400 pl toluene-dg were
loaded into an NMR tube. The tube was fitted with a Teflon needle valve
adapter via an O-ring fitting. The tube was removed from the drybox and
attached to a vacuum line via the Teflon needle valve adapter. The solution
was frozen with LN2 and the tube evacuated. PMe3 (10 equivalents) was
vacuum transferred into the tube. The tube was then sealed. The sample was
warmed to room temperature and the reaction monitored by lH NMR
spectroscopy. After 3 hr. equilib;'ium had been established; 21,
WO(OCH2CMe3s)4, Cp2Ti(CH2)PMe3s,64 and free PMe3 were observed. The
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equilibrium constant K = [Cp2Ti(CH2)PMe3][WO(OCH2CMe3)4)/[21][PMes]
was determined from the relative integrals of appropriate signals. A
correction, determined by the magnitude of the Cp resonance integral of
CpoTi(CH2)PMe3, was applied to the integral of free PMe3 to account for
intensity due to coordinated PMe3.
Attempted Reaction of 21 with CO

a) In the drybox an NMR tube was loaded with 10 mg (0.014 mmol) of
21 and the tube fitted with a Teflon needle valve adapter via an O-ring fitting.
The tube was removed from the drybox, attached to a vacuum line, and
evacuated. Toluene-dg, ca 400 pl, was vacuum transferred into the tube at
77K. The tube was vented to 300 torr CO and then sealed. The tube was
warmed to room temperature. No immediate reaction was observed.
Eventually (over several days), 21 decomposes thermally yielding a complex
reaction mixture.

b) Ina pressﬁre bottle 40 mg of 21 was dissolved in 5 ml Et20 at -
50°C. The bottle was pressurized with 50 psi of CO. The reaction mixture was
allowed to warm slowly to 0°C (over 1 hr ) and stirred at 0°C for 2 hrs. The CO
was vented and the solution transferred to a Schlenk tube via cannulus. The
volatiles were removed in vacuo and the resulting red residue dissolved in
CeDg. TH NMR spectroscopy revealed that the residue contained only starting
material.

Attempted Reaction of 21 with Excess Diphenylacetylene

In the drybox 10 mg (0.014 mmol) of 21 and 19 mg (0.11 mmol) of
diphenylacetylene were loaded into an NMR tube. The tube was capped with
a rubber septum, removed from the drybox, and cooled to 0°C in an ice bath.

Toluene-dg, 400 pl, was added via syringe. The tube was maintained at 0°C. It
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was removed periodically and examined by 1H NMR spectroscopy. After 24

hrs at 0°C there was no reaction evident except slight thermal decomposition

of 21.
Preparation of Re(O)(CH3C = CCH3)o(CHoPPhj3) *1-.(23)

A yellow solution of 127 mg (0.46 mmol) of CHoPPh3 in 3 ml benzene
was added dropwise to a yellow solution of 200 mg (0.46 mmol)
Re(O)(CH3C=CCHz3)2l in 3 ml benzene. After stirring for 15 min a pale
yellow precipitate begins to form. The reaction mixture was stirred for a total
of 2 hrs. The supernate was decanted off and the pale yellow solid was washed
with three 2 ml aliquots of benzene. The solid was dried in vacuo overnight.
(Yield 150 mg, 46%) Calculated for Co7Ho9lOPRe: C, 45.45; H, 4.10. Found:
C, 45.76; H, 4.03. NMR data are shown in Table 2.4. IR KBr pellet: 3000
(br,m), 2890 (m), 1780 (w), 1602 (m), 1480 (s), 1432 (vs), 1360 (m), 1320 (m),
1180 (w), 1150 (s), 1100 (vs), 1040 (w), 990 (m), 955 (vs), 902 (w), 780 (s), 742
(vs), 720 (vs), 683 (vs), 625 (m), 580 (m), 500 (s), 482 (sh).

Reaction of WO(OCH2CMegs)s with CHoPPh3

a) In the drybox, an NMR tube was loaded with 20 mg (0.04 mmol of
WO(OCH2CMe3)s and 10 mg (0.04 mmol) of CHoPPh3s. The solids were
dissolved in 400 pl of CgDg and the tube capped with a rubber spetum. The
tube was removed from the drybox and the results for the reaction were
observed by 1H NMR. Immediate reaction had occurred. Based on the total
integrated intensity of alkoxide methylene protons 24 comprises ca 50% of the
reaction mixture. Other major alkoxide resonances appear at § 4.96, 4.46, and

4.22 (alkoxide methylene protons) and 1.28, 1.13 (br), 1.00 (alkoxide tBu

protons).
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b) In a Schlenk tube 200 mg (0.72 mmole) of CH2PPh3 and 397 mg
(0.72 mmol) of WO(OCH2CMej)4 were dissolved in 10 ml of benzene. The
reaction was stirred for 1 4 hrs. The volatiles were removed in vacuo leaving
an oily residue. The residue was triturated with pentane and a white solid
formed. The pentane solution was decanted away from the white solid and
reduced to dryness leaving an oily residue. 1H NMR spectroscopoy of this
residue in C¢Dg revealed the same mixture of alkoxide species as observed in
the NMR tube scale reaction (vide supra). The white solid isolated as above
could not be completely redissolved in benzene; a white solid was filtered off.
Pentane was layered on top of the benzene solution and the mixture was
coooled to 0°C. A total of 60 mg of crystals of 24 and an intractable white solid
came out of the solution.

Acidolysis of the Reaction Mixture CHoPPh3 + WO(OCH2CMe3s)s

In the drybox, 10 mg (0.04 mmol) of CHoPPh3 and 20 mg (0.04 mmol)
of WO(OCH2CMe3)s were loaded into an NMR tube. The NMR tube was
capped with a rubber septum. CgDg (400 pl) was added via syringe and the
tube shaken periodically for 10 min. 50 pl of CF3COOD were added via
syringe white solid, presumably, a phosphonium salt, precipitates. 1H NMR
spectroscopy indicated that neo-pentyl alcohol was the only organic product in
solution. This was confirmed by GC analysis of the reaction mixture
performed on a Shimadzu GC-Mini2 flame ionization instrument modified for
capillary use and equipped with a Hewlett-Packard Model 339A integrator
(Column: 0.24 mm x 40 m DB1).

The above experiment was repeated with protio toluene as the
solvent and 8 pl of CgDg as a deuterium internal standard. 1H NMR

spectroscopy again revealed neo-pentyl alcohol as the only organic product.
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2H{1H} NMR showed a broad peak at & 1.93 due to exchangeable deuterons,
but no deuterium incorporation into alkoxy methylene or t-butyl groups was

evident.

Preparation of CH3PPh3* WO(OCH2CMe3)s -,(24)

A yellow solution of 100 mg (0.36 Ommol) of CH3PPh3 in 5 ml
benzene was added to a colorless solution of 200 mg (0.36 mmol) of
WO(OCH2CMe3)s and 32 mg (0.36 mmole) of neo-pentyl alecohol in 5 ml
benzene. The color of the ylide immediately disappears. The reaction mixture
is stirred for 15 min. The volatiles were removed in vacuo leaving a white
powder. The powder was dissolved in 2 ml benzene. The resulting colorless
solution was filtered and 5 ml pentane were layered on top of it. The layers
were allowed to slowly diffuse into one another at 0°C. Large colorless
crystals of the product formed. The mother liquor was decanted off and the
crystals were washéd with two 3 ml aliquots of pentane. The crystals were
then dried in vacuo. (Yield 193 mg, 59%). Calculated for C44H7306PW: C,
57.89; H, 8.06; P. 3.39. Found: C, 57.87; H, 8.09; P, 3.78. NMR data are
shown in Table 2.4. IR CgDg solution: 2930 (s), 2890 (m), 2840 (m), 1475 (m),
1438 (m), 1382 (m), 1355 (m,br), 1325 (sh,w), 1065 (vs), 1020 (s), 900 (m), 875
(s), 740 (m), 715 (w), 681 (m), 640 (s), 620 (sh).

X-ray Structure Determination of 24

An irregularly shaped colorless crystal (approximate dimensions 0.3
x 0.4 x 0.5 mm) was mounted in a glass capillary under No. Oscillation
photographs revealed that the crystal diffracted well and indicated monoclinic
symmetry. A small data set, 10 < 20 <13°, +h +k, £ £, was collected on an
Enraf-Nonius CAD4 diffractometer with graphite monochromator and MoKa
radiation. Systematic absences (0k0 absent for k odd, h01 absent for h + € odd)
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showed that the space group was P2;/n. A full data set was then collected, (5
< 26 < 50°, £ h, +k, ££). The unit cell parameters (Table 2.5) were obtained
by a least-squares refinement of 25 reflections. Three check reflections,
measured every 100 reflections, indicated minimal decomposition. Intensities
were corrected for Lorentz and polarization effects. No absorption correction
was applied. The data was placed on an absolute scale by means of a Wilson
plot. The form factors for H were from Stewart et al.65 and those for the other
atoms were from the International Tables for X-ray Crystallography.66 The
values for W and P were corrected for anomalous dispersion. Details of data
collection are included in Table 2.5.

The location of the W was derived from a three-dimensional
Patterson map. A series of structure factor calculations and Fourier syntheses
enabled all non-hydrogen atoms to be located. At this stage several cycles of
least-squares refinement, minimizing67 Zw[F,2-(F./k)2]2, of non-hydrogen
atom coordinates and isotropic thermal parameters were then conducted.
Alkoxide ligand (3); 03, C3X (X = 1-5) parameters did not converge in these
refinement cycles possibly due to disorder. Attempts to model each atom of
this ligand with two equally populated sites led to divergence in the least-
squares refinement; no further attempts to model the disorder were made. At
this time the hydrogens of the methyl group of the methyltriphenyl
phosphonium cation could be located on a Fourier map. All other hdyrogen
atoms were placed in calculated idealized positions. All hydrogen atoms were
assigned isotropic thermal parameters 1A2 greater than that of the carbon
atom to which they were bonded. The coordinates and thermal parameters of

all hydrogen atoms were not refined further.
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Full matrix least-squares refinement of the non-hydrogen atoms wtih
anistropic thermal parameters would not reach convergence due to
oscillations in the alkoxide (3) parameters. Ten cycles of damped (dampling
factor 0.6) least-sqares refinement were required to refine the alkoxide (3)
parameters. A further six cycles of full matrix undamped least-squares
refinement led to S (Goodness of fit)é67 = 1.77, R = 0.108 and R3; = 0.057
final shift/errors < 0.1 except for alkoxide (3) where shift/error < 0.5. A final
difference Fourier map showed small features close to the W atom. All
calculations were conducted on a VAX 11/750 computér using the CRYM
systems of programs. Tables of bond lengths and angles (Table 2.6), non-H
atom coordinates and Gaussian amplitudes (Table 2.7), H-atom coordinates

and isotropic thermal parameters (Table 2.8) follow.
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Table 2.5 — Summary of Crystal Data and Intensity Collection Information

Formula WC4H7306P
Formula weight 912.89
Space group P2;/n
a 11.895(1)A
b 22.084(4)A
¢ 18.553(3)A
8 94.013(12)°
\' 4861.6(65)A3
Z 4
A 0.7107 A
Decalc 1.248 g/cm?
Scans 6-20
Reflections 5 < 26 < 50°, £h, +k, £¢£
Background time/scan time 0.5
Collected 27962 reflections
Averaged 8496 reflections
Final no. of parameters 469
Final cycle:
R 0.108(7070°*)
Ris 0.057(3743)
S 1.77(8496)

* The number of reflections éontributing to sums in parentheses.
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Chapter IIT

Effects of Cyclopentadienyl Ring Substituents on the

Reactivity of Bis(cyclopentadienyl)titanacyclobutanes
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III.1 Introduction
Olefin metathesis is a process in which the ends of two olefins are
exchanged (equation 3.1). Much experimental work has led to the acceptance

of a non-pairwise mechanism involving metal alkylidene

HR; HR3 HR3 CHR,
w0
HR2 HRy4 HR» HR4 3.1

and metallacyclobutane intermediates.! The reactive energies of these
intermediates depends on the metal system. Osborn has found an active
homogenous system in which metal alkylidene complexes are more stable
than metallacyclobutanes,2 path a in the reaction profile shown in Figure 3.1.
Schrock3 has found an active system, starting with (RO)2W(NR')(=CHtBu)

complexes, in which the energy differences are probably smaller (path c,

Figure 3.1). The masked titanium methylidene species, szTiCHzAl(Me)zél,
known as the TeBbe reagent, acts as a slow catalyst for the degenerate
metathesis of terminal olefins.4 The reaction of the Tebbe reagent with
olefins in the presence of Lewis bases allows the isolation of
bis(cyclopentadienyl)titancyclobutanes.5 These titanacyclobutanes are
catalysts for the degenerate methathesis of terminal olefins, but they are very
poor catalysts for the productive metathesis of acyclic internal olefins.5¢ In
these titanacyclobutane systems the metallacycle is the lowest energy

intermediate in the metathesis reaction (path b, Figure 3.1).
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Figure 3.1 Reaction Profiles for Possible Metathesis Reaction Pathways

E
¢
a
M=CH, CH,;=CH,
CH) CH2 C\{\‘{z 2 2
+ = M = M XH, = M H1™ e +
\/CH; N/ N

CH,
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Theoretical studies on the titanium metathesis system have been
conducted. Hoffmann and co-workers5 using the extended Hiickel method,
found in their calculations on the titanocene metathesis system that the
lowest energy structure was of a “non-classical” one, 1. Contrary to
experimental observations they find the carbene olefin structure to be lower

in energy, by a ca 1 eV, than the metallacyclobutane structure.

Cp .
Ti /

o

1

Rappé has done calculations on a model system in which the
cyclopentadienyl groups of the actual system are replaced with chlorines.7 In
these calculations the titanacyclobutane structure was found to be lowest in
energy, in agreement with experimental observations. The methylidene-
olefin complex was found to be 11.5 kcal/mol-1 higher in energy; however,
essentially no potential well was found at this geometry. Free
titanocenemethylidene and olefin were found to be 10.4 kcal/mol-1 above the
methylidene-olefin complex.

Both calculations indicate the barrier for olefin metathesis should be
small as is observed by experiment.

Bis(cyclopentadienyl)titanacyclobutanes have been  studied
experimentally in several ways. Straus8 has measured the stability of
titanacycles as a function of substitution on the metallacyclobutane ring. A

number of kinetic studies on this reaction of the metallacycle,

szTiCHZCH(tBu)CHz, with trapping reagents, either organic carbonyls or
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acetylenes (forming olefins via Wittig reactivity or metallacyclobutenes,

respectively) have been performed.S These studies have shown that:

1. The reactions are first order in metallacyle.

2. The reactions with acetylenes show saturation type kinetics, ie,
the reaction rate increases with increasing trapping reagent
concentration until a plateau is reached after which added trap does
not increase the rate.

3) The concentration of trapping reagent sufficient for saturation
depends on the identity of the trapping reagent.

4) No intermediates are observed.

5) Rateisinhibited by added olefin.

Anslynd3® has found in competitive trapping experiments using several

different metallacycles and some related species, including CpsTi(CH2)PMej

and CpoTiCH2Al(Me)2Cl found that the identity of the leaving group, an
olefin in the case of metallacycles, PMe3 in the case of CpoTi(CH2)PMe3, and

MegAlICl in the case of CpoTiCH2Al(Me)2Cl, affects the ratio of trapping by
two competing trapping reagents. Thus, the leaving group seems to be still
interacting with the metal center as the trapping reagent attacks.

A mechanism consistent with all observations is shown in Scheme 1,
in which the formation of methylidene-olefin complex, 3, is rate determining.
The rate law for such a mechanism, assuming the steady-state approximation

for intermediates 3 and 4, is:
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.:d[i] =k (2]
dt ~ Tobs 0
where
. ko ko, (T]
0bs  (kgk _, +h_ok_[=]+ kyk [T
Scheme 1
- 1
o
MQ .-’;:—'-_ M=CH, J-“iz I!‘.:CHQ—l-‘l—b Product
. *r= .3
2 3 4

T = Trapping reagent
M= Cp2Ti

An energy profile of this mechanism is shown in Figure 3.2.
Saturation occurs when ks[T] > > k.1, in which case kobs = ki1; kg should
depend on the identity of the trap so that the concentration needed to reach
saturation is trap dependent. Inhibition by added olefin is also accounted for.
The dependence on leaving group in competitive trapping experiments arises
from the Sx2 like transition state between intermediates 3 and 4.

Another approach to study the titanacyclobutane system is to
determine what effect substitution on the cyclopentadienyl rings has on the

reactivity of these metallacycles. This approach is the subject of this chapter.
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Figure 3.2. Energy Profile for the Proposed Mechanism of the Reaction of

Titanacyclobutanes with Trapping Reagents.

R e I ."

Product
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II1.2 Results

A number of ring substituted titanocene dichlorides can be readily
prepared.10 The compounds Cp2'TiCly (Cp' = CsH4Me), Cp'CpTiCly,
<Cp>CpTiClg (<Cp> = 1,2,4 -CsHaMe3), Cp2*TiCly (Cp* = CsMes) and
Cp*CpTiCly were prepared for use in this study.

The uv/vis spectra of these ring-substituted titanocene dichloriodes
were recorded. They all exhibit a weak absorbance between 500 and 560 nm,
which in the plain-ring compound has been assigned to a symmetry forbidden
A1+ Ag transition.11 This band moves to lower energy as electron donating
substitutents are added to the rings. The absorption spectra of the compounds
having single substituents on the rings are qualitatively similar to the plain-
ring compound spectrum; in addition to the band between 500 nm and 560 nm
they have a broad plateau of absorption between 260 and 410 nm (see Figure
3.3a). The compounds with more highly substituted rings, i.e. those with
<Cp> and Cp* ligands, not only exhibit this broad plateau of absorption, but
also a band between 470 and 490 nm (See Figure 3.3b). The lowest energy
transitions for the titanocene dichlorides examined are shown in Table 3.1.

The 49,47)Ti NMR spectra of these ring-substituted titanocene
dichlorides were also recorded. Both the 49Ti and 47Ti resonances appear in
the same spectrum with the 49Ti resonance 268.1 ppm downfield of the 47Ti
resonance. Due to its higher quadrapole moment the 47Ti resonance is always
broader than the 49Ti resonance. The results of the (49,40Ti NMR
measurements are shown in Table 3.2 Increasing methyl subsitution of the
rings causes an increasingly downfield shift of the (49,47Ti resonances.
Substitution of the electron-donating TMS (trimethylsilyl) group and the

electron-withdrawing Cl group onto the rings also causes a downfield shift of

the (49,47)Ti resonances.
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Figure 3.3 uv/vis Spectra of Ring-Substituted Titanocene Dichlorides

LA

- \-__’_-\1. -
W "\
"‘-.
- .
n
l- 1 d A A R
zAr =R
a) Spectrum of Cp'CpTiCl2
' v Y A\l -
o oY Al
e
\\
n .—""'-.l 4
MU \ -
kS
[ac] 1 1 21 i 1
zen =35y

b) Spectrum of <Cp>CpTiCly



75

Table 3.1 Absorption Maxima of Lowest Energy
Transitions in the uv/vis Spectra of Ring-

Substituted Titanocene Dichlorides

Compounda Amax(e)®
Cp2TiClz 523 (190)
Cp'CpTiCle 525 (170)
Cp'2TiClg 528 (200)
CptmsCpTiClg 532 (190)
<Cp>CpTiClg 510 (shoulder on

472 band)
Cp2*TiClg 560 (shoulder on
486 band)

a. 3.3 x 10-3 M solutions in CHCl3
b. Ainnm,ein M-1cm-1
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Table 3.2 (49,41Ti NMRa of a Number of Titanium Compounds

Compound b47.49Ti v349Ti vi#TTi Ref.
(ppm)b (Hz) (Hz)
TiCly 0 3 12
TiBry 4829 3 12
Cp2TiCly -771.8 44 84 this
work
Cp'CpTiClg 7444 66 | 184 B
CptmsCpTiClg -747.3 85 257 «
CpCICpTiCla -740.1 110 «
Cp'2TiClg -719.3 125 235 “
Cp2CITiClg -708.8 136 --- «
<Cp>CpTiCly -666.4 107 195 -
Cp2*TiCl2 -442.3 70 213 «

a). 49Ti (5.51%;1 = 7/2,Q = 0.24 x 10-28 M2); 47Tj (7.28%; 1 = 5/2,Q = 0.29x

10-28 M2). See Ref. 12.

b) Reference:external neat TiCls. Positive § values are downfield.
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From the ring substituted titanocene dichlorides the corresponding
titanocene methyl chlorides can be prepared in good yield (equation 3.2). The
C-H coupling constants of the methyl group

CpCpTiCly + AlMes — CpCpTiMeCl + AlMesCl (3.2)
Cp = substituted or unsubstituted ring

bonded to titanium are included in Table 3.3. The C-H coupling constant
decreases with increasing methyl substitution of the cyclopentadionyl rings.

The ring-substituted titanocene methyl chlorides seem to be the best
starting materials for the preparation of ring-substituted analogs of the Tebbe
reagent (equation 3.3). The materials are identical to materials produced by
the direct reaction of the titanocene dichlorides with two equivalents of
AlMe3.10

CpCpTiMeCl + AlMes~ CpCpTiCH2AI(Me)2C1 + CH,4 (3.3)

The ring substituted Tebbe analogs could be used to synthesize
various titanacyclobutanes via modifications of established routes used for the
parent system (equation 3.4). The metallacycles

CpCpTiCH2AIMeoCl CpCpTiCH2CR RzCH, (3.4)

DMAP
+ CH;=CRR, + AlMe2Cl-DMAP

R; = R9 = Me
R; =tBu,Rg = H
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Table 3.3 C-H Coupling Constants of Methyl Groups Attached toa

Metal Center
Compound JcH (Hz) Ref.
CpClaTiMeCl 129.9 9b
CpCITiMeCl 129.1 9b
Cp2TiMeCl 128.9 13
Cp'CpTiMeCl (5) 128.4 this
| work
Cp2'TiMeCl (6) 128.2 ”
<Cp>CpTiMeCl(7) 127.7 "
Cp*CpTiMeCl (8) 127.2 ”
Cp2*TiMeCl1(9) 126.5 "
Cp2ZrMeCl 120.7 13
Cp2ZrMe (OMe) 118.8 13
(Cp2ZrMe)2 O 118.6 13
Cp2ZrMes 117.4 13
Cp2*ZrMeg , 116.8 13




79

Cp2"fiCH20Me20H2, 10, sz"fiCHzCH(tBu)CHz, 11, were synthesized in

this manner. The reaction of Cp'CpTiCHzAlMez(’Jl with neohexene and
DMAP (dimethylaminopyridene)produces a 1:1 mixture of trans-12 and cis-12
(equation 3.5).14 Apparently thisis the

I S

vaCpTiCH:AlMegtl + = 'wump / ®>< (29 Nq

(3.5)

trons-12 eis-12
| : |

equilibrium ratio as it does not change upon heating, even in the presence of
added olefin. Attempts to separate the isomers by crystallization failed; they

co-crystallize in the same 1:1 ratio.

Reaction of <Cp>CpTiCH2AIMe2Cl with neohexene and DMAP

produces a 3-4:1 ratio trans-13 to cis-13 (equation 3.6).14

<Cp>CpTiCHAIMeoCl + ..-—_>< e G o
A Moys cp/' / (36)
trans-13 €is-13
3 . '

Attempts to separate trans-13 and cis-13 failed. Recrystallization from
toluene led to a 3.5:1 trans/cis ratio of the isomers. Recrystallization from
diethyl ether led to a 2.2:1 ratio. Conducting the metallacycle synthesis at low
temperatures did not significantly increase the fraction of trans-13 in the
reaction mixture.

The 3-4:1 ratio of trans-13/cis-13 is a kinetic ratio. Material with this
initial ratio was allowed to equilibrate (both with and without added olefin) at

various temperatures from 55 to 83°C. The equilibrium constant K = [trans-
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13)/[cis-13] is essentially invariant at 2.0 over this temperature range and the
van’t Hoff plot (Figure 3.4) shows a flat line. This result indicates that AH
and AS for the equilibration of trans-13 and cis-13 are both small, as
expected since trans-13 and cis-13 have the same number and kinds of bonds
and should have similar structures.

The rate in which a ca 3.5:1 mixture of trans-13/cis-13 attains
equilibium in the absence of added olefin was monitored at several
temperatures. Forward and reverse rate constants for the equilibration cis-13
=trans-13 could be estimated from this data. The results are shown in Table
3.4. These rate constants are smaller than rate constants observed for
trapping reactions of these metallacylces with diphenylacetylene (vide infra).
During the equilibrations ca 5% decomposition of metallacycle occurs so that
we cannot rule out that freed olefin, though not observed, may catalyze the
equilibration of trans-13 and cis-13. Qualitatively, the addition of two
equivalents of olefin did not increase the rate of this equilibration. In the
presence of 2 equivalents of added labeled olefin, cis-1,2-dideuterio-3,3-
dimethylbutene,per equivalent of titanium ca 8% of the labeled olefin is
incorporated into metallacycle when a mixture of trans-13 and cis-13 is heated

to 68°C for 75 min.
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Table 3.4 Kinetic Data for the Equilibration ¢is-13 =t-L‘ trans-13

)

T(°C) ki(x105s D) k.1(x105s-1)
63.5 7.3 3.5
68.5 16.0 7.7
74.0 27.0 13.0
78.5 40.0 19.0

[Ti] = 0.11M Fork;: AH= = 26 £ 2 kcal/mol-1; AS= = -2
+ 7eu,rho = -0.991. For k-1: AH= = 25 * 3 keal/mol-I;
AS= = .3 £ Teu,rho = -0.990

Reaction of Cp*CpTiCHzAlMeoCl with neohexene and DMAP
produced only one isomer of a new metallacycle presumably 16; however, it

was not cleanly isolated.

16
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Attempts to prepare the metallacycle Cp*zTiCHzCszHz using the

method developed by Bickelhaupt!5 for the plain ring system (equation 3.7)

proved unsuccessful.

Cp*2TiCls + Bmgr\ls‘agm VIR Cp‘2T<> 3.7)

All the titanacyclobutanes synthesized for this study are similar
spectroscopically to the parent systems. Ip the proton NMR spectra the aH’s
of the metallacycle ring resonate in the region 1.8-2.4 ppm and §-H’s are in the
chracteristic high-field region 0.14 to -0.2 ppm. In the t-butyl metallacycles,
trans-12, cis-12, trans-13, cis-13, and 14 the B-H’s appear as quintets and the
a-H’s appear as triplets, indicating the a-H geminal coupling constant and the
cis and trans a-H to B-H coupling constants are essentially the same. In 13C
NMR spectra the t-butyl metallacylces show a-C resonances between 67.0 and
68.0 ppm and B-C resonances between 20.0 and 30.0 ppm.

The reactivity of these titanacycles are similar to that of the parent
metallacycles (Figure 3.5). Thermally they decompose to form an observable
amount of titanocene methylidene dimers (IH NMR); however, attempts to
cleanly isolate authentic samples of these dimers were not successful. They
react with PMe3 to liberate olefin and form titanocene methylidene-phsophine
complexes. They react irreversibly with organic carbonyls to form oxo
polymers and terminal olefins; no intermediates are observed in this reaction.
They react with diphenylacetylene to produce metallacyclobutenes; again no
intermediate can be observed.

The metallacyclobutenes could be independently synthesized from
the reaction of the corresponding Tebbe reagent with diphenylacetylene. One

of the most characteristic spectroscopic features of these metallacyclobutenes
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Figure 3.5. Reactivity of Ring-Substituted Metallacyles.
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is the low field resonance of the sp2 hybridized a-carbon in their 13C NMR
spectra.16
The irreversibility of the reaction of titanacyclobutanes with
carbonyls and acetylenes makes these reagents good trapping reagents for

kinetic studies. The kinetics of the reaction of the t-butylmetallacycles

CpeTiCH2CH(tBu)CHz (17), 11, trans-12, cis-12, trans-13 and cis-13 with
diphenylacetylene and acetone were studied. The results are shown in Table
3.5 and Table 3.6, respectively. Activation parameters for the reaction of 11,
trans-13, cis-13 with diphenyl acetylene were derived from kientics data
obtained at 55.0, 63.5, 68.5, and 73.5°C and are listed in Tables 3.7, 3.8 and
3.9. A comparison of activation free energies at 55°C as calculated from the
values of kops found at this temperature to those calculated from activation
parameters is shown in Table 3.10. Essentially the same values are obtained
from either method.

The reaction of a mixture of trans-13 and cis-13-with seven
equivalents of diphenylacetylene and ten equivalents of labeled olefin, 1,2-cis-
dideuterio-3,3-dimethylbutene, was carried out to 60% conversion of
metallacyclobutane to metallacyclobutene at 72°C. No deuterium
incorporation into the metallacyclobutane starting material or the
metallacyclobutene product was observed.

Anslyn9% has studied the kinetics of the reaction of
sz’ﬁC—HzmHz (18) and 10 with diphenyl acetylene. His results are
shown in Table 3.11.

The kinetics of the reaction of 10 and 18 with acetone were also

studied. These results are shown in Table 3.12.
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Table 3.5 Kinetics Data for the Reaction:
CpCpTiCH2CH(tBu)CH; + PhC=CPh—s
CpCpTiCH,C(Ph)C(Ph) + CH2=CH(tBu)

Cp Metallcycle kobs(x105 s-1) rel. rates
Cp2 17 68 16
Cp'Cp trans-12 40 9.3
Cp'Cp cis-12 40 9.3
Cp'2 11 10 2.3
<Cp»> Cp trans-13 4.5 1.1
<Cp>Cp cis-13 4.3 1

[TiltroT = 0.11 M[PhC=CPh],= 0.83 M




Table 3.6 Kinetics Data for the Reaction:
CpCpTiCH2CH(tBu)CHz + O=CMeg —>
CpCpTi =0 + CHz = CMeg + CH2=CH(tBu)

-ép Metallcycle kobs(x105 s-1) rel. rates
Cp2 17 30 15
Cp'Cp trans-12 20 10
Cp'Cp cis-12 20 10
Cp'z 11 5 2.5
<Cp>Cp trans-13 2 1
<Cp>Cp cis-13 2 1

[TilroT = 0.16 M[O=CMe2],= 0.48 M




Table 3.7 Activation Parameters for the Reaction

Cp'2TiCH2CH(tBu)CHz + PhC=CPh—
Cp'sTiCH2C(Ph)C(Ph) + CHg = CH(tBu)

T (°C) kobs (x 105 s-1)
55.0 10
63.5 35
68.5 64
73.5 128

AH= = 30.1 £ 0.6 kcal/mol-1,AS= = +15 + 2 eu.
AG=328 = 25.2 £ 1 kcal/mol-1; rho = -0.9995
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Table 3.8 Activation Parameters for the Reaction:
trans-<Cp>CpTiCH2CH(tBu)CHs + PhC=CPh—

<Cp>Cp fiCH.C(Ph)C(Ph) + CH2 = CH(tBu)

T (°C) kobs (x 105 s-1)
55.0 4.5
63.5 15
68.5 30
73.5 55

AH= = 30.1 £ 0.4 kcal/mol-1, AS* = +13 *+ 1 eu;
AG=398 = 25.8 +21 kcal/mol-1; rho = -0.9990.



S0

Table 3.9 Activation Parameters for the Reaction:
cis-<Cp>CpTiCH2CH(tBu)CHy + PhC=CPh—
<Cp>Cp‘fiCH20(Ph)b(Ph) + CH2 = CH(tBu)

T (OC) kobs (x 105 S'l)
55.0 4.3
63.5 12
68.5 24
73.5 46

AH= = 28.3 + 0.9 kcal/mol-1, AS* = 8 * 3 eu;
AG=398 = 25.7 £2 kcal/mol-1; rho = -0.9990.
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Table 3.10 Comparison of AG*328 Values Obtained from kops value vs.

Values Obtained from Activation Parameters

Ep Metallacycle (Act. %Sr}x%lseters) (fronAl (1&}:352 ?iata)
Cp2 17 24.0a 24.0
CpCp' trans- and -- 24.4
cis-12
Cp2' 11 25.2 25.3
<Cp>Cp trans-13 25.8 25.8
<Cp>Cp cis-13 25.7 25.8

a) From Ref. 10.




Table 3.11 Kinetics Data for the Reaction:a

92

Cp2TiCH2C(Me)2CHg + PhC=CPh———>

Cp2TiCH2C(Ph)C(Ph) + CH2=CMeg

-C-p Metallacycle Kobs (x 104 s°1) rel. rates
Cp2 18 18.7 8.9
Cpg' 10 2.1 1
a) Ref. 9b.
Table 3.12 Kinetics Data for the Reaction:
'6p2’fiCH2C(MeECH2 + O0=CMeg —
szTi = 0 4+ 2CH3 = CMeg

Ep Metallacycle kobs (x 104 s-1) rel. rates
Cpa 18 34 7.1
Cps' 10 4.8 1

[Tilror = 0.18 M; [O=CMe2]o= 1.1 M
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HI. 3 Discussion

Substitution of the cyclopentadienyl rings can affect the reactivity of
bis(cyclopentadienyl)titanacyclobutanes through steric and electronic effects.
Several titanacyclobutanes have been structurally characterized. The
structure of 18 is shown in Figure 3.6. The substituents on the B-carbon of the
metallacyclic ring interact with the cyclopentadienyl rings. In mono-g-
substituted metallacycles, the steric interaction is relieved by a rocking of the
B-carbon fragment and not by ring puckering, as revealed by the structures of
17 and CpeTiCH2CHPhCHg.5b Straus has found that increasing steric bulk at
the B-position increasingly destabilizes the metallacycles.8 Thus, one would
expect that increasing the steric bulk of the cyclopentadieny! groups by
substitution should destabilize the metallacycles.

We see from the 1:1 ratio of trans-12 to cis-12 that adding one methyl
group to the ring does not have much steric effect. With three methyl groups
on a ring steric effects appear; trans-13 is ca. 0.5 kcal/mol-1 more stable than
cis-13.

Ring-substitution can affect these complexes electronically.
Gassman18 has shown from ESCA data that substitution of two Cp* ligands
for the two Cp ligands in titanocene dichloride produces an effect on the
titanium core orbitals equivalent to a one-electron reduction at titanium.
Thus, electron donating substituents on the rings increase the electron

density at the metal center.
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Figure 3.6. Ortep Drawing of Cp2TiCH2CMe2CHzg, 18.
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We have observed from the absorption spectra of various titanocene
dichlorides that ring substitution affects the energy difference between the
ground and first excited states of these complexes. It seems that electron
donating groups on the rings tend to make this energy difference smaller;
there are exceptions to this generalization cf. the absorption spectrum of
<Cp>CpTiCls.

The C-H coupling constants of methyl groups depend on the amount
of s-character at carbon in the C-H bonds.19 To a first approximation the
amount of s-character depends on the effective electronegativity of the group
to which the methyl group is bonded; the larger the electronegativity of this
group the lower the s-character of its bond with the methyl carbon. This
leaves more s-character in the C-H bonds and hence, increasing the
electronegativity of the group attached to the carbons should increase the C-H
coupling constant observed for a methyl group. Conversely, decreasing the
electronegativity of the group attached to carbon should lower the C-H
coupling constant. Increasing the electron density at the atom to which the
methyl group is bonded effectively lowers the electronegativity and should
lower the C-H coupling constant. Such an effect was observed by Yoder20 in
his study of the variation of C-H coupling constants of methyl groups in
several types of compounds as a function of substitutions on aromatic rings.
His results from substituted toluenes are shown in Table 3.13. He found a
linear correlation between JcH and the Hammett o values of the substituents.
Electron-withdrawing substituents increased Jcy and electron-donating
substituents decreased Jcy. Yoder found similar correlations for substituted

t-butyl benzenes and anisoles.
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We found similar effects in ring-substituted titanocene methyl
chlorides (Table 3.3). Increasing the electron-density at Ti by adding methyl
groups to the cyclopentadienyl rings causes a lowering of the JcH of the
methyl group bonded directly to the metal center. Conversely, substitution of
electron-withdrawing chlorides on the rings causes an increase in JCH.

Since Zr is more electropositive than Ti, the Zr compounds shown in
Table 3.3 all exhibit lower JcH values than their analogous Ti compounds;
however, the same trend is observed. Increasing the electron density at Zr
lowers the JcH of the methyl group bonded to the metal.

NMR chemical shift values are not always an indication of electron
density at the atom being observed. A striking example of this is found in the
494TTi NMR data for a number of ring-substituted titanocene dichlorides
(Table 3.2). Replacing two chlorides in TiCly with more electron donating
cyclopentadienyl fings does shift the Ti resonances upfield as expected, but
the titanocene dichloride complex that should be the most electron-rich at
titanium, Cp*a TiClg, exhibits the lowest field 49,47Ti resonance. Also note
that the TiBr4 resonances are downfield relative to those of TiCl4. Gassman2!
has found an inverse relationship between core electron binding energy and
49,47Ti chemical shift for CpaTiXg, Cp*CpTiX9, and Cp*eTiX2 (X = F, Cl, Br)
compounds. Spinney22 has attributed the the counter intuitive chemical shift
values found in titanium NMR to large paramagnetic shielding terms.

Chemical shifts in NMR spectroscopy23 arise from differences
between the actual field at a nucleus, HN, and applied field, Hp, due to

shielding by the electrons of the molecule being observed. Hy is given by
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Table 3.13 Variation of C-H Coupling Constant of the Methyl Group
of Substituted Toulenes, CH3CgH5X as a Function of the Hammett ¢

of the Substituents

X JcH (Hz) o
m-NOg 127.3 0.710
m-F 126.9 0.337
m-Cl 126.4 0.373
p-Cl 126.3 0.227
m-OMe 125.9 0.115
H 125.8 0.0
m-Me 125.6 -0.069
p-Me 125.5 -0.170

JcH = po + C; p = 1.72 Hz/o.

Hy =Ho(1-0), (3.8)
where o is the isotropic shielding constant (appropriate for molecules in
solution) which can be different at each atom of a molecule. Chemical shift

shielding is in reality a tensor quantity and o is given by:

0 = 1/3 (axx + oyy + 022, (3.9)
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when oqq(a = x,y,z) are the diagonal elements of the tensor . The shielding
terms can be thought of as composed of two terms, an isotropic term, called the

diamagnetic shielding term, o4, and an anisotropic term, called the

paramagnetic shielding term, op, where:

Gaa = 04 - Op. (3.10)

These terms can be estimated by treating the magnetic field as a
perturbation to the electronic ground state of the molecule.. The chemical

shift shielding tensor elements are given by:

<OIL In><ni2L /r°10> <012L /r3in> <nll 10>
‘ Q a + Q a
P 4
E - E E —-F
n n [e] n o

where a = x,y,z; <ol = ground electronic state; <nl = nthexcited state, L, =
angular momentum operator centered on the observed nucleus; E, = energy
of the ground state; and E;, = energy of the nth excited state. The first term on
the right-hand side of 3.11 is o4 and allows spherically symmetric electron
circulations about the observed nucleus. The summation term in 3.11 is op
and is the result of field-induced mixing of the ground and excited electronic

states. This term allows non-spherically symmetric electron circulations

about the observed nucleus.
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Increasing the electron density at a nucleus increases the o4 term
leading to an upfield shift of an NMR resonance (o4 acts to decrease the field
at a nucleus so that a stronger applied field is necessary to reach resonance).
In molecules with high lying excited states, e.g. saturated hydrocarbons, op is
negligible; the Ex-E, factorsin 3.11 are large. The o4 term dominates, and the
chemical shifts are as we would predict from our chemical intuition about
electron density (cf the 13C chemical shifts of methyl halides:24 CH3Cl, § 25.1;
CHj3Br, § 10.2; CH3l, § -20.5).

In molecules with low lying excited states, such as the titanium
complexes we have studied, the op term, which acts to deshield the nucleus,
can become dominant in determining the observed chemical shifts. The
largest-contribution to op should arise from the first excited state; E,- E, is
the smallest for this state. Thus, for systems in which oy, is playing the major
role in determining the observed chemical shifts, there should be a correlation
between the lowest energy transition observed in the absorption spectrum and
the observed chemical shift (8 should be related to (E1 - Eg)-1 or to Apax, (E1 -
Eg)-! = Amaxc/h). Such correlations were found for TiX4 and CpaTiXs (X =
Cl, Br,I).12 We have plotted the observed §49,47Ti values vs. the wave length
of the observed lowest energy transition in the absorption spectrum of a
number of ring-substituted titanocene dichlorides (Figure 3.7). We do not
expect linear correlations since both o4 and op will change with substitutions
on the rings. In general it does seem that the lower the energy of the first
optical transition the farther downfield the observed 49,47Ti resonanée. The
chemical shift of <Cp>CpTiClz may seem anomalously low; however, since

op depends on the sum of contributions from all excited states and
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<Cp>CpTiClz has more than one low lying excited state (vide supra), its
chemical shift may not be unreasonably low.

Since our kinetics were done under saturation conditions, they
essentially give us only information about the relative energies of the
titanacyclobutanes and the first transition state of the mechanism shown in
Scheme 1, i.e., kobs = k1. We can see how the relative energy difference varies
as a function of ring-substitution. The data we have does not let us determine
the relative stabilities of metallacycles having different substituents on the
cyclopentadienyl rings. Thus, we cannot separate ground state from
transition state effects. In our discussion we make the assumption that
differential ground state effects are not important in determining the rate
differences observed; i.e., we place all metallacycles at the zero of a relative
energy scale (Figure 3.8). Then we can discuss the observed rates on the basis
of the relative energies of the transition states. Using this assumption we are
able to rationalize the observed changes in rate constant as a function of
methyl group substitution on the cyclopentadienyl rings. Anslyn has some
results that indicate this assumption is not always valid (vide infra).

We see from all our kinetic results that increasing methyl
substitution of the rings decreases kops. Steric effects seem to be playing a
very small part in determining the observed rate; trans-12 and cis-12 react at
the same rate, and trans-13 and cis-13 react essentially at the same rate. For
a number of reasons we rule out isomer equilibration as the cause for the
equal values of kobs for reactions of the trans and cis isomers of the mixed-ring
metallacycles. First, the reactions are carried out under saturation
conditions, i.e., ko[T] > > k.1 in Scheme 1. Closure of carbene-olefin back

to metallacycle, which would be required for isomer equilibration, should not
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Figure 3.8. Comparison of Relative Transition State Energies for the Opening
of Metallacycles to Carbene-Olefin Complexes Assuming Negligible
Differential Ground State Effects.
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competitive with the trapping reaction. Second, the observed forward and
reverse rate constants for the equilibration of trans-13 and cis-13 were smaller
than kops values obtained in trapping experiments. Third, the kops values for
the reaction of trans-13 and cis-13 with diphenylacetylene were the same
whether the material was 3.5:1 trans/cis to start or 2.2:1 trans/cis to start.
Lastly, while labeled added olefin is incorporated into a cis/trans mixture of 13
in the absence of added trapping reagent, no labeled olefin is incorporated into
starting material or product when a concentration of diphenylacetylene
equivalent to that used in the kinetic studies is present.

Electronic efTectS then seem to play the mgjor role in determining the
relative reactivities of the metallacycles studied. The cleavage of a
metallacyclobutane to a carbene-olefin complex is formally a reductive
process.] In a carbene-olefin complex the CH2 group can be considered either
a dianionic donor or a neutral donor. Thus, in these titanium systems we
should assign the oxidatioz state of titanium in metallacycles as TilV while

in carbene-olefin complexes the titanium can have some Till character (equation

3.12).

szTi<> — sz'l;ilv=CH2 ~— szT'i"'-CHz (3.12)
A look at the MO description of the two species in equation 3.12 also
leads to the conclusion that formation of the carbene-olefin complex from
metallacycle involves reduction at titanium. Hoffmann6 has studied these
systems using the extended Hiickel method. While quahtitatively incorrect,
his calculations lead to a qualitative understanding of this system. He calls

the titanacyclobutanes d0 complexes and carbene-olefin complexes d2. We can
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see his reasoning from the orbital correlation diagram shown in Figure 3.9.
The metallacycles are 16e- species, one d orbital, the 1a; orbital in the bent
metallaocene system,25 does not interact strongly with the three carbon
fragment and remains empty. In the carbene-olefin complex, which is an 18e-
species, this orbital interacts with the n* orbital of the olefin and the n
symmetry orbital of the carbene. The combination of these orbitals having
net positive overlap must be occupied and hence there is d2 character at the
metal.

By the Hammond26 postulate the transition state for the endothermic
formation of carbene-olefin from metallacycle should most closely resemble
the carbene-olefin species. Thus, effects that change the stability of carbene-
olefin relative to metallacycle should cause similar changes to the stability of
the transition state relative to metallacycle. Since the formation of carbene-
olefin from metallacycle involves formal reduction at titanium, increasing the
electron density at titanium by increasing the electron-donating ability of the
ancillary ligands should destabilize the carbene olefin relative to the
metallacycle. Thus, we predicted that increasing methyl substitution of the
cyclopentadienyl rings, making them better donors, of the biscyclopentadienyl
titanacyclobutane system should slow cleavage of metallacycle to carbene-
olefin. This predicted result is what we observed. Similar effects of ring
substitution were observed in the formation of the Tebbe reagent from mixed-
ring titanocene dichlorides.10 In that system increasing methyl substitution
of the cyclopentadienyl rings lowered the kinetic acidity of the a-hydrogens of
a L,Ti-Me intermediate.

Using our idea that the formation of carbene-olefin from

metallacycles is a reduction process, we may rationalize the difference in
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Figure 3.9. Orbital Correlation Diagram for the Titanocene
Metallacycle/Carbene-Olefin System.
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reactivity between the titanium and zirconium biscyclopentadienyl-
metallacyclobutanes. The titanium metallacycles react with organic
carbonyls in a Wittig manner (Figure 3.3). Their zirconium and hafnium
analogs do not react through metal-carbene intermediates, but instead the
carbonyl inserts into the metal carbon bonds of the metallacycle (equation
3.13).15 Both 19 and 20 are formed by the reaction of the zirconium compound,

only 19 is formed by the reaction of the hafnium cornpound

gi (3.13)
§

Reduction of zirconium and hafnium complexes is much more
difficult than the reduction of their titanium analogs. For instance Cp2ZrCls
is harder to reduce than CpoTiClg by ca. 0.8 V; their reduction potentials are -
1.7V and -0.86 V, respectively.27 The reduction potential of CpoHfCls has not
been reported; however in the complexes CpasM(o-(CH(SiMe3)2CgHy)) the
measured reduction potentials are: -1.46 V(M = Ti),-2.02 V(M = Zr), and -
2.46 V(M = Hf).28 Thus, hafnium complexes are even harder to reduce than
analogous zirconium complexes. Since reduction of zirconium and hafnium
complexes is much more difficult than the reduction of titanium complexes,
pathways that maintain the high formal oxidation state at the metal, eg the
insertion reaction of carbonyls, dominate the reaction chemistry of zirconium
and hafnium metallacyclobutanes. In the reactivity of titanacyclobutanes,

which should more readily undergo reduction processes, carbene-olefin

pathways dominate.
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The results by AnslynSb that indicate that the neglect of differential

ground state effects is not always valid involve the reactivity of

CpCloTiCH2CH(tBu)CHg, 21. The chloro substitution on the cyclopentadienyl
rings should decrease their electron-donating ability, which seems confirmed
by the fact that the JocH coupling constant of the methyl bonded to titanium in
CpCloTiMeCl is larger than the corresponding constant in CpsTiMeCl (Table
3.3). From our argument (vide supra) we would predict that 21 should react
faster with diphenylacetylene than would the plain-ring analog, 17. Anslyn
has found, however, the kqps for the reaction of 21 with diphenylacetylene is
smaller than kgpgs for the same reaction of 17. One possible explanation for
this effect is that while the transition state for the slow step in the reaction of
21 is stabilized by the chloro substitution, relative to the plain-ring transition
state, the metallacyclic grounds state is stabilized to a greater extent. The
chloro substituted cyclopentadienyl rings may be removing s-character from
the titanium leaving more d-character to form stronger metal carbon bonds in
the metallacycle.29 Some émpirical evidence for stronger metal carbon bonds
in the metallacyle may come from the fact that the preparation of the CpCl
analog of the Tebbe reagent is made difficult because of the formation of a
large amount of CpClaTiMes in the reaction of CpCloTiClg with AlMes. The
other substituted titanocene dichlorides studied do not readily form
CpgTiMeg. Thus, dialkyls including metallacyclobutanes, in the CpClaTi

system may enjoy special stabilization.
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HI.4 Conclusions

Substitution on the cyclopentadienyl rings of bis(cyclopentadienyl)
titanium compounds can exert steric and electronic effects. In the reactions of
ring-substituted titanacyclobutanes with trapping reagents the steric effects
play only a small role in determining the relative rates observed; electron
effects seem to dominate. The electronic effects can be discussed from the view
that increasing the electron-donating ability of the substituted-rings causes a
destabilization of the transition state between metallacycle and carbene-
olefin. This destabilization arises from the “reductive” nature of the
conversion of metallacycle to carbene-olefin. Some results also indicate that

ground state effects cannot always be ignored.
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II1.5 Experimental Section

All manipulations of air and/or moisture sensitive compounds were
carried out using standard Schlenk line, vacuum line, and dry box
techniques. Argon used in Schlenk work was purified by passage through
columns of BASF-RS-11 (Chemalog) and Linde 4A molecular sieves.

Routine 1H and 13C spectra were recorded on JEOL FX-90Q or JEOL
GX-400 spectrometers. Kinetics by 1H NMR spectroscopy were obtained in
automated mode on the JEOL FX-90Q. Temperatures were determined from
measurement of AvMeOH and were constant to within * 0.1°C. Difference
NOE spectra were measured on either a Bruker WM-500 or the JEOL GX-
400. The ring-substituted titanocene methyl chloride Ti-Me C-H coupling
constants were measured either from non-decoupled 13C INEPT spectra or
from observation of the 13C satellites of the Ti-Me resonance in 1H spectra.

The 49,47Ti NMR spectra were recorded on the JEOL GX-400 at 22.52
MHz. The 90° pulse length, 40 psec, was determined from a sample of neat
TiCly sealed in a 5 mm tube held concentrically in a 10 mm NMR tube filled
with 2 ml of CDCl3 as a lock solvent. 49.47Ti spectra of the ring-substituted
titanium compounds were obtained from saturated solutions of the titanium
compounds in 2 ml of CDCl3 held in 10 mm NMR tubes. Deuterium locking
was used. The FID data were collected using 90° pulses and an acquisition
time of 0.272 sec. The pulse delay between the end of acquisition and the
beginning of the next pulse was 1 sec. The spectral window was 30 KHz wide
and 16 k data points were collected yielding a digital resolution of 3.7 Hz. An
exponential line broadening factor of 10 Hz was applied to the raw FID which
was then Fourier transformed to yield the spectrum. Both 49Ti and 47Ti
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resonances appear in a single spectrum separated by 268.1 ppm with the 49Ti
resonance downfield relative to the 47Ti resonance. Chemical shifts were
referenced relative to external neat TiCly using the convention that positive §
values are downfield. The reported linewidths include the 10 Hz of line-
broadening. No proton decoupling was used as its use produced no effect on
the line-shape of the resonances.

The uv/vis absorption spectra of the ring-substituted titanocene
dichlorides were obtained on an HP 8451A diode array spectrophotometer.
Solutions (3.3 x 10-3 M) of the titanocene dichlorides in spectra grade
chloroform were prepared in air. The solutions were transferred to 1 cm
pathlength cuvettes and the absorption spectra were recorded in air. The
Amax of the lowest energy transition was located at the point where the first
derivative of the spectrum was zero.

Analyses were performed by Mr. L. Henling at the Caltech Analytical
Facility.

The solvents used were treated as follows. Pentane was freed of
olefinic impurities by stirring over conc. HoSO4. It was washed with water,
pre-dried over anhydrous MgSQy4, and dried with CaHg. It wasvdegassed and
stirred over sodium benzophenone ketyl solubilized by the addition of a small
amount of tetraglyme. Toluene, diethylether, tetrahydrofuran, benzene,
benzene-dg and toluene-dg were degassed and stirred over sodium
benzophenone ketyl. All solvents were vacuum transferred into dry storage
flasks equipped with Teflon closures and stored under Ar.

Trimethylphosphine (Strem) was distilled from Na, degassed and
stored under Ar in a tube equipped with a Teflon closure. Diphenylacetylene

(Aldrich) was recrystallized from hot toluene. Trimethylaluminum, 2 M in
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toluene (Aldrich), was transferred into a storage flask equipped with a Teflon
closure and stored under Ar. Titanocene dichloride, Cp2TiClg (Boulder), was
purified by Soxhlet extraction with CH2Cla. CpTiCl3 (Aldrich) was used as
received.

The ring-substituted titanocene dichlorides Cp'2TiClg, Cp'CpTiCls and
<Cp>CpTiCls were prepared by a literature method10 with the modification
for the preparation of Cp'CpTiClz and <Cp>CpTiCls that solvent chilled to
0°C was added via cannulus to a mixture of solid CpTiCl3 and solid ring-
substituted lithium cyclopentadienide. The reaction mixture was allowed to
warm slowly to room temperature and stirred at this temperature for 30 min.
Work-up of these reactions was identical to the literature procedure.10

Cp*TiCl3 and Cp*2TiCl2 were prepared by a literature method30 with
the modification that LiCp* was used in place of NaCp*.

Cp*CpTiClz was prepared by a literature methodl0 with the
modification that solvent chilled to 0°C was added via cannulus to a mixture of
solid Cp*TiCl3 and solid LiCp. The reaction mixture was allowed to warm
slowly to room temperature and stirred at this temperature for 30 min. Work-
up then followed the literature procedure.

All titanocene dichlorides could be recrystallized from either hot
toluene or hot chloroform. All were obtained in pure form except Cp'CpTiCly

which typically contained 5-10% Cp2TiClgs (1H NMR).

The Tebbe reagent,31 szTiCHzAl(Me)zél, and the metallacycles
17,31 and 188 were prepared by literature method.10

CpCleTiClz and CpCICpTiCly were prepared by E.V. Anslyn9 and
CpTMSCpTiClg was prepared by K.C. Ott.10
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Preparation of Cp'CpTi(Me)CI (5)

This procedure is analogous to the method32 used to prepare
Cp2TiMeCl. AlMe3 (7 ml of 2 M AlMe3 in toluene, 14 mmol) was added via
syringe to an Ar-flushed flask containing a solution of Cp'CpTiClg (3.27 g,
12.4 mmol) in 30 ml CH2Clz at 0°C. The reaction mixture immediately
becomes a very dark brown-red. The reaction mixture was stirred for 2.5 h at
0°C. 15 ml of diethyl ether were then added at 0°C; the solution immediately
changes color from dark brown-red to orange. The solution is warmed to room
temperature and all volatiles are removed in vacuo. The resulting oily residue
is dissolved in 6 ml CH2Cl and 10 ml of diethyl ether is carefully layered on
top of the solution. The mixture is slowly cooled to -50°C and orange-red
crystals form. The mother liquor is decanted off and the crystals are washed"
with two 5 ml aliquots of diethyl ether and dried in vacuo. (Yield 1.51g 50%).
Material typically contains 5-10% Cp2TiMeCl impurity. 1H NMR (CgDg): 8
5.81 (s, 5H, Cp), 5.93 (m, 1H, CsH4Me), 5.54 (m, 1H, CsH4Me), 5.38 (m, 1H,
CsH4Me), 5.23 (m, 1H, CsH4Me), 2.15 (s, 3H, CsH4Me), 0.79 (s, 3H, Ti-Me).
13C {IH} NMR (CgDg): 8 123.5, 120.6, 116.3, 113.3, 110.4 (CsH4Me), 115.3
(Cp), 48.1 (Ti-Me), 16.6 (C5H4Me).

Preparation of Cp'9TiMeCl (6)

This compound was prepared as for 5. Yield was 73% of orange-red
crystals. 1H NMR (CgDg¢): & 5.92 (m, 2H, CsH4Me), 5.54 (m, 2H, CsH4Me),
5.42 (m, 2H, CsH4Me), 5.27 (m, 2H, CsHsMe), 2.14 (s, 6H, CsH4Me), 0.74 (s,
3H, Ti-Me). 13C {1H} NMR (C¢Dg): § 120.1, 115.8, 113.2, 110.5 (C5H4Me),
46.4 (Ti-Me), 16.1 (CsH4Me).



113

Preparation of <Cp>CpTiMeCl (7)

This compound was prepared as for 5. Yield was 41% of orange-red
crystals. 1H NMR (CeDg): & 5.84 (s, 5H, Cp), 5.62, (s, 1H, CsHoMe3s), 5.06 (s,
1H, CsHaMe3), 1.99 (s, 3H, CsHgMe3), 1.72 (s, 3H, CsH2Me3s), 1.51 (s, 3H,
CCsHgMejy), 0.73 (s, 3H, Ti-Me). 13C {1H} NMR (CgDg): § 121.8,121.2, 115.1
(CsHaMes3), 115.7 (Cp), 47.7 (Ti-Me), 16.0, 14.3, 14.1 (CsHzMe3).

Preparation of Cp*CpTiMeCl (8)

This compound was prepared as for 5. Yield was 57% of orange-red
crystals. 1H NMR (CgD6): & 5.78 (s, 5H, Cp), 1.65 (s, 15H, CsMes), 0.51 (s,
3H, Ti-Me). 13C {1H} NMR (Cg¢Ds): 8 123.7 (CsMes), 116.1 (Cp), 51.0 (Ti-Me),
12.6 (CsMes).

Preparation of Cp*9TiMeCl (9)

This compound was prepared as for 5 with the modification that initial
CH3Cls solution was stirred for 7 h at 0°C before the diethyl ether was added.
Yield was 67% of orange-red crystals. 1H NMR (CgDg): 8§ 1.77 (s, 30H,
CsMes), 0.22 (s, 3H, Ti-Me). 13C {IH} NMR (CgDg): 8 123.1 (C5Mes), 54.4 (Ti-
Me), 13.0 (CsMes). Calculated for C21H33CITi: C, 68.38, H, 9.02. Found: C,
67.38, H, 8.58.

Preparation of Cp'gTiCHpAl(Me)oCl

AlMe3 (3 ml of 2M AlMeg3 in toluene) was added via syringe to a
solution of Cp'2TiMeCl (1.5g, 5.8 mmol) in 7 ml toluene at room temperature.
The resulting deep brown-red solution .was heated to 50°C for 28 h. The
volatiles were then removed at room temperature. 1H NMR of the resulting
residue showed Cp'9TiMeCl was still present. The residue was dissolved in 5
ml toluene and 0.6 ml of 2M AlMe3 in toluene was added. The reaction

mixture was stirred at room temperature for ca 56 hrs. The volatiles were
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removed in vacuo leaving a red oily residue. The residue was dissolved in 1 ml
toluene and 5 ml of pentane was layered on top. The mixture was slowly
cooled to -20°C to obtain the product as a red powder. (Yield 725 mg, 39%) 1H
NMR (CgDsg): 8 7.94 (s, 2H, pn-CHy), 5.91, 5.52, 5.27 (all m, 8H tot, CsH4Me),
1.74 (s, 6H, CsH4Me), -0.27 (s, 6H, Al-Me).
Preparation of <Cp> CpTiCHgAl(Me)gCl

This compound was prepared as for Cp'9TiCH2A1(Me)2Cl. Yield was
22% of red powder. Spectral data were identical to the published data.10
Preparation of Cp*CpTiCH2Al(Me)2Cl

AlMe3 (5.5 ml of 2 M AlMe3 in toluene, 11 mmol) was added to an Ar-
flushed flask containing Cp*CpTiCl2 (1.73g, 5.4 mmol). The resulting deep
brown-red solution was heated to 40°C and stirred for ca 60 h. The volatiles
were removed to yield a red oil which consisted of Cp*CpTiMeCl (80%) and
product (20%). Several such cycles were repeated until no Cp*CpTiMeCl was
observed. The resulting tacky solid was extracted with pentane (60 ml) and
resulting solution was concentrated to 30 ml. The solution was slowly cooled
to -50°C and 810 mg of product ca 85% pure by 1H NMR was isolated as a red
powder. The spectral data were identical to published data.10
Preparation of Cp'_z_TiCHgC(Me)gCHg (10)

This compound was prepared as for 18.8 Isobutylene ca 5 ml was
condensed at -70°C into a flask containing Cp'9TiCH2Al(Me)2Cl (2.99g, 9.6
mmol) and N,N-dimethyl aminopyridine (DMAP) (1.17g, 9.6 mmol). The
resulting paste was dissolved in 15 nml of CH2Clg. The resulting red solution
was warmed to -20°C and added dropwise via cannulus to 100 ml of rapidly
stirred pentane cooled to -40°C. An orange solid precipitates out and the

mixture is filtered (Schlenk filtration) to yield a red filtrate. The volatiles
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were removed in vacuo at low temperature (< -10°C) and a red residue was
left. This residue was dissolved in a minimum of diethyl ether at 0°C and the
resulting red solution was slowly cooled to -50°C yielding 10 as a red powder.
(Yield 0.67g, 25%.) The product is temperature sensitive and must be stored
cold (-40°C) under inert atmosphere. 1H NMR (CgDg): 8§ 5.59 (m, 4H,
CsH4Me), 5.27 (m, 4H, CsH4Me), 2.36 (s, 4H, TiCH2C(Me)oCHy2), 1.79 (s, 6H,
CsH4Me), 1.14 (s, 6H, TiCHz C(Me)2CHzg). 13C {1H} (CgDg): & 120.7, 112.7,
110.3 (CsH4Me), 8.31 (TiCH2C(Me)2CHjg), 38.0 (TiCH2C(Me)2CH2), 15.5
(CsH4Me), 8.8 (TiCH2C(Me)2CHz2).

Preparation of cis and trans Cp'Cp'FiCHgCH(tBu)CHg (12)

These compounds are prepared by a modification of the procedures
used for 17.31 Neohexene (0.51 ml, 8.4 mmol) was added via syringe to a red
solution of Cp'CpTiCH2A1(Me)2Cl (0.5g, 1.7 mmol) in 2 ml toluene cooled to
0°C. DMAP (0.21g, 1.7 mmol) was added to the solution which was stirred for
5 min at 0°C. DMAP (0.21g, 1.7 mmol) was added to the solution which was
stirred for 5 min at 0°C and then cooled to -35°C. Pentane (20 ml) was slowly
added via syringe to the solution which was rapidly stirred at -35°C. An
orange precipitate forms and the reaction mixture is filtered. The volatiles
are removed from the filtrate in vacuo leaving a red powder. This powder was
dissolved in 0.5 ml toluene at room temperature and the resulting red solution
was cooled to -50°C. A 1:1 mixture of cis and trans 12 is isolated as a red
powder, (Yield 0.33g, 67%.) This material contains ca 20% 17. 1H NMR data
are shown Table 3.14. 13C {1H } NMR (CgDg): 6 123.1,119.5, 112.5, 111.4,
110.3, 109.7 (CsH4Me); 110.7, 110.4 (Cp); 67.7, 67.4 (aC); 34.4, 34.3 (-CMe3);
29.53, 29.5 (-CMe3); 21.5, 20.2 (BC); 16.5, 15.9 (CsH4Me). The signals could

not be assigned to the individual isomers. Attempts to separate the isomers
failed.
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Preparation opr'_z_'Fi CHgCH(tBu)CHg (11

This compound was prepared as for 12. The yield was 46%. NMR data
are included in Table 3.14.

Preparation of cis and trans <Cp> Cp'ﬁCHgCH(tBu)CHg, (13)

The method of preparation of 12 was used. Recrystallization from
toluene gave a 25% yield of a 3.5:1 mixture of trans-13 and cis-13. Calculated
for CogH3Ti: C, 75.46; H, 9.50. Found: C, 75.29; H, 8.79. NMR data are
included in Table 3.14. Attempts to separate the isomers failed.
Recrystallization from diethyl ether yielded a 2.2:1 mixture of trans-13 and
cis-13.

Preparation of Cp'CpTiCH,C(Ph)C(Ph), (19)

A solution of diphenylacetylene (120 mg, 0.69 mmol) in 3 ml THF at

0°C was added to Ar-flushed flask containing Cp'CpTiCHzAl(Me)zbl (205mg,
0.69 mmol). The resulting red solution was stirred at 0°C for 1/2 h gradually
becoming deep purple in color. The reaction mixture was warmed to room
temperature and stirred for an additional 15 min. The volatiles were removed
in vacuo leaving a dark purple residue which was left under dynamic vacuum
overnight. The residue was dissolved in 1 ml toluene and 1 ml pentane and
cooled to -50°C. Dark purple crystals of product were collected. (Yield 127 mg,
48%.) An analytical sample was obtained by recrystallization from diethyl
ether; this sample contained 11% sz’f‘iCTzC(ﬁlT)b(Ph) by 1H NMR.
Calculated for 89% CogH24Ti and 11% Co5H92Ti: C, 81.22; H, 6.26. Found: C,
80.93; H, 6.23. NMR data are included in Table 3.14.

Preparation of Cﬁgm@h), (20)

This compound was prepared as for 19. The yield of dark purple

crystalline material was 47%. An analytical sample was obtained from
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recrystallization from diethyl ether. Calculated for Co7HogTi: C, 81.40; H,
6.58. Found: C, 81.42; H, 6.50. NMR data are included in Table 3.14.
Preparation of <Cp> Cp'f:iCHgC(Ph)b(Ph), (21)

This compound was prepared as for 19. It could only be obtained as an
impure oil. The NMR data are shown in Table 3.14.

Equilibration Studies of cis and trans-12

In the drybox a 1:1 mixture of cis and trans-12 (14 mg) was weighed
into an NMR tube and dissolved in 400 pl of CgDg. The tube was capped with
a rubber septum and removed from the drybox. The tube was heated in an oil
bath to 55°C. It was periodically removed and cooled to room temperature to
be examined by 1H NMR spectroscopy. Over days there is no change in the
cis/trans ratio, but the metallacycles gradually decompose. The experiment
was repeated with the inclusion of 2 equivalents of neohexene; the cis/trans
ratio stayed at 1:1 in this experiment also.

Equilibration of cis and trans-13

In the drybox a 3.5:1 trans-13/cis-13 mixture (14 mg) was loaded into
an NMR tube and dissolved in 400 pnl of CgDg (0.11 M solution). The tube was
capped with a rubber septum and removed from the drybox. The tube was
heated to 55°C in an oil bath. The tube was periodically removed from the
bath and the sample quickly frozen with LNg. The sample was warmed to
room temperature, a temperature where equilibration is slow (vide infra), and
immediately examined by 1H NMR spectroscopy. The ratio trans-13/cis-13
eventually stabilizes at 2.0:1. The procedure was repeated at oil bath
temperatures of 65, 75, and 83°C. At these temperatures the ratio trans-
13/cis-13 also stabilizes at 2.0:1. Decomposition of metallacycles is < 5% of

the course of experiment at temperatures < 75°C, at 83°C decomposition is
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more pronouced ca 20% over 5 h; however, the ratio of trans-13/cis-13 stays
constant after reaching 2.0:1 even during decomposition. At 83°C it appears
that one decomposition pathway is the formation of the dimer
[<Cp>CpTi(CHz2)l2 as the solution turns purple and peaks appear at § 6.01
(Cp), 7.59 and 7.58 (possibly p-CHjz signals). CH4 (8 0.15) was also produced.
The entire procedure was repeated with the inclusion of 12 pl (2
equivalents) of nechexene. The ratio trans-13/cis-13 was the same as before.
Qualitatively, the addition of olefin did not greatly affect the rate of
isomerization. |

Kinetics of Equilibration of trans-13 and cis-13

In the drybox a NMR tube was loaded with a 3.5:1 mixture of trans-13
and cis-13 (14 mg, 0.044 mmol). The solid was dissolved in 400 nl of C¢gDg and
the tube was capped with a rubber septum. The sample was placed in the
probe of the JEOL FX-90Q maintained at 63.5°C and spectra were recorded at
regular intervals. The relative concentrations of trans-13 and cis-13 were
determined from the integrals of their respective Cp resonances. The
resonance due to residual protons of the solvent was used as an internal
standard, and it was observed that ca 8% decomposition of the metallacycles
occurs over the experimental period. The combined constant k; + k.1, Table
3.4, was obtained from least squares analysis of a plot33 of In (X¢-X/X,) vs. t
where Xe = (Ro-Re/(Re+1)Ry) Ag and X = (Ro-Ry/(Ri+1)R,) A, where R, =
initial ratio of trans/cis 13, Re = the equilibrium ratio, Ry = the ratio at time
t, and A, = initial concentration of trans-13. A, does not have to be known
explicitly. The individual rate constants kj and k.1 could then be determined
using the fact that K = ky/k.;. The .procedure was repeated at several

temperatures and the rate constants determined. The errors in these



119

constants, as estimated from their standard deviations determined in the least
squares analysis are on the order of * 5%,. Activation parameters were
obtained from least squares analysis of In(k/T) vs. 1/T plots.34

Reaction of Cp's f;iCHgCMengQ (10) with Pivaldehyde

In the drybox 10 (10 mg, 0.036 mmol) was loaded into a NMR tube and
dissolved in 400 pl of C¢De. The tube was capped with a rubber septum and
removed from the drybox. Pivaldehyde (4 pl, 0.036 mmol) was added via
syringe and the reaction was monitored by 1H NMR spectroscopy. Within 20
min at room temperautre the pivaldehyde is completely converted to
neohexene. Broad resonances § 6.8-5.2 indicate titanium oxo polymer is
formed. Nointermediates were observed.

Reaction of trans and cis 13 with PMe3

In the drybox a mixture of 3.5:1 trans-13/cis-13 (15 mg, 0.047 mmol)
was loaded into a NMR tube and dissolved in 400 ul of toluene-dg. The tube
was capped with a rubber septum and removed from the drybox. The tube was
cooled to -25°C and PMe3 (25 pl) was added via syringe. The tube was placed
in the probe of the JEOL GX-400 maintained at -25°C,. No reaction was
observed 1H NMR spectroscopy at this temperature. No reaction occurs until
the probe is heated to 65°C. The probe was then heated to 80°C. New signals
grow in and are assigned to the species <Cp>CpTi(CH2)PMe3: §11.80, 1.54
(2d, JH.H = 6 Hz, Ti(CH2); 5.35 (s, Cp), 2.20 (br s, CsHaMes). Other signals
could not be observed. Equilibrium is established within 30 min. The ratio
(trans-13 and cis-13)/ <Cp>CpTi(CH2)PMeg3 as determined from the relative
integrals of their respective Cp resonances was 2.2:1 (trans-13/cis-13 ratio was
2:1) at 83°C. Apparently at 83°C the phosphine ligand is exchanging rapidly

on the NMR time-scale, as upon cooling the sample to room temperature the
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downfield doublets become doublets of doublets and sharp signals for the
<Cp> ligand appear. The room temperautre 1H NMR data are: § 11.82,
11.55 (2dd, Jyy = 6 Hz, Jpy = 8 Hz, TiCHy); 5.38 (s, Cp); 4.99, 4.65 (2s,
CsHaoMe3); 2.20, 1.83, 1.79 (3s, CsHaMe3). After 12 h at room temperature the
ratio (trans-13 and cis-13)/ <Cp>CpTi(CH2)PMe3 had risen to 6.3:1 while the
trans-13/cis-13 ratio stayed at 2.0:1.

Measurement of the Kinetics of Reaction 'Cp_C'pTiCHgCH(tBu)tHg with

Diphenylacetylene.35

A NMR tube was loaded with diphenylacetylene (0.33 mmol) and
taken into the drybox. Metallacycle (0.044 mmol) was added to the tube which
was capped with a rubber septum, CgDg (400 pl) was added to the tube which
was agitated briefly to dissolve all materials. The sample was placed in the
probe of the JEO] FX-90Q, maintained at 55°C, and spectra were obtained at
regular intervals. For the mixed-ring systems the mole fraction of each
isomer of metallacyclobutane36 was determined from the integral of its CsHj
signal and the total integral of all CsHjs signals. For Cp'9TiCH2CH(tBu)CHj
(11) the upfield CsH4Me signal of 11 and the the aH signal of the product, 20,
were used to determine the mole-fraction of 11. Using the phenyl region as an
internal standard, minimal decomposition of materials occurred during
kinetic runs. First-order plots of InX, where X is the mole-fraction of
metallacyclobutane, vs t were linear to three half-lives. kyps values were
derived from least-squares analysis of these plots. The error in the kops values
as estimated from their standard deviations found in the least-square analysis
was on the order of £ 5%. At the concentration of titanium species used (0.11
M), it had been determined from experiments with various concentrations of

diphenylacetylene that initial concentrations > 0.55 M of diphenylacetylene
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were sufficient to reach saturation. For 11, and 13 this procedure was
repeated at several temperatures. Activation parameters were obtained from
least-squares analysis of In(k/T) vs 1/T plots.

Reaction of 13 with Labeled Olefin

In the drybox a NMR tube was loaded with a 3.5:1 mixture of trans/cis-
13 (14 mg, 0.044 mmol). The metallacycle was dissolved in 400 nl of toluene.
The tube was capped with a rubber septum and removed from the drybox. A
solution of 25 mole% cis-1,2-dideuterio-3,3-dimethyl butene in toluene (40 ul,
0.986 mmol olefin) was added via syringe. CgDg (1 mg) was added as an
internal deuterium standard. The mixture was heated to 68°C in the probe of
the FX-90Q for 75 min after which time ca 20% of the labeled olefin had been
incorporated into metallacycle as determined by integration of the vinyl
deuterium signals of free olefin and the B-D signal of metallacycle in the 2H
NMR spectrum (noh-decoupled spectrum).

Reaction of 13 with Labeled Olefin in the Presence of Diphenylacetylene

In the drybox a NMR tube was loaded with a 3.5:1 mixture of trans/cis-
13 (14 mg, 0.044 mmol) and diphenylacetylene (61 mg, 0.34 mmol). The solids
were dissolved in 400 pl of CgDg. The tube was capped with a rubber septum
and removed from the drybox. A solution of 25 mole% cis,-1,2-dsideuterio-3,3-
dimethyl butene in toluene (200 pl, 0.44 mmol of olefin) was added via
syringe. The sample was heated to 72°C for 75 min. The tube was placed in an
Ar-flushed Schlenk tube and the septum was pierced with a needle. The
Schlenk tube was then evacuated and the volatiles in the NMR tube were
removed. The residue in the NMR tube was redissolved in 400 nl of CgHg with
2 pl of toluene-dg added as a deuterium internal standard. The 1H spectrum of

the solution (run lockless on the GX-400) showed ca 60% conversion of the
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metallacyclobutanes 13 to the metallacyclobutane product, 21. The 2H NMR
spectrum showed no deuterium incorporation into either the starting material

or the product.

Measurement of the Kinetics of Reaction of ép_C'pTiCHgCH@Bu)CHg

Metallacycles with Acetone37

In the drybox (0.064 mmol) of the desired metallacycle was loaded into
a NMR tube. The metallacycle was dissolved in 400 pl of C¢Dg and the tube
was capped with a rubber septum. Acetone (15 pl, 0.19 mmol) was added to
the tube via syringe. The tube was heated to 55°C in an oil bath. It was
periodically removed and the sample rapdily frozen with LNg; the sample was
then warmed to room temperature, a temperature where the reaction is not
rapid, and examined by 1H NMR spectroscopy. The sample was then returned
to the oil bath. The ratio of the initial concentration of metallacycle, M,, to
the concentration of metallacycle at time t, Mi, was measured from the
integral of the C5Hs signal (CsH4 Me signal for 11) using the signal due to
residual protons of the solvent as an internal standard. The rate constants
were determined from the relationship38 k = 1/t In(My/M;) as an average of
several measurements at different times. The estimated error of these values
as estimated from the range of the values averaged is on the order of + 10%.

Measurement of the Kinetics of Reaction of CpgfiCHgCMe_z_aHg (18) and
Cp'o fiCH_z_CMengg (10) with Acetone37

In the drybox of 18 (9 mg, 0.036 mmol) and 10 (10 mg, 0.036 mmol) was
loaded into a NMR tube and dissolved in 400 pl of toluene-dg. The tube was
capped with a rubber septum and removed from the drybox. The tube was
placed in the probe of the FX-90Q maintained at 10°C. Acetone (20 pl, 0.44

mmol) was added via syringe and NMR spectrum were obtained at regular
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intervals. The ratio of 10 to 18 rapidly grows larger than its initial value of
1:1 as 18 is consumed more rapidly than 10. The concentrations of the two
metallacycles as a function of time were determined from the integrals of their
aH signals as well as their B-Me group signals. First order plots for each
metallacycle were linear. The rate constants were determined from a least-
squares analysis of these plots. The errors of these constants as estimated
from their standard deviations found in the least-squares analysis was on the

order of + 10%.
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Table 3.14 NMR Data

Cp
Ny 8%
CH
Cp o x(
CHjy CHac
B
trans-12

1H NMR (CgDg)e: 8 5.63 (s, Cp); 5.42, 5.18 (2m, CsHqMe); 2.10 (t, J = 10Hz,
Ha); 1.94 (t, J = 10 Hz, Hp); 1.72 (s, CsH4Me); 0.96 (s, Hc), 0.06 (gn, J = 10
Hz, Hp).
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Table 3.14 (continued)

, s cHy
Cp \Ti B C<CH
Cp /Ha a Hp ’

HA
cis-12

1H NMR (C¢Dg)a: 6 5.59, 5.30 (2m, CsH4Me); 5.46 (s, Cp);2.18 (t,J = 10Hz,
Ha); 1.83 (t,d = 10 Hz, Hp); 1.85 (s, CsH4Me); 0.97 (s, He), 0.10 (qn, J = 10
Hz, Hp).
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Table 3.14 (continued)

Ti \
¢ / CH3
Hc

1H NMR (CgDg)a; & 5.60, 5.33 (2m, CsH4Me, Cp'a); 5.47, 5.23 (2m, CsH4Me,
Cp'B); 2.03 (t, J = 10Hz, H); 1.80 (t,J = 10 Hz, Hp); 0.98 (s, HE); 016 (qn, J
= 10 Hz, Hf)

13C {1H} (CgDg)b: 8123.5 (s), 119.4 (s), 112.8 (d), 111.6 (d), 110.3 (d), 109.8 (d)
(CsH4Me, Cp'a and Cp'B); 67.2 (t, aC); 34.4 (s, Cg), 29.5 (g, Cg), 22.8 (d, BC);
16.3 (q), 15.8 (q), (CsH4Me, Cp'a and Cp'p).
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Table 3.14 (continued)

<C>\Ti B Ho

C / H a /CH3
P 8 /7
CH3§CH3C
HA
trans-13

1H NMR (CgDg)a: § 5.68 (s, Cp); 4.89 (s, CsHaMe3); 1.95 (t, J = 10Hz, Hp);
1.65, 1.61 (2s ratio 2:1, CsHgMe3); 0.99 (s, He); -0.19 (qn,dJ = 10 Hz, Hp). Hp
is obscured by <Cp>-Me resonances.

13C {1H} (CgDg)c: 6 119.8,117.6, 111.0 (CsHaMes); 110.8 (Cp) 67.9 (aC); 34.4
(Cr); 29.5(Cc); 20.9 (BC); 16.0, 13.7 (CsHoMe3).
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Table 3.14 (continued)

<C&\ %{H:&c
H;

cis-13

1H NMR (CgDg)a: 8 5.50 (s, Cp); 5.10 (s, CsHoMe3); 2.09 (t, J = 10Hz, Hp);
1.69, 1.67 (2s ratio 2.1, CsHaMe3); 1.02 (s, He); -0.25 (qn,dJ = 10 Hz, Hp). Hp
is obscured by <Cp>-Me resonances.

13C {1H} (CgDg)e: 8 119.9,115.8, 114.0 (CsHaMe3); 114.9 (Cp) 67.9 (aC); 24.8
(8C); 16.9, 14.8 (C5HaMe3).
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Table 3.14 (continued)

y . Ph
Cp \Ti o:/PB h
LR
H
19

1H NMR (CgDg)e; 8 7.67-7.24 (m, Ph); 5.72 (s, Cp); 5.56, 5.23 (2m, CsHqMe);
3.29,3.21(2d,J = 17.6 Hz (aH)); 1.79 (s, 2.09 (t,J = 10Hz, Hp).

13C {1H} (CgDg): 8 209.1 (a'C); 147.4, 131.9, 129.6, 128.6, 128.5, 126.2, 126.1,
124.5 (Ph); 125.6,115.3,113.7,110.2, 107.8 (CsHzMe3); 111.8 (Cp); 103.5 (BC);
72.3 (aC); 15.7 (CsHsMe).
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Table 3.14 (continued)

cp’ N a’/P"B
Ti Ph
Co L a
H
20

1H NMR (CgDg)a: 8 7.49-6.75 (m, Ph); 5.71, 5.52, 5.27 (3m ratio 2:1:1,
CsH4Me); 3.12 (s, aH); 1.80 (s, CsH4Me).

13C {1H} (CgDg)b: & 207.9 (s, a'C); 147.2 (s), 138.7 (s), 129.6 (d), 128.4 (d),
126.3 (d), 126.2 (d) (Ph); 125.2 (s), 114.8 (d), 112.8 (d), 110.2 (d), 107.4 (d)
(CsH4Me); 105.6 (s, BC); 71.1 (t, aC), 15.8 (q, CsHyMe).
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Table 3.14 (continued)

c o™h
¢ p>\Ti B
Cp /H a

H

Ph

21

1H NMR (CgDg)e; 8 7.7-6.7 (m, Ph); 5.78 (s, Cp); 5.53, 5.03 (2d, J = 2.4 Hz,
CsHoMe3); 3.21,2.86 (2d, J = 11.7 Hz, aH); 1.68, 1.67, 1.62 (3s, CsHaMe3)

13C {1H} (CgDg): 8 208.1(a'C); 147.2, 139.2,131.9,129.7, 126.5,126.1, 124 .4,
123.7 (Ph); 122.4,119.5,115.7, 115.2, 112.2 (CsHoMe3); 111.9 (Cp); 106.0 (BC);
71.0 (aC); 16.1, 14.1, 13.7 (CsHzMe3).

a) 1H NMR resonances assigned by difference NOE spectroscopy.
b) Multiplicities are from a separate off-resonance decoupling experiment.

c) Assigned on the basis of relative intensities.
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