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ABSTRACT

This dissertation focuses on the unique chemistry of d° alkylidyne and
bis(alkylidene) complexes with B-silicon atoms. The goals of this dissertation
research were to prepare and characterize these new d° transition metal
complexes, to study their reactivities including thermodynamics and kinetics of
the inter-conversion between the alkylidyne and bis(alkylidene) complexes, and
to explore the mechanism of the reactions of O, or water with d° alkylidyne
complexes.

A summary of the research in this dissertation is provided in Chapter 1.
Chapter 2 reports the study of an unusual exchange between new alkyl
alkylidyne and bis(alkylidene) complexes promoted by phosphine coordination.
A novel d° tungsten alkylidyne complex (Me3SiCH,)sW(=CSiMe3)(PMes) (3a) was
prepared from (Me3;SiCH,);W=CSiMe; (4a) and PMes, and found to undergo a
rare exchange with its bis(alkylidene) tautomer
(Me3SiCH2),W(=CHSiMe3),(PMes) (3b). The thermodynamics of this equilibrium
were investigated by variable-temperature *'P NMR to give the thermodynamic
parameters AH° and AS° of the exchange. Kinetic studies show that the a-
hydrogen exchange between 3a and 3b follows first-order reversible kinetics.
Activation parameters AH* and AS” for the forward (3a — 3b) and reverse
reactions (3b — 3a) are reported. Reaction of 4a with PMe,Ph to give alkyl

alkylidyne 5a and bis(alkylidene) 5b tautomeric mixture has also been studied,
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and the exchange here is compared with that involving 3a and 3b.

Preparation and characterization of two new alkyl alkylidene alkylidyne
complexes, and kinetic studies of their formation are presented in Chapter 3.
The 3a = 3b equilibrium mixture under heating in the presence of excess PMe;
was found to undergo a-hydrogen abstraction and convert to
(Me3SiCH:)(Me3sSiCH=)W(=CSiMe3z)(PMes), (8a-b).  This reaction follows
second-order kinetics — first order with respect to 3 and PMes. In the presence of
excess PMes;, pseudo first-order kinetics was observed to give the activation
parameters AH® and AS® for the reaction. Preparation  of
(Me3SiCH:)(Me3SiCH=)W(=CSiMe3)(PMe,Ph), (9a-b) is also reported and
compared with the formation of 8a-b.

Chapter 4 describes the synthesis of (Me3SiCHz)3;(MesSiC=)W<«0O=PMe3
(11) and its reaction with O, to yield an unusual oxo-siloxy complex
O=W(OSiMe3)(CH,SiMe3); (12).  Unexpected —SiMe; migration from an
alkylidyne to an oxo ligand occurs in the reaction. In the absence of O=PMes,
the reaction of (Me3SiCH;);W=CSiMe; (4a) and O, did not yield 12. 12 was
isolated as (Me3SiCH;)3(Me3SiC=)W«0O=W(OSiMe3)(CH,SiMes); (13), an adduct
with (MesSiCH,)sW=CSiMe; (4a). Studies with '®O-labelled 0, have been
conducted to determine whether the oxygen atoms in 12 come from '®0,. High-
resolution mass spectrometry (HRMS) was used to analyze the products.

Chapter 5 reports the study of the reaction of (Me3SiCH;);sW=CSiMe3 (4a)

with H,O and the unexpected formation of CH; and 12 in this reaction. The

vii



reaction of 4a with D,O showed a-hydrogen scrambling during the reaction and
formation of methane isotopomers, which were studied by HRMS. Reactions of
(Me3SiCHa)3(MesSiC=)W«0=PMe;3 (11) with H,O were also studied, and found

to yield the oxo complex 12 as well.
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CHAPTER 1

Introduction

1.1. Foreword

A current research focus of synthetic inorganic chemistry is the controlled
activation of dioxygen such as single oxygen atom transfer to substrates that
mimics biological systems where such reactions are catalyzed enzymatically.
Among the types of multiply bonded ligands, oxo complexes were the first
discovered and have been most extensively studied. Much work has been done
on the chemistry and biochemistry of dioxygen activation and reactivity with d"
transition metal complexes largely to understand oxygenase enzymes and to
develop model systems for their functions in biological systems." Oxidation of
the metals is often involved in these reactions. The chemistry of dioxygen with d°
early-transition-metal complexes including those with metal-carbon triple bonds

remains a largely unexplored area.

1.1.1. Fischer and Schrock Carbene and Carbyne Ligands

The history of the study of metal-carbon multiple bonds and how they are
formed is rich. Fischer and coworkers discovered the first carbene complexes in
1964 and the first carbyne complexes in 1973 (Egs. 1 and 2).? Fischer-type
carbene and carbyne ligands are often observed in low-oxidation-state metal

complexes. Typically, they are found in the chemistry of late transition metals



CO
(1) LIR/EL,O | &0 R
W(CO) > OC—W—C Eq. 1.1
° (2)[(CH3)0IBF, 71 ocH
oC 3
CO
Co
_AOCHs 4 Bx, | &9 Eq. 1.2
(CO)M=C_ ———> X—M=C—R
R oC
M = Cr, Mo, W (6{0)
X=Cl, Br, |
R = Me, Et, Ph

bearing m-acceptor ligands, and the carbene ligands often contain mw-donor
substituents such as —OCHgj. Egs. 1.1 and 1.2 exemplify these characteristics.

In contrast to the Fischer carbenes, in 1973, an attempt to form
pentaneopentyltantalum resulted in the synthesis of the first carbene ligand in a
high-oxidation-state metal complex, now known as the Schrock-type alkylidene

(Eq. 1.3).% In 1978, the first Schrock alkylidyne was reported (Eq. 1.4).3

+ 2 BUu'CH,Li
(Bu'CH,);TaCl, 2 > (Bu'CH,)sTa=CH'Bu Eq. 1.3

6 Bu'CH,Li
WClg > (Bu'CH,);W=C'Bu (1) Eq. 1.4

Schrock-type alkylidene and alkylidyne ligands are typically found in high-
oxidation-state early transition metal complexes containing non-m-acceptor
ligands and non-n-donor R groups.* With the discovery of two new classes of

compounds in such a short time-span, the field of organometallic chemistry
2



underwent a rapid expansion. Fischer and Schrock complexes proved to be
useful in many different areas of catalysis, and in doing so widened fundamental
understanding of these new classes of compounds. Investigations into the
chemistry of compounds that contain metal-carbon multiple bonds have

continued steadily since.>?

1.1.2. Dioxygen

Dioxygen has a triplet ground state with two unpaired electrons. Both the
unpaired electrons have parallel spins and the half-filled antibonding molecular
orbitals of 20, can accommodate two additional electrons as shown in Figure
1.1.° The direct reaction of *0, with singlet compounds to give singlet products is
a spin-forbidden process with a very low rate of reaction. One way to circumvent
this energy barrier is via a free radical pathway.” The reaction of a singlet
compound with 20, forming two doublets (free radicals) is a spin-allowed
process. The process is highly endothermic and is observed typically with
reactive substrates that form resonance stabilized radicals.

Another method to overcome the high spin conservation barrier is by
combining 30, with a paramagnetic transition metal ion, as shown in Eq. 1.5.

n+1

M* + %0, — M\O/O’ Eq. 1.5
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Figure 1.1. A qualitative molecular orbital diagram of dioxygen.




The resulting metal dioxygen complex may react selectively with singlet
compounds under moderate conditions. This concept forms the basis for the
extensive studies of oxygen activation by metal complexes. Since in most
oxidation reactions there is no resonance stabilizer, this mechanism is the most
accepted. It has been found that nearly all transition metals will bind dioxygen,
resulting in a wide variety of complex formations.

The interaction of metal complexes with dioxygen has been the subject of
numerous studies for its importance in many oxidation reactions, especially those
involved in biological respiration processes.”® A large interdisciplinary effort has
been mounted to understand oxygenase enzymes of all kinds by isolating and
studying the pure enzymes, and by developing model systems.”® The first
reported dioxygen complex was Werner's’® Co"' complex [{(NH3)s-Co},02]*" in
1898. A renewed interest in dioxygen chemistry began in 1936 when Pauling
and Coryell discovered that “the oxygen molecule undergoes a profound change
in electronic structure on combination with hemoglobin”.”" It has since been
found that nature utilizes metal-oxo complexes in numerous important enzymes.
An unprecedented amount of research has focused on the cytochrome P-450
family of enzymes, which contain an oxo-iron porphyrin system and have been
found to be involved in a wide range of biological oxidation processes. A second
class of oxo-metal based enzymes are the molybdenum- or tungsten-containing
“oxo-transferases”, which like P-450, are involved in both oxidative and reductive
processes. Significant advances have been made in the development of model

systems that mimic the enzymatic transformations in the body.*

5



The mechanism of reactions of organometallic complexes is of
fundamental importance to understanding the role of transition metals in catalytic
oxidation processes. Little is known, however, about how dioxygen reacts with
metal-carbon multiple bonds. The study of transition metal organometallics and
their reactions with dioxygen began when Frankland reported the autoxidation of
dimethyl zinc in 1853. Forty years later, Demuth and Meyer clearly defined the
reaction and its product, zinc peroxide.® Studies of reactions between O, and
early transition metal organometallics began in the early 1970’s. Zucchini and
coworkers investigated the reaction of O, with Zr(CH,Ph), which was found to
react two equiv of O, per mole.”® Brindley and Hodgson studied the reaction of
O, with titanium, zirconium, dimolybdenum, and tungsten alkyl complexes.®
Their measurement of the total absorption of oxygen per alkyl ligand suggested
metal alkoxides were the stable end products. Their findings and those that
followed supported oxygen insertion into the metal-alkyl and other metal-ligand
bonds.

In general, it is now known that oxygen insertion to the alkyl-metal bond
gives mainly alkoxides and some peroxides. When the central metal reacts with
dioxygen, an oxo complex is often obtained. It is now accepted that most of the
oxygenation reactions occur by a radical mechanism to overcome the spin-

forbidden energy barrier.



1.1.3. Reactions of d° Transition Metal Complexes with O,

Reactions of d° transition metal complexes with O, have been studied in
the synthesis of metal oxide materials used in the microelectronics industry.'®"?
Oxygen insertion into Zr-Si and Zr-R bonds in the reactions of Cp,ZrCI(SiMe3),
Cp2ZrRCI, and Cp.ZrR, with O, has been reported by Tilley,'® Schwartz,'
Gibson,'® Brindley'™ and coworkers. The Cp-free complexes (RO),TiMe,,
(ArO),TaMes, (ArN=),MoMe,, and LY(p-Me),AlMe;, (L = porphyrin) have been
shown to undergo O insertion in their reactions with O,, as reported by
Wolczanski,''®® Rothwell,’"® Gibson,""® Schaverien'™ and coworkers,
respectively. In recent years, reactions of O, with d° complexes such as
Ta(NRz)s and (Et;N);Ta=NBu' have been used in the preparation of
microelectronic metal oxide thin films as new gate materials.’® The nature of
these CVD reactions is largely unknown, and mechanistic pathways to the
microelectronic MO, materials are not understood.

Reactions of d° transition metal complexes with dioxygen have attracted
much attention and have been used to make metal oxides, known as high
dielectric constant (k) gate materials, and used as microelectronic gate materials
in VLSI devices. High-«x MO, oxide thin films have been explored to replace
SiO,, a relatively low-k solid (x = 3.9), as the next generation of gate materials.
These materials have also been utilized as new capacitor materials for DRAM

(dynamic random access memory) devices."



Our research has been mostly focused on the fundamental chemistry of
d° transition metal alkylidyne complexes and their reactions with O,. Reactions
of H,O with transition metal complexes, an alternative route to MO, materials,
have also been investigated to reveal unique chemistry and provides a

comparison to the reactions involving Oa.

1.2. Current Dissertation

The preparation and characterization of novel d° tungsten alkyl alkylidyne
and bis(alkylidene) complexes, mechanistic pathways in the formation of these
compounds, and studies of their reactions towards O, and H,O and related

chemistry of these complexes are the foci of this Ph.D. dissertation.

1.2.1. Chapter 2

Preparation, characterization, and X-ray crystal structure of novel alkyl
alkylidyne (Me3SiCH2);W(=CSiMes)(PMes) (3a), bis(alkylidene)
(Me3SiCH2),W(=CHSiMe3)2(PMes) (3b), and studies of the interconversion
between alkylidyne 3a and bis(alkylidene) 3b complexes are reported. An
adduct between PMes and alkyl alkylidyne (MesSiCH,)sW=CSiMe; (4a),
(Me3SiCH2);W(=CSiMes)(PMes) (3a), was found to undergo a rare reversible
transformation to its bis(alkylidene) tautomer (Me3;SiCH,),W(=CHSiMe3)2(PMe3)
(3b). The bis(alkylidene) tautomer 3b is favored in the 3a = 3b

[(Me3SiCH2)3W(ECSiMe3)(PMe3) = (Me3SiCH2)2W(=CHSiMG3)2(PM€3)]



equilibrium with Keq ranging from 12.3(0.2) at 278(1) K to 9.37(0.12) at 303(1) K,
giving the thermodynamic parameters for the equilibrium: AH®° = —1.8(0.5)
kcal/mol and AS° = —1.5(1.7) eu. The a-hydrogen exchange between 3a and 3b
follows first-order reversible kinetics. The activation parameters are AH* =
16.2(1.2) kcal/mol and AS™ = —22(4) eu for the forward reaction (3a — 3b), and
AH” = 18.0(1.3) kcal/mol and AS™ = —21(4) eu for the reverse reaction (3b — 3a).
The role of PMes in the exchange 3a = 3b has been studied by density functional
theory calculations through the collaboration with researchers at the Hong Kong

University of Science and Technology. A paper about the chemistry in this

chapter has been published in J. Am. Chem. Soc. 2004, 126, 10208-10209."

1.2.2. Chapter 3
Heating the 3a = 3b equilibrium mixture in the presence of excess PMe3
caused an a-hydrogen abstraction and conversion to

(Me3SiCH,)(MesSiCH=)W(=CSiMes)(PMes), (8a-b) (Eq. 1.6).

(Me3SiCH2)sW(=CSiMes)(PMes) (3a) = (MesSiCH2),W(=CHSiMes)2(PMes) (3b)

> (Me3SiCH,)(MesSiCH=)W(=CSiMes)(PMes), (8a-b) Eq. 1.6

This reaction was found to follow second-order kinetics — first order with respect
to 3 and PMes, respectively. In the presence of excess PMes, pseudo first-order

kinetics was observed and activation parameters are AH” = 27.4(1.5) kcal/mol



and AS” = -1(4) eu. Preparation of
(Me3SiCH:)(Me3SiCH=)W(=CSiMe3)(PMe,Ph), (9a-b) is also reported and

compared with the formation of 8a-b.

1.2.3. Chapter 4

Synthesis of (Me3SiCH;)3(MesSiC=)W«0O=PMe; (11), an adduct between
(Me3SiCH»);W=CSiMe3; (4a) and O=PMes, is reported in Chapter 4. 11 was
found to react with O, to give CO, and O=W(OSiMe3)(CH,SiMe3); (12) which
was isolated as an adduct with 4a,
(Me3SiCH>)3(MesSiC=)W«0=W(OSiMe3)(CH2SiMes)s (13). In this reaction, the
—SiMe; group in the =CSiMe; ligand undergoes an unprecedented migration to
form the —OSiMe3 ligand in 12, and the =C— atom is oxidized to CO,. O=PMes is
believed to serve as a mediator for the 1,3-silyl migration, and the mechanism
may be radical in nature. Studies with ®0-labelled "0, have been conducted to
determine whether the oxygen atoms in 12 come from '®0,. High-resolution

mass spectrometry (HRMS) was used to analyze the products.

1.2.4. Chapter 5

Reaction of (Me3SiCH;);W=CSiMe; (4a) with H,O was studied, and found
to yield the oxo complexes 12 as well and CH4. In this reaction, a silyl migration
in the =CSiMe; ligand was also observed, and the =C— atom is converted to CH,.

These studies show that two different alkylidyne complexes, 4a and 11, react

10



with O, and H;0O, respectively, to yield the same unusual oxo complex 12. The
reaction of 4a with D,O showed a-hydrogen scrambling during the reaction and
formation of methane isotopomers, which were studied by HRMS. Reactions of
(Me3SiCHa)3(MesSiC=)W«0=PMe;3 (11) with H,O were also studied, and found

to yield the oxo complex 12 as well.

1.2.5. Chapter 6

Based on the work reported in the current dissertation, some future

studies are suggested in this chapter.
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CHAPTER 2
New Tungsten Alkyl Alkylidyne and Bis(alkylidene) Complexes
and Kinetic and Thermodynamic Studies of Their Unusual Inter-

Conversions

2.1. Introduction

The reactivity of a-hydrogen atoms in alkyl ligands free of p-hydrogen
atoms (e.g., Me3sCCH; and Me3SiCH>) has been studied due to their role in the
formation of high-oxidation-state alkylidene and alkylidyne complexes.®°>°¢.15-17
d%-Alkyl alkylidyne (RCH.)sW=CR’ and alkylidene (Bu'CH.);Ta=CDBuU' complexes
are known to undergo a-hydrogen migrations among the a-carbon atoms.**'® |n
previous work, bis(alkylidene) complexes are believed to be intermediates in
alkyl-alkylidyne scrambling through a-hydrogen transfer in alkylidyne complexes
(BU'CH2)sW=""CCMes (1-*C) and (Bu'CH);W=CSiMes."”® Such a-hydrogen
exchanges in, for example, (Bu'CH,)sW=">CCMe; (1-*3C) at 60 °C, lead to
scrambling of the "*C labeled atom between the alkyl and alkylidene ligands and
the formation of (Bu'CHy),(Bu-">CH,)W=CBu' (Scheme 2.1a). A statistical
distribution of the "*C-labeled a-carbon atoms in (Bu™*CH,)sW=*CBu' (*C: 25%
'3C) is reached in 24 hours.'® In other words, the *C label is present in the a-

carbon atoms in the ™CH, : ="°C groups in a 3 : 1 ratio. Another case of such

alkyl-alkylidene scrambling has been reported in d° (Bu'CH,);W=CSiMes,

12
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leading to the formation of (Bu'CH.)2(MesSiCH,)W=CBu' (Scheme 2.1b).
Deuterium labeling studies using (Bu'CHD);W=CSiMe; and (Bu'CD;);W=CSiMe3
as well as kinetic studies of the a-hydrogen exchanges are consistent with
unimolecular and stepwise transfer of two H atoms in one alkyl ligand to the
alkylidyne ligand in  (BU'CH,)sW=CSiMes."® A bis(alkylidene)
"(BU'CH,),W(=CHSiMe3)(=CHBU")" was proposed as an intermediate in the

d.”® It is reasonable to

transfer (Scheme 1b), although it was not observe
assume that there is a similar bis(alkylidene) intermediate in the alkyl-alkylidyne
scrambling in (Bu'CH,)sW="2CBu' (1-**C, Scheme 2.1a)."® In the d? osmium
bis(alkylidene) complex Os(=CHBu'),(CD,Bu'),, H/D atoms were found to

19¢

scramble among the a-carbon atoms (Scheme 2.1c). This exchange is

believed to occur through the alkyl alkylidyne intermediate "(Bu'CH,);Os=CBu'"."
Although the exchange of a-hydrogen atoms is a fundamental dynamic

process in these archetypical d° alkylidene and alkylidyne complexes, there is, to

our knowledge, only one direct observation of such an exchange between

bis(alkylidene) and alkylidyne tautomers,®5%°¢/152.20.21

Alkylidyne complex
(Me3CCH,),W(=CCMes)(SiBu'Ph,) (2a), a silyl analog of 1, was found to be in an
equilibrium with its silyl bis(alkylidene) tautomer

(MesCCH,)W(=CHCMes),(SiBu'Ph,) (2b) (Eq. 2.1).%

14



CH,BU! CHBU'
| Keq |

Bu'CH, W Bu'CH, Wa Eq. 2.1
2 { ~cau! 2 { Nchpy! (Eq. 2.1)
Ph,Bu'Si Ph,Bu'Si
2a 2b

(BU'CH2)W(=CHBU'),(SiBu'Ph;) (2b) is one of the rare known d°
bis(neopentylidene) complexes; the only other known examples involve tantalum

1621923 Theoretical studies

and niobium d° bis(neopentylidene) complexes.
reveal that the silyl ligand plays a critical role in the relative stabilities of the d°
tungsten bis(alkylidene) tautomer (2b) through the d-p = interaction between the
silyl ligand and the electron density in the metal-alkylidyne/alkylidene bonds.?®
We recently observed that (Me3;SiCH,);W(=CSiMe;3)(PMe;) (3a), an
adduct between PMe; and (Me3SiCH,);W=CSiMe; (4a), undergoes an exchange

with its bis(alkylidene) tautomer (Me3SiCH,),W(=CHSiMe3)(PMe3) (3b, Eq.

2.2)."
Kegq R R
R//I"\\]V ? k4 \JV;H
R /T — < R/ T\YR (Eq. 2.2)
H
PMe3 PMe3
R = SiMe3, 3a 3b

In the absence of the phosphine, the bis(alkylidene) tautomer
“(Me3SiCH2),W(=CHSiMes), (4b)” was not observed. Unlike the exchange

involving silyl alkylidyne and bis(alkylidene) complexes 2a and 2b, this is an
15



unusual phosphine-induced exchange. Assuming (MesSiCH,);W=CSiMe; (4a)
undergoes an alkyl-alkylidyne scrambling involving “(Me3SiCH,),W(=CHSiMe3),
(4b)” as an intermediate similar to that in Scheme 2.1b, the current work
suggests that PMe3 coordination making (Me3SiCH,),W(=CHSiMe3)2(PMe3) (3b)
significantly stabilizes 4a to make its phosphine adduct 3b observable at room
temperature. The synthesis of analogues (Me3;SiCH,);W(=CSiMes)(PMe,Ph)
(5a) and (MesSiCH;),W(=CHSiMe3)(PMe,Ph) (5b) was also studied and the
tautomeric mixture was found to undergo a similar equilibrium. Our preparation
and characterization of 3a, 3b, 5a, and 5b as well as thermodynamic and kinetic

studies of the 3a = 3b exchange in Eq. 2.2 are reported here.

2.2. Results and Discussion
2.2.1. Synthesis and Characterization of the Tungsten Alkyl Alkylidyne
Complex (Me3SiCH,);W(=CSiMes)(PMej3) (3a)

Addition of PMej to a solution of (Me3SiCH;)sW=CSiMej3 (4a) in toluene-ds
leads to an immediate color change from yellow to red, and the formation of the
PMe; adduct (Me3SiCH2)sW(=CSiMes)(PMes) (3a). NMR spectroscopic
characterization ['H, *C, *'P, #Si, "H-gated-decoupled "*C (Figure 2.1) and
HMQC] of 3a at —50 °C suggests that the PMe3 ligand coordinates cis to the
alkylidyne ligand. Two alkyl resonances were observed in the 'H (in a 1 : 2 ratio),

3C and ?°Si NMR spectra of 3a at —50 °C, as expected from the structure of 3a
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at 23 °C. Lower: 'H-gated-decoupled *C NMR (62.896 MHz) spectrum of a

mixture of 3a and 3b at 23 °C.
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in Eq. 2.2. The coupling constant 2Jp.c.axial Of 36.5 Hz for the axial -CH2R ligand
is, as expected, larger than ZJP-C-equatoria| of 7.2 Hz for the equatorial -CH;R
ligand. The resonance of the alkylidyne C atom in the PMes adduct
(Me3SiCH,)sW(=CSiMes)(PMes) (3a) at 358.81 ppm appeared as a doublet (2Jp.c
= 14.5 Hz) in both *C and "H-gated-decoupled *C NMR spectra, and is down-

field shifted from that of (Me3;SiCH2);W=CSiMe; (4a) at 343.27 ppm.

2.2.2. Synthesis and Characterization of the Tungsten Bis(alkylidene)
Complex (Me3SiCH,),W(=CHSiMe3s),(PMe3) (3b)

Upon warming the solution of 3a in toluene-ds to room temperature, 3a
was found to undergo alkyl-to-alkylidyne a-hydrogen migration to give
bis(alkylidene) (Me3;SiCH,),W(=CHSiMe3).(PMe3) (3b), which was characterized
by 'H (Figure 2.2), *C (Figure 2.3), *'P, #Si, "H-gated-decoupled "*C (Figure
2.1) and HMQC NMR spectroscopy. The two tautomers are found to be in
equilibrium (3a = 3b). The two alkylidene ligands are inequivalent; the alkylidene
C resonances in 3b are observed as doublet of doublets at 256.43 ('Jc.n = 123.5
Hz) and 254.71 ppm ('Jcy = 102.6 Hz) in the 'H-gated-decoupled *C NMR
spectrum at -50 °C (Figure 2.1). The coupling constants 2Jp.c.axial @nd 2Jpc.
equatorial Of 32.3 and 0 Hz for the axial and equatorial -CH3R ligands, respectively,
and 2Jp.c of 11.8 and 12.6 Hz for the two alkylidene ligands suggest that the two
alkylidene and one alkyl ligands coordinate cis to the PMes ligand. The "H NMR

resonances of the alkylidene H atoms in 3b were observed as
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doublets at 7.985 (*Jp.4 = 5.6 Hz) and 7.1982 (*Jp.y = 4.0 Hz) ppm, respectively.
The presence of two inequivalent alkylidene ligands suggest that 3b adopts an
anti, syn configuration (Eq. 2.2), and it is unlikely that the two ligands are
involved in a fast rotation about the W=C bonds. The prochiral W atom in 3a
gives rise to diastereotopic a-hydrogen atoms (CHaH,-SiMes) for the equatorial
alkyl ligands observed as doublet of doublets at 0.751 ppm (both 2Juatb and
3Jp_ = 14.4 Hz) and 0.213 ppm (*Jp.4 = 28.2 Hz) in its "H NMR spectrum at —50
°C (Figure 2.4). The presence of the prochiral W atom in 3b similarly leads to
diastereotopic a-hydrogen atoms (CHeH:-SiMes, Figure 2.5) for the equatorial
alkyl ligand observed as doublet of doublets at 0.917 (3Jp.4 = 17.7 Hz, 2Jhatp =
11.3 Hz) and 0.876 (*Jp.y = 32.2 Hz) ppm in the '"H NMR spectrum at —50 °C.
The chemical shift differences between the diastereotopic H, and H, atoms in 3a
(0.538 ppm) is larger than that (0.041 ppm) in 3b. The chemical shift difference
in alkylidyne 3a is, however, smaller than 4.56 ppm in pseudo-tetrahedral silyl
alkylidyne complex (Me3CCH,),W(=CSiMe3)[Si(SiMes)s].?"

The equilibrium mixture of 3a and 3b is stable in solution for several days
and cooling the solution to —30 °C yielded crystals of 3b that were suitable for X-
ray diffraction studies. A representation of the molecular structure,
crystallographic refinement data, and selected bond distances and angles of 3b
are given in Figure 2.6, and Tables 2.1 and 2.2, respectively. Low-temperature
'"H NMR spectra of the crystals showed that the crystals are those of 3b,

indicating that 3b preferentially crystallized from the mixture. Elemental analysis
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Table 2.1. Crystal data and structure refinement for 3b

Compound No. 3b

Empirical formula (formula weight)  C,1H5304P1SisW, (676.90)

Temperature —-100(2) °C

Wavelength 0.71073 A

Crystal system Hexagonal

Space group P6(3)

Unit Cell Dimensions a=1213106)A  «=90°

b=12.1310(5)A  B=90°

c=12.1091(5)A  y=120°

Volume 1543.25(11) A

z 2

Density (calculated) 1.457 g/em?®

Absorption coefficient 4.000 mm™

F(000) 692

Crystal size 0.35 x 0.25 x 0.25 mm®

@ range for data collection 1.68 to 27.42°

Index ranges -15<h<15,-15<k<15,-15<1<15
Reflections collected 15949
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Table 2.1. Continued

Compound No.

3b

Independent reflections
Completeness to 6= 27.42°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I > 2o(1)]

R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

2352 [R(int) = 0.0371
100.0%
Semi-empirical from equivalents
Full-matrix least-squares on F?
2352 /112 /86

1.207

R1=0.0624, wR2 = 0.1235

R1 = 0.0655, wR2 = 0.1255
0.44(11)

1.881 and -2.401 e. A™®

" R1 = X[|Fo| — | Fell / ZIFof; WR2 = [ W(F,? — Fo?) 1 = w(Fo?)]"%;
w = 1/[6%(Fo) + (aP)? + bP]; P = [2F;2 + Max(F.2, 0))/3
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Table 2.2. Selected bond distances (A) and angles (°) for 3b

Distances
W(1)-C(2) 1.964(12) * Si(1)-C(5) 1.879(10)
W(1)-C(6) 2.041(18) C(6)-Si(2) 1.889(19)
W(1)-P(1) 2.514(5) Si(2)-C(9) 1.854(15)
P(1)-C(1) 1.86(2) Si(2)-C(8) 1.874(16)
C(2)-Si(1) 1.860(13) Si(2)-C(7) 1.858(15)
Si(1)-C(4) 1.871(13)
Si(1)-C(3) 1.861(13)
Angles
C(2-W(1)-C(2a)  119.39(14)  C(1)-P(1)-W(1) 115.6(7)
C(6)-W(1)-P(1) 155.3(6) C(2)-W(1)-P(1) 85.5(5)
C(2)-W(1)-C(6) 112.7(12) Si(1)-C(2)-W(1) 135.1(7)
C(2a)-W(1)-C(6) 98.7(14) Si(2)-C(6)-W(1) 128.4(12)
C(5)-Si(1)-C(2) 111.2(6) C(7)-Si(2)-C(6) 108.9(12)
C(5)-Si(1)-C(3) 108.7(7) C(7)-Si(2)-C(8) 108.4(11)

* This is the average of one W=CHR and two W-CH3R bonds in the

disordered structure.
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of the crystals is consistent with the composition of 3b. The X-ray crystal
structure of 3b was found to be severely disordered with a crystallographically
imposed 3-fold axis through the Si(2), W(1) and P(1) atoms. The structure was
solved with the help from Dr. Charles F. Campana of Bruker AXS, Inc. The C(6)
atom was located in three equivalent positions: C(6), C(6a) and C(6b), each with
a partial occupancy of 1/3. Only C(6) is shown in the ORTEP view of 3b (Figure
2.6). 3b adopts a pseudo trigonal bipyramidal structure with C(6) and P(1) in the
axial positions and the C(6)-W(1)-P(1) angle of 155.3(6)°. The axial W(1)-C(6)
bond distance of 2.041(18) A is similar to 2.096(5) A in (Bu'CH,)sW=CSiMe3,'®
but shorter than 2.112(9) A and 2.118(9) A in
(Bu'CH,),W(=0)[=C(SiMe3)SiBu'Ph,]?**° and 2.258(8) A in the alkyl alkylidene
alkylidyne complex W(CH,Bu')(=CHBuU")(=CBu')[Me,P(CH,),PMe;].?* The 3-fold
disorder leads to an average of the three equatorial W-C bond distance [W(1)-
C(2)] of 1.964(12) A. This average is smaller than the W(1)-C(6) bond distance
of 2.041(18) A, suggesting that the two alkylidene W=C bonds are in the
equatorial positions. This observation is consistent with the NMR data of 3b
discussed earlier in this section. The equatorial C(2)-Si(1) bond distance of
1.860(13) A is slightly shorter than the axial C(6)-Si(2) distance of 1.889(19) A.
The W(1)-P(1) bond distance of 2.514(5) A is similar to those [2.450(3) and

2.577(3) A] in W(CHBu')(=CHBU")(=CBu'")[Me,P(CH,).PMe,].%*
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2.2.3. Synthesis and Characterization of (Me3;SiCH;);W(=CSiMe3)(PMe;Ph)
(5a) and (Me3SiCH3),W(=CHSiMes),(PMe2Ph) (5b)

(Me3SiCH_);W(=CSiMe3)(PMe2Ph) (5a) and
(Me3SiCH2),W(=CHSiMes),(PMe,Ph) (5b) were prepared by a procedure similar
to that used to prepare complexes 3a and 3b. Upon addition of PMe,Ph to a
solution of (Me3SiCH2)sW(=CSiMe3) (4a) in toluene-dg at 23 °C, an immediate
color change from yellow to orange-red was observed. NMR spectroscopic data
at -50 °C, vide infra, were consistent with the formation of the PMe>Ph adduct
(Me3SiCH,);W(=CSiMes)(PMe2Ph) (5a). NMR spectroscopic characterization
(*H, ®c, *P, #Si, and HMQC) of 5a suggests that the PMe,Ph ligand
coordinates cis to the alkylidyne ligand as in 3a. Upon warming the solution of
5a in toluene-dg to 23 °C, 5a was found to undergo alkyl-to-alkylidyne a-
hydrogen migration to give bis(alkylidene) (Me3sSiCHz),W(=CHSiMes),(PMe,Ph)
(5b), which was characterized by 'H, ™C, *P, ?°Si, and HMQC NMR
spectroscopy. As in 3a = 3b, the two tautomers reach an equilibrium (5a = 5b)
[Keq (303 K) = 4.65(0.11)].

5a and 5b also exhibit diastereotopic a-hydrogen atoms on the equatorial
alkyl ligands, as shown in the Newman projections in Figure 2.7. The 'H NMR
resonances of the alkylidene H atoms in 5b were observed as doublets at 8.217
(Jp. = 5.3 Hz) and 7.621 (*Jp.q = 3.6 Hz) ppm, respectively. Similarly, the *C
NMR resonances of the alkylidene ligands in 5b appeared as doublets at 257.8

and 256.0 ppm, respectively. These observations suggest that, as in 3b, there
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are two inequivalent alkylidene ligands in 5b. The coupling constants 2Jp.c.axia
and 2Jp.c.equatorial Of 32.2 and 0 Hz for the axial and equatorial -CHR ligands,
respectively, and 2Jp.c of 12.1 and 11.1 Hz for the two alkylidene ligands suggest
that the two alkylidene and one alkyl ligands coordinate cis to the PMes; ligand.
Two inequivalent alkylidene ligands suggest that 5b adopts an anti, syn
configuration similar to that of 3b. The prochiral W atom in 5a gives rise to
diastereotopic a-hydrogen atoms (CHaHy,-SiMes) for the equatorial alkyl ligands
as doublet of doublets at 0.750 ppm (*Jua-tp = Jp.s = 14.8 Hz) and 0.530 ppm in
the '"H NMR spectrum at =50 °C.

The equilibrium mixture of 5a and 5b in solution was found thermally
unstable. They are converted to (Me3SiCH,)(Me3SiCH=)W(=CSiMe3)(PMe,Ph),
(9a-b), which is discussed in Chapter 3. Repeated attempts to purify 5a-b
through crystallization gave thermally unstable, oily liquids which failed to give
satisfactory C elemental analysis, although the H and P elemental analyses were
good.”® The characterization of 5a-b was thus based on their 'H, "*C, *'P, #°S;j,

'H-decoupled "C, and HMQC NMR spectra.

2.2.4. Kinetic and Thermodynamic Studies of the 3a = 3b Exchange

In the current work, (Me3SiCH.,);W(=CSiMe3)(PR3) (3a and 5a), adducts
between phosphines PR3 and alkyl alkylidyne (Me3SiCH;);W=CSiMe3 (4a), were
found to undergo exchanges with their bis(alkylidene) tautomers

(Me3SiCH2),W(=CHSiMes)2(PR3) (3b and 5b). Given the unusual nature of the
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exchange processes of 3a-b and 5a-b in the presence of phosphines, further
kinetic and thermodynamic studies were performed with the goal of elucidating
the mechanism. These studies of the 3a = 3b and 5a = 5b exchanges are
presented here and in the subsequent section (Section 2.2.5), respectively.

Variable-temperature NMR spectra of the tautomerization 3a = 3b were
studied, and the equilibrium constants, Keq = [3b] / [3a], measured between 278
and 303 K are listed in Table 2.3. A plot of In Keq vs 1/T (Figure 2.8) gave AH° =
—1.8(0.5) kcal/mol and AS° = —1.5(1.7) eu." The equilibrium constants (Keq)
range from 12.3(0.2) at 278 K to 9.37(0.12) at 303 K, indicating that the
alkylidene isomer 3b is favored. Decreasing the temperature shifts the
equilibrium towards 3a. The process 3a = 3b is slightly exothermic with AH° =
—1.8(0.5) kcal/mol. It is interesting to note that the d° bis(alkylidene) complex 3b
is thermodynamically close in energy to its alkylidyne isomer 3a [AG°®29sk =
—1.3(1.0) kcal/mol], although 3b is slightly more stable. If there is an alkyl-
alkylidyne scrambling process in (Me3SiCH;,);W=CSiMe; (4a) as in
(Bu'CH,)sW=CSiMe; =  (BU'CH,),W(CH,SiMes)(=CBu'), the  proposed
bis(alkylidene) intermediate “(Me3SiCH,),W(=CHSiMe3), (4b)” is much higher in
energy than 4a, and coordination with PMe; to give 3b significantly lowers its
energy so that 3a = 3b equilibrium is observed.'®%2

In the previous study of the exchange of silyl complexes

(Bu'CH.),W(=CBu")(SiBu'Ph;) (2a) = (Bu'CH2)W(=CHBU")2(SiBu'Phy) (2b), only
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Table 2.3. Equilibrium (Keq) and rate constants (ks and k_4) of the 3a < 3b

exchange ?

T (K) Keg ° ks x 10° (s7')° kg x 10°(s7)°
278 + 1 12.3+0.2 1.42 +0.02 1.160 + 0.018
283 + 1 11.52 + 0.08 2.47+0.13 2.14 +0.11
288 + 1 10.941 + 0.012 4.16 + 0.04 3.80 + 0.04
293 + 1 10.43 £ 0.07 76+0.3 73+0.3

298 + 1 9.80 + 0.05 10.55 + 0.10 10.71 £ 0.10
303 + 1 9.37 +0.12 175+ 0.5 18.6 + 0.6

& Solvent: toluene-ds

® The largest random uncertainty is OKeqran/Keq = 0.2/12.3 = 1.6%. The total
uncertainty oKeg/Keq 0f 5.2% was calculated from oKeqrany/Keq = 1.6% and the
estimated systematic uncertainty oKeqsysyKeq = 5% by 0Keq/Keq = [(OKeq(ran)/Keq)
+ (OKeq(sysy/Keq) 1.

¢ The largest random uncertainties are 8kianyks = 0.13/2.47 = 5.3% and
OK_1(rany/k-1 = 0.11/2.14 = 5.1%. The total uncertainties oki/k; = 0.0726 and
dk_4/k-1 = 0.0717 were calculated from okyanyk and the estimated systematic

uncertainty Sksys)’k = 5% by 8k/k = [(8Kganyk)? + (8ksysy/k)*]">.
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Figure 2.8. A plot of In Keq vs 1/T of the equilibrium 3a <= 3b.
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the thermodynamic properties were reported. We have conducted kinetic studies

of the unusual alkyl alkylidyne and bis(alkylidene) exchange between 3a and 3b.
Variable-temperature '"H NMR experiments for the 3a = 3b exchange

between 278 and 303 K show that the a-hydrogen migrations between 3a and 3b

follow first-order reversible kinetics (Egs. 2.3 and 2.4),%°

In (. =ls) = —(k, + k)t (Eq. 2.3)
(|3bfe - |3b—0 )_
k, [3b]
Ko = 1 = 122 Eq. 2.4
< (Eq. 2.4)

where l3p.0, l3pt and Iy are the integrations of 3b at tme t = 0, t = t, and
equilibrium, respectively; ki and k_; are the rate constants for the forward and
reverse reactions, respectively. The kinetic plots for the exchange are shown in
Figure 2.9, and the rate constants from Eq. 2.3 are given in Table 2.3. Eyring
plots (Figure 2.10) lead to the activation parameters of the exchange: AH{" =
16.2(1.2) kcal/mol, AS4* = —22(4) eu for the forward reaction 3a — 3b, and AH,”
= 18.0(1.3) kcal/mol, AS,” = —21(4) eu for the reverse 3b — 3a reaction.

The 3a = 3b exchange is significantly slower than the
(BU'CH,),W(=CBU")(SiBu'Ph,) (2a) = (BU'CH,)W(=CHBU"),(SiBu'Ph,y) (2b)
exchange; The latter was observed in the 2D-NOESY spectra (tmix = 3 s) at 23
°C.?*2 The 3a = 3b exchange is, however, much faster than the alkyl-alkylidene

scrambling in (Bu'CH,)sW=CSiMes which was observed at >70 °C."® The
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activation free energy AG1”29sx of 23(2) kcal/mol for the forward reaction 3a — 3b
is 28.1(1.1) kcal/mol lower than that for the alkyl-alkylidene scrambling in
(Bu'CH,)sW=CSiMes."®

It is interesting to note that (Bu'CH,)sW=C'Bu (1) reacts with neat PMejs in
a sealed tube at 100 °C, giving (Bu'CH,)W(=C'Bu)(=CH'Bu)(PMes), (6) through
a-hydrogen abstraction and CMe,s elimination, as Schrock and Clark have
reported (and discussed in Chapter 3)."** When ca. 1 equiv of PMes; was added
to a solution of 1 in benzene-ds at room temperature, a similar reaction giving 6
and CMe4 occurred. No adduct between 1 and PMe3; was observed. The studies
here reveal the differences in the reactivities of (Me3SiCH,);W=CSiMe; (4a) and
its analog (Bu'CH,);W=CBu' (1) toward PMes. The role of PMes in the 3a = 3b
exchange has been studied by density functional theory calculations and will be

discussed in Section 2.2.6.

2.2.5. Thermodynamic and Kinetic Studies of the 5a = 5b Exchange. A
Comparison of PMe3; and PMe,Ph

PMe,Ph is bulkier than PMes, and the phenyl group often acts as an
electron withdrawing group. Both yielded alkylidyne adducts in their reactions
with 4a: (Me3SiCH2);W(=CSiMes)(PMes) (3a) and
(Me3SiCH,);W(=CSiMes)(PMe2Ph) (5a). The thermodynamic and kinetic studies
were conducted for the (MesSiCH,);W(=CSiMes)(PMe,Ph) (5a) <=

(Me3SiCH2),W(=CHSiMes),(PMe,Ph) (5b) exchange at 303 K. The 5a = 5b
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equilibrium [Keq' = 4.65(0.11) at 303 K] is shifted more to the left (5a) than the 3a
= 3b equilibrium [Keq = 9.37(0.12) at 303 K]. Our theoretical studies presented in
the next section (Section 2.2.6) indicate that PMes ligands prefer to bind to the
bis(alkylidene) tautomers, and this coordination plays a critical role in the
stabilization of the bis(alkylidene) tautomers. Perhaps the bulkier PMe,Ph
ligands with an electron-withdrawing phenyl group donate less electron density to
the metal centers in 5a and 5b, shifting the equilibrium to alkyl alkylidyne 5a.
Kinetic studies using a kinetic equation similar to Eq. 2.3 give ki’ = (1.0 +
0.1)x10* s and k' = (2.2 £0.2) x 10° s™" for the 5a — 5b and the reverse 5b
— 5a conversions at 303 K, respectively (Figure 2.11). In comparison, the rates
for the 3a = 3b exchanges in the PMes; complexes are ki = (1.75 + 0.05) x 10™*
s and k4 = (1.86 + 0.06) x 10° s'. The forward 5a — 5b conversion in the
PMe,Ph complexes is slower than the 3a — 3b conversion, whereas the reverse
5b — 5a conversion is slightly faster than the 3b — 3a conversion. The 3a = 3b
equilibrium is more shifted to 3b [Keq = 9.37(0.12)] than in the 5a <= 5b equilibrium
[Keg' = 4.65(0.11)], resulting in a higher kinetic barrier for the reverse 3b — 3a

conversion. It is not clear what leads to the higher kinetic barrier.
2.2.6. Theoretical Studies of the 3a —= 3b Exchange

To understand the effect of the phosphine ligand on the relative stabilities

of the tautomers, DFT calculations were carried out by Professors Zhen Yang Lin
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and Yun-Dong Wu’s research groups at the Hong Kong University of Science
and Technology. The results of the DFT calculations on the corresponding
model complexes are given in Scheme 2.2. The results show that PMe;
promotes the conversion of the alkylidyne complex to the bis(alkilidene)
tautomer. 3b’ is calculated to be more stable than 3a’ by 2.1 kcal/mol, consistent
with the experimentally measured AH° (-1.8 kcal/mol) for the 3a — 3b
conversion.

The relative energies shown in Scheme 2.2 suggest that PMe; binds with
the bis(alkylidene) tautomer relatively more strongly than with the alkylidyne
tautomer, reversing the relative stability in the two adduct isomers. To
understand how PMe; coordinates to 4a’ and 4b’, their lowest unoccupied
orbitals (LUMOs), which are responsible for interaction with PMe;, were
examined in the frontier region. The structures of 3a’ and 3b’ together with the
relative binding ability of 4a’ and 4b’ are closely related to the orbital feature and
orbital energies of the LUMOs. Figure 2.12 shows the plots of the relevant
LUMOs for both 4a’ and 4b’. The maximum amplitudes of the LUMOs determine
the coordination sites for the PMej; ligand. In both structures, the vacant sites
are in the axial positions (pointing to the bottom). In the case of 4a’, the
maximum amplitudes of the LUMO are in the equatorial positions and
approximately 90° to the alkylidyne ligand. In 4b’, the maximum amplitude of
one lobe in the LUMO is in the vacant site and is also approximately 90° to the

two alkylidene ligands. Thus, in both 4a’ and 4b’, PMe; prefers to occupy the
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coordination sites trans to W-CHj3 instead of W=CH, or W=CH, reflecting the
stronger trans influence properties of the W=CH, and W=CH bonds. The LUMO
of 4b’ is much lower in energy than that of 4a’ (Figure 2.12), giving greater ligand
binding energy with PMe3. Therefore, 3b’ is more stable than 3a’. Clearly, the

PMe; coordination affects the thermal stabilities of the tautomers significantly.

2.3. Concluding Remarks

In this chapter, an adduct between PMes; and alkyl alkylidyne
(Me3SiCH,);W=CSiMe;3 (4a), (MesSiCH.);W(=CSiMes3)(PMes) (3a), was found to
undergo a rare exchange with its  bis(alkylidene) tautomer
(Me3SiCH2),W(=CHSiMe3)2(PMe3) (3b). Thermodynamic studies show that the
bis(alkylidene) tautomer 3b is favored in the 3a = 3b equilibrium. The a-
hydrogen exchange between 3a and 3b follows first-order reversible kinetics.
Bis(alkylidene) complexes are believed to be intermediates in alkyl-alkylidyne
scrambling through a-hydrogen transfer in alkylidyne complexes. The role of
PMes; in the 3a = 3b exchange has been studied by density functional theory
calculations. The current system provides a rare direct observation of an a-
hydrogen migration product 3b and thermodynamic, kinetic, and theoretical study
of its formation. Synthesis and characterization of complexes 5a and 5b
containing PMePh ligands was also studied. Their exchange was found to be

shifted to 5a and slower than that of the 3a = 3b exchange.

44



2.4. Experimental Section
2.4.1. General Procedures

All manipulations were performed under a dry nitrogen atmosphere with
the use of either a dry box or standard Schlenk techniques. Solvents were
purified by distillation from potassium/benzophenone ketyl. Benzene-ds and
toluene-ds were dried over activated molecular sieves and stored under Na.
WClg was freshly sublimed under vacuum. (MesSiCH,)sW=CSiMe; (4a)'*® was
prepared from W(OMe);Cl; and six equiv of Me3SiCH,MgCl by a procedure
similar to that used in the preparation of (MesCCH.);W=CCMe; (1)."" 'H and
3C NMR spectra were recorded on a Bruker AC-250 or AMX-400 spectrometer
and referenced to solvent (residual protons in the 'H spectra). *'P, 2°Si, and
HMQC (Heteronuclear Multiple Quantum Coherence) and 'H-gated-decoupled-
3C spectra were recorded on a Bruker AMX-400 spectrometer. Elemental
analysis was performed by Complete Analysis Laboratories Inc., Parsippany,
New Jersey.

For the thermodynamic studies, the equilibrium constants K¢, were
obtained from at least two separate experiments at a given temperature, and
their averages are listed in Table 2.3. The maximum random uncertainty in the
equilibrium constants was combined with the estimated systematic uncertainty of
ca. 5%. The total uncertainties in the equilibrium constants were used in the
In Keq vs. 1/T plot in Figure 2.8 and error propagation calculations.
The estimated uncertainty in the temperature measurements for an NMR probe

was 1 K. The enthalpy (AH°) and entropy (AS°) changes were calculated from an
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unweighted nonlinear least-squares procedure contained in the SigmaPlot
Scientific Graph System. The uncertainties in AH® and AS°® were computed from
the following error propagation formulas which were derived from —RT In Keq =

AH° — TAS®.

(Tmax _Tmin )4 K T

2R?T2 T2 (oKquz

max " min
Keq

+ 2
(Tmax _Tmin )

2 2
(GASO)z — 2R2Tn?inTn?ax |:|I'{ KeQ(max) J] (i)

2
(O'AH 0)2 — R ? (Tn?axTn‘:in + TnfinTn:‘ax )|:|n[ Keq(max) J] (i)z
eq(min)

(Eq. 2.4)

4
(Tmax - Tmin ) Keq(min) T

2
RZ(Tnfax +Trr?in ) {O-Keq ]
+ 2

(rmax _Tmin ) Keq

(Eq. 2.5)

Tmin @and Tmax are the minimum and maximum temperatures in the current
studies; T is the mean temperature in the current studies. Keqmin) and Kegmax) are
the minimum and maximum equilibrium constants, respectively. cKeq/Keq is given
in Table 2.3. For the kinetic studies, the rate constants k4 and k_; were obtained
from at least two separate experiments at a given temperature, and their
averages are listed. The estimated uncertainty (cT) in the temperature
measurements for an NMR probe was 1 K. The enthalpy (AH”) and entropy
(AS”) were calculated from an unweighted nonlinear least-squares procedure

contained in the SigmaPlot Scientific Graph System. The uncertainties in AH”
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and AS” were computed from the following error propagation formulas (Egs. 2.7

and 2.8)?” which were derived from the Eyring Equation (Eq. 2.6) below.

i K)o A7 JAST i h (Eq. 2.6)
T)" Rt | Rk
# R 2Trr?ax-rnfin
(OARTY == pre

2 2 2 2 (Eq. 2.7)
{(ﬂ) {( AL (147, B1) Mﬂ) }
T AT AT k

2 _ R?
AT?

2 2 2 2
ﬂ Tn?ax 1 +Tmin & +Tr§in 1 +Tmax & + % (Tn?ax +Tr§in )
T AT AT k

(Eq. 2.8)
AL = In(—kmax j - In{kﬂj
Tmax Tmin

AT =T T

in

(0AS*)

X

ky and h are the Boltzman and Plank constants, respectively. The values of ck/k

are given in Table 2.3.
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2.4.2. NMR Experiments

Complete and unambiguous assignments of all proton and carbons
resonances were achieved on the basis of chemical shift considerations, as well
as NMR experiments, namely HMQC and 'H-gated-decoupled-"*C experiments.
HMQC (Heternuclear Multiple Quantum Coherence), the simplest form of an

inverse H,X correlation technique,?®°

was used to assign diastereotopic protons
in complexes 3 and 5. 'H-gated-decoupled-'*C experiments were utilized to
determine the number of hydrogen atoms that are bonded to an a-carbon atom

and to calculate the 'Jc. coupling constants.?*°

2.4.3. Preparation of (Me3SiCH,);W(=CSiMe;s)(PMe3) (3a)

3a was prepared by the vacuum transfer of PMe3 (25 mmHg, 0.104 mmol)
to a J. R. Youngs NMR tube containing 4a (48 mg, 0.0904 mmol) in toluene-ds.
The reaction mixture is kept frozen in liquid nitrogen until placed in the pre-cooled
NMR probe at —50 °C. 3a: 'H NMR (toluene-ds, 400.11 MHz, 50 °C, J in Hz) &
0.904 (d, 9H, PMes, 2Jp.y = 7.2), 0.751 (dd, 2H, eq-CHaHy-SiMes, 2Jup = 3Jpy =
14.4), 0.503 (s, 9H, =CSiMe3), 0.487 (d, 2H, ax-CH,SiMes, ®Jp. = 10.7), 0.329 (s,
9H, ax-CH,SiMes), 0.316 (s, 18H, eq-CH.SiMes3), 0.213 (dd, 2H, eq-CHaHy-

SiMes, 3Jp.y = 28.2, 2Jun = 14.1); *C{"H} NMR (toluene-dg, 100.63 MHz, —50 °C,

J in Hz) & 358.81 (d, =CSiMes, 2Jp.c = 14.5, "Jw.c = 159.1), 81.69 (d, ax-
CH,SiMes, 2Jp.c = 36.5, "Jw.c = 117.9), 49.45 (d, eq-CH,SiMes, 'Jh.c = 111.6, 2Jp.

c =72, Uwe = 59.9), 17.84 (d, PMes, "Jhc = 128.2, "Jpc = 22.8), 4.23 (s,
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=CSiMes, "Jn.c = 117.8, 2Jw.c = 50.1), 3.55 (s, ax-CH,SiMes, 'Jnc = 117.1, *Jwc
= 33.2), 3.48 (s, eq-CH,SiMes, "Juc = 117.1, 2dw.c = 25.0); *'P{'H} (toluene-ds,
161.97 MHz, 50 °C, J in Hz) 8 -5.64 (s, "Jwp = 28.9); *Si{'H} (toluene-ds,
79.49 MHz, —50 °C, J in Hz) § —0.269 (d, ax-CH;SiMes, 3Jp.si = 2.0), —2.482 (d,
eq-CH,SiMes, 3Jp.si = 4.9, 2Jw.si = 50.2), —21.129 (d, =CSiMes, Jp.g = 2.3, 2w.si
= 52.3). The assignments of the 'H and "*C NMR were confirmed by low-

temperature HMQC experiments.

2.4.4. Preparation of (Me;SiCH,),W(=CHSiMe;),(PMes) (3b)

A solution of (Me3SiCH;);W=CSiMes (4a, 95 mg, 0.179 mmol) in pentane
was frozen by liquid nitrogen in a 125-ml Schlenk flask. The flask headspace
was evacuated. PMe; (100 mmHg, 0.358 mmol) was then vacuum transferred to
the flask submerged in liquid nitrogen. The PMe; was then condensed in the
flask, and the flask was warmed to room temperature. The flask was then added
nitrogen, and stirred overnight at room temperature. Cooling the solution at —30
°C overnight gave crystals of 3b (87 mg, 0.143 mmol, 80% yield). 'H NMR
(toluene-dg, 400.11 MHz, —20 °C, J in Hz) & 7.985 (d, 1H, =CHSiMe3, *Jp.; = 5.6),
7.192 (d, 1H, =CHSiMe3s, *Jp.4 = 4.0), 1.024 (d, 9H, PMe3, 2Jp.y = 7.8), 0.917 (dd,
1H, eq-CHaHp-SiMes, 2Jpy = 17.7, 2In = 11.3), 0.876 (dd, 1H, eg-CHaHy-SiMes,
3Jpy = 32.2, 2Jun = 11.3; overlapped with eq-CHaHy,-SiMes peak), 0.388 (s, 9H,
ax-CH,SiMes, 2Jsi.v= 6.0), 0.388 (d, 2H, ax-CH,SiMes, 3Jp.; = 11.4; overlapped

with ax-CH,SiMe3 peak), 0.342 (s, 9H, eg-CH,SiMe3), 0.280 (s, 9H, =CHSiMe3),
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0.128 (s, 9H, =CHSiMes); *C{'H} (toluene-ds, 100.63 MHz, —40 °C, J in Hz) §
256.43 (d, =CHSiMes, 'Ju.c = 123.5, 2Jp.c = 11.8), 254.71 (d, =CHSiMes, 'Jn.c =
102.6, 2Jp.c = 12.6), 50.71 (s, eg-CH.SiMes, 'Ju.c = 105.3, "Jw.c= 43.0), 38.01 (d,
ax-CH,SiMes, 'Jh.c = 111.0, 2Jpc = 32.3), 18.80 (d, PMes, "Ju.c = 126.4, "Jpc =
26.4), 4.82 (s, ax-CH.SiMes, 'Ju.c = 118.1), 3.08 (s, eq-CH,SiMes, 'Jh.c = 118.8),
1.76 (s, =CHSiMes, 'Jh.c = 117.3), 1.64 (s, =CHSiMes, 'Juc = 117.3); *'P{'H}
(toluene-dg, 161.97 MHz, 50 °C, J in Hz) & 0.61 (s, "Jw.p = 115.5); 2°Si{'H}
(toluene-dg, 79.49 MHz, -50 °C, J in Hz) § —0.73 (d, ax-CH,SiMes, 3Jp.si = 19.2),
—1.96 (d, eq-CH.SiMes, 3Jp.si = 4.1), —8.63 (d, =CHSiMe3s, *Jp.si = 2.9), —9.89 (d,
=CHSiMes, %Jpsi = 4.8). 'H and ™C assignments were confirmed by low-
temperature HMQC experiments. Anal. Calcd. C, 37.61, H, 8.47. Found C,

37.43, H, 8.66.

2.4.5. Preparation of (Me3;SiCH,);W(=CSiMes)(PMe,Ph) (5a)

A solution of (Me3SiCH3);W=CSiMej3 (4a, 50 mg, 0.094 mmol) in toluene-
ds was added ca. 10-fold excess PMe,Ph via cannula transfer to a J. R. Youngs
NMR tube. An immediate color change from yellow to orange-red was observed
signifying the formation of 5a. At 50 °C the solution of 5a was stable. 5a: 'H
NMR (toluene-ds, 399.97 MHz, -50 °C, J in Hz) § 7.4-7.0 (m, 5H, PMe,Ph), 1.30
(d, 6H, PMe,Ph, 2Jp.y = 6.0), 0.750 (dd, 2H, eq-CHaHp-SiMes, 2Jun = 3Jpy =
14.8), 0.506 (s, 9H, =CSiMe3), 0.599 (broad singlet, 2H, ax-CH,SiMe3), 0.363 (s,

9H, ax-CH,SiMe3), 0.243 (s, 18H, eg-CH,SiMe3), 0.530 (broad, 2H, eq-CH,Hp-
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SiMes); *C{'"H} NMR (toluene-ds, 100.59 MHz, —60 °C, J in Hz) & 358.91 (d,
=CSiMes, 2Jp.c = 14.1), 83.86 (d, ax-CH.SiMes, 2Jp.c = 34.2), 50.38 (d, eg-
CH.SiMes, 2Jp.c = 7.0, 16.74 (d, PMeyPh, 'Jp.c = 22.1), 3.59 (s, =CSiMes, *Jw.c =
51.3), 2.97(s, ax-CH,SiMe3), 2.82 (s, eq-CH,SiMes); *'P{'H} (toluene-ds, 161.92
MHz, —60 °C, J in Hz) & 6.57 (s); ?°Si{'H} (toluene-ds, 79.46 MHz, —-60 °C, J in
Hz) § 0.677 (d, ax-CH.SiMes, 3Jp.si = 1.0), —=1.22 (d, eq-CH,SiMes, 3Jp.si = 4.8),

~19.28 (d, =CSiMes, 3Jp.si = 1.9, 2Jw.si = 51.0).

2.4.6. Preparation of (Me3SiCH3),W(=CHSiMe3),(PMe,Ph) (5b)

Upon warming a solution of 5a to room temperature it was converted to
5b. 5b was stable for several days in solution at room temperature. Attempts to
obtain pure crystals of 5 yielded a dark brown oil, which was thermally unstable.?®
5b: '"H NMR (toluene-ds, 399.97 MHz, —20 °C, J in Hz) & 8.22 (d, 1H, =CHSiMes,
3Jp.1 = 5.3), 7.62 (d, 1H, =CHSiMes, 3Jp.4 = 3.6), 7.5-7.0 (m, PMe,Ph), 1.38 (d,
6H, PMe,Ph, 2Jpy = 7.6), 0.728 (dd, 1H, eq-CHaHy-SiMes, 3Jp = 18.6, 2Jyn =
11.2), 1.01 (dd, 1H, eq-CHaHy-SiMes, 3Jp. = 33.0, 2Jn.4 = 11.2), 0.331 (s, 9H, ax-
CH,SiMes), 0.372 (d, 2H, ax-CH,SiMe3, *Jp. =9.2), 0.326 (s, 9H, eq-CH,SiMes),
0.137 (s, 9H, =CHSiMe3s), 0.056 (s, 9H, =CHSiMes); *C{'H} (toluene-ds, 100.59
MHz, —20 °C, J in Hz) & 257.8 (d, =CHSiMes, 2Jp.c = 12.1), 256.0 (d, =CHSiMe3,
2Jpc = 11.1), 53.5 (s, eq-CH,SiMe3), 37.4 (d, ax-CH,SiMes, 2Jpc = 32.2), 15.5 (d,
PMe,Ph, "Jp.c = 26.2), 4.25 (s, ax-CH,SiMes), 2.90 (s, eq-CH.SiMes), 1.86 (s,

=CHSiMes), 1.67 (s, =CHSiMes); *'P{'H} (toluene-ds, 161.92 MHz, —-60 °C, J in
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Hz) § 13.9 (s, "Jwp = 97.1); 2Si{'H} (toluene-ds, 79.46 MHz, —20 °C, J in Hz) &
1.09 (S, ax-CHQSiMeg), -1.75 (d, eq-CstiMeg, SJP_Si = 5.6), -7.85 (d, =CHSiM63,

3Jp.si = 2.9), -9.16 (d, =CHSiMes, 3Jp.g; = 4.0).

2.4.7. Kinetic Study of the Conversion of (Me3SiCH;);W(=CSiMe3)(PMej3)
(3a) to 3b

At least two experiments for each temperature were conducted. A mixture
of (Me3SiCH;);sW=CSiMes (4a), 4,4’-dimethylbiphenyl (an internal standard), and
toluene-dsg in J. R. Youngs NMR tubes in liquid nitrogen were added ca. 2-21
equiv of PMe3 through vacuum transfer. The samples were kept below —78 °C
before insertion into the NMR probe. The NMR probe was pre-cooled or pre-
heated to the set temperature. After the NMR tubes were inserted into the probe,
the '"H NMR spectra were taken after the temperature was stabilized, and the
integrations of 3b, relative to those of the internal standard, were used as I3y at t
= 0. Once the equilibrium between 3a and 3b was reached, the integration of 3b

was used as lzpe.

2.4.8. Thermodynamic Study of the Equilibrium between 3a and 3b

Three samples of 3a-b were prepared with at least 10 equiv of PMe3, and
kept at room temperature for over 24 hours to ensure equilibrium was
established. The samples were then placed in a circulation bath at 278.0(0.1),

283.0(0.1), 288.0(0.1), 293.0(0.1), 298.0(0.1), or 303.0(0.1) K for at least 6 hours.
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3P NMR spectra were taken at —50 °C with a relaxation delay of 10 s. Keq = [3b]

/ [3a] = l3p / 135 were calculated from the integrations of the two tautomers.

2.4.9. Kinetic and Thermodynamic Studies of the Conversion of
(Me3SiCH,);W(=CSiMe3)(PMe.Ph) (5a) to 5b at 303 K

A mixture of (MesSiCH;);sW=CSiMes (4a, 35 mg, 0.066 mmol), 4,4’-
dimethylbiphenyl (an internal standard), and toluene-ds in J. R. Youngs NMR
tubes were added ca. 10-fold excess PMe,Ph via cannula transfer. Kinetic
measurements were taken in duplicate on a Bruker 400 MHz NMR at 303 K.
Integration of the 'H PMe,— peak of 5b was used in the kinetic plot. For
thermodynamic measurements, two samples of 5a-b were prepared with at least
10 equiv of PMe,Ph, and kept at room temperature for over 24 hours to ensure
that equilibrium was established. The samples were placed in a circulation bath
at 303.0(0.1) K for at least 6 hours. *'P NMR spectra were taken at —50 °C with
a relaxation delay of 10 s. Keq = [5b] / [58] = Is, / Isa Were calculated from the

integrations of the two tautomers.

2.4.10. Reaction of (Bu'CH,);sW=CBu' (1) with PMe; at Room Temperature in
Benzene-ds
This experiment was conducted by Ruitao Wang, a post-doctoral

researcher in our group, as part of the current project.
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Schrock and Clark have reported that the reaction of 1 with neat PMe; in a
sealed tube at 100 °C gave (Bu'CH,)W(=C'Bu)(=CH'Bu)(PMes), (6)."** The
current studies were conducted at room temperature in a solution to see if an
adduct formed between 1 and PMe3. 1 (100 mg, 0.214 mmol) in benzene-ds in a
J. R. Youngs NMR tube in liquid nitrogen was added ca. 1 equiv of PMe; through
vacuum transfer. A slow reaction at room temperature occurred to give 6. After
3 days at 23 °C, a mixture of unreacted 1 (and PMe3) and 6 in ca. 1 : 2 ratio was

observed. No adduct between 1 and PMes; in the mixture was observed.

2.4.11. Determination of the X-ray Crystal Structure of 3b

The crystal structure was determined on a Bruker AXS Smart 1000 X-ray
diffractometer equipped with a CCD area detector, and fitted with an upgraded
Nicolet LT-2 low temperature device. Suitable crystals were coated with
Paratone oil and mounted under a stream of nitrogen at —100 °C. Intensity data
were measured with graphite-monochromated Mo K radiation (A = 0.71073 A).
Background counts were measured at the beginning and the end of each scan
with the crystal and counter kept stationary. The structure was solved by direct
method, and then a 2-fold twinning law (TWIN O 10100 0 0 -1, and BASF
0.45126) was used to solve the twinning by merohdry. All non-hydrogen atoms
but four C’s in both axial ligands were refined with anisotropic displacement
coefficients. All hydrogen atoms were placed in calculated positions and
introduced into the refinement as fixed contributors with an isotropic U value of

0.008 A?,
54



2.4.12. Computational Details

These calculations were performed by the research groups of Professors
Zhenyang Lin and Yun-Dong Wu at the Hong Kong University of Science and
Technology through collaboration with our research group.

All calculations were performed using the Gaussian 03 package*® with
density functional theory at the B3LYP level. Full geometry optimizations were
carried out with basis set | (BSI): LanL2DZ with f polarization functions for W%
and 6-31G* for the rest of elements. Single point energies were calculated with
basis set Il (BSIl): SDDAII for W?*¢ and 6-311++G** for other elements. Vibration
frequency calculations were performed for all the structures with the BSI. The
calculated relative energies shown in the text have been corrected with zero-

point-energy (ZPE).
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CHAPTER 3
Synthesis of Unusual Tungsten Alkyl Alkylidene Alkylidyne

Complexes and Kinetic Studies of Their Formation

3.1. Introduction

Tungsten and molybdenum alkylidene and alkylidyne complexes have
been extensively studied in part for their potential applications in olefin
metathesis.  (Me3CCH;);W=CCMe3z (1), one of the first alkyl alkylidyne
complexes, was originally prepared in ca. 25% yield from WClg and six equiv of
LiCH,CMes.®® It is now prepared from W(OMe);Cls and six equiv of
MesCCH,MgCl in ca. 50% yield.*®® This method to prepare trialkyl alkylidyne
complexes is probably limited to those containing bulky alkyls free of p-hydrogen
atoms, as these are unlikely to undergo p-hydrogen elimination. Other trialkyl
alkylidyne complexes include (MesSiCH;)sM=CSiMe; [M = Mo, W (4a)] and
(Me3CCH,)sW=CSiMes."®%'® The reactivity of (MesSiCH,)sW=CSiMes (4a) has
been extensively studied throughout this dissertation.

High-oxidation-state alkylidyne complexes such as (Me3SiCH,);W=CSiMe;
(4a) contain unoccupied low-lying metal d orbitals, and, as a result, they are
generally stabilized by the presence of s-donor ligands (e.g., PMe3). The first
complex containing alkyl, alkylidene, and alkylidyne ligands was reported by
Schrock and Clark in 1978."° Upon heating a solution of (Me3sCCH,)sW=CCMe;

(1) in liquid PMe3 at 100 °C, the transition metal complex undergoes a-hydrogen
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abstraction to yield (Me3sCCH;)(Me3sCCH=)(Me3CC=)W(PMes), (6) (Scheme 3.1).
An analogous complex, (Me3CCH;)(Me3sCCH=)(Me3CC=)W(dmpe) (7), which
contained the chelating phosphine dmpe (Me,PCH,CH,PMe,), was also reported
by Schrock and Clark.”® The crystal structure of this complex was later reported
by Churchill and Youngs in 1979.%* Complex 7, unlike the bis-PMes complex 6,
exhibited cis coordination of the chelating phosphine and the alkylidyne ligand
occupied the axial site (Scheme 3.1). It is hypothesized that the phosphine
ligands in complex 6 are coordinated trans to one another, and the other ligands
occupy the equatorial sites to form a trigonal bipyramidal configuration. d° Alkyl
alkylidene  alkyldyne  complexes  Re(CH>CMej3)(=CHCMe;)(=CCMe3),
(Me3CCHy)(MesCCH=)(Me;CC=)Re(py)(OTf), and their derivatives have also
been reported (Scheme 3.1b-c)."®

We reported earlier unusual reactions of d° tantalum bis(alklyidene)
complexes such as (MesSiCH,)Ta(=CHSiMes)2(PMes), with silanes.?**® The
reactivities of the d° tungsten complexes containing Me3;SiCH= and Me3;SiC=
ligands toward silanes were of interest to us. We have recently prepared
(Me3SiCH,)(MesSiCH=)(MesSiC=)W(PMes). (8a-b) and
(Me3SiCH2)(MesSiCH=)(MesSiC=)W(PMe,Ph), (9a-b) through heating the 3a =
3b and 5a = 5b equilibrium mixtures in the presence of excess phosphine, PMe;

and PMe,Ph, respectively (Scheme 3.2).
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Both complexes 8 and 9 exist as mixtures of two isomers, 8a-b and 9a-b, as
observed by NMR spectroscopy. Our preparation and characterization of 8a-b

and 9a-b as well as kinetic studies of their formation are reported here.

3.2. Results and Discussion
3.2.1. Synthesis and Characterization of
(Me3;SiCH;)W(=CSiMe;)(=CHSiMes)(PMes). (8a-b)

We reported in Chapter 2 the synthesis of complexes
(Me3SiCH,)3W(=CSiMe3)(PMe3) (3a) and (MesSiCH;),W(=CHSiMes)2(PMes)
(3b),"™ as well as (MesSiCH,)sW(=CSiMes)(PMe,Ph)  (5a) and
(Me3SiCH2),W(=CHSiMes)2(PMe2Ph) (5b), which undergo a-hydrogen migrations
to establish the exchange equilibria, 3a = 3b, and 5a = 5b. Upon heating these
equilibrium systems in the presence of excess PMe; or PMe,Ph, respectively, the
mixtures were found to vyield alkyl alkylidene alkylidyne complexes
(Me3SiCH2)W(=CSiMes)(=CHSiMe3)(PMes), (8a-b) and
(Me3SiCH,2)W(=CSiMe3)(=CHSiMe3)(PMeyPh),  (9a-b) through  a-hydrogen
abstraction and elimination of SiMe,.

The 'H, *C, and *'P NMR spectral analysis of complex 8 revealed two
distinct isomers, 8a and 8b, in solution (Figures 3.1 and 3.2). The ratio of the two
isomers (8a : 8b) is 7 : 1 based on "H NMR integration. NMR spectroscopic

characterization ('H, *C, *'P, 2°Si, 'H-gated-decoupled "*C and HMQC) of the

60



Free PMe;
SiMe,

8a =CH-

8a -SiMe;

/
57
A/Aé

8b =CH-

T T T[T T[T [TTTI[TTrT]
10.80 10.70 10.60 10.50 10.40

AN

PMe;

\ \ \ \ \
13.500 13.450 13.400 13.350

Internal Standard

‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T ‘
3.00 2.50 2.00 1.50 1.00 0.50 0.00 -0.50
ppm (f1)

Figure 3.1. "H NMR spectrum of a mixture of 8a and 8b (toluene-ds).
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Figure 3.2. "C NMR spectrum of a mixture of 8a and 8b (toluene-ds).
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more abundant 8a suggests that the PMes; ligands coordinate trans to one
another. One resonance in the *'P NMR spectrum for 8a was observed at —2.21
ppm (‘Jp.w = 124.7 Hz). The two trans-PMe; ligands exhibit virtual coupling and
appear as a pseudo-triplet in the 'H and ">*C NMR spectra at 1.26 and 20.74
ppm, respectively.** Three singlet resonances of —SiMe; groups were observed
in the "H, "*C and ?°Si NMR spectra of 8a; their chemical shifts are listed in Table
3.1. The 'H resonances of the a-hydrogen atoms in —CH,SiMes appear as a
triplet at —0.036 ppm with a large 2Jp.y = 22.4 Hz. In the Ta bis(alkylidene)-
bis(phosphine) complex, (MesSiCH;)Ta(=CHSiMe3),(PMes),, where the
phosphines are trans to one another, a large coupling constant (3Jp.4 = 19.8 Hz)
was observed as well.*" The resonance of the alkylidyne C atom in 8a appears
at 339.0 ppm as a triplet (3Jp.c = 11.1 Hz; "Jw.c = 161.8 Hz) due to its coupling
with two equivalent P atoms, and is shifted up-field from that of
(Me3SiCH,)sW=CSiMes (4a) at 343.27 ppm.”®™" The alkylidene C and alkyl o-C
atoms appear as triplets as well at 275.0 ppm (*Jp.c = 11.1 Hz; "Jw.c = 101.5 Hz)
and 25.63 ppm (*Jp.c = 6.2 Hz; "Jw.c = 36.3 Hz), respectively. Most of the 'H,
3¢, and *'P resonances of complex 8b are only slightly shifted from those of 8a,
and their chemical shifts are given in Table 3.1. One exception in the '"H NMR
spectrum, the alkylidene proton, W=CHSiMes, is significantly shifted in 8b to
13.46 ppm, from 10.54 ppm for 8a. Likewise, the W-CH,SiMe; resonance in the

3C NMR spectrum at 34.0 ppm is shifted in 8b from 25.6 ppm in 8a.
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Table 3.1. NMR resonances of 8a and 8b (ppm)

Ligand

8a

8b

"H resonances

—CH,SiMes, x =0, 1, 2

0.331, 0.231, 0.185

0.323, 0.217, 0.060

=CHSiMej; 10.54 13.46
—CH,SiMe3 -0.036 -0.373
PMes 1.26 1.29

C resonances

—CH,SiMe3, x =0, 1, 2 52,3.7,24 6.4,3.1,2.0
=CHSiMe; 275.0 273.8
_CSiMe; 339.0 343.5
—CH,SiMe3 25.6 34.0

PMe3 20.74 20.7

*p resonances

PMe; -2.21 -2.40

9Si resonances

=CHSiMej; -4.66 n/a* (not available)
=CSiMe3 -23.08 n/a
—CH,SiMe; -2.06 n/a
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Attempts to isolate pure crystals of 8a-b for elemental analysis or X-ray
diffraction were unsuccessful. 8a-b are unstable without excess PMe3;. Once
excess PMe; and other volatiles were removed, 8a-b was found to decompose.
The "H NMR spectrum of the solid, dissolved in toluene-ds, reveals unknown
decomposed products. Numerous attempts to isolate 8a-b failed in the presence
of PMes. Phosphine ligands are believed to be labile in 8a-b and dissociate
readily from the complexes, leading to the decomposition of 8a-b.

The two isomers 8a and 8b are likely syn- and anti- rotamers (Figure
3.3)."%32 |n the former, the —SiMes group on the alkylidene ligand points toward
the alkylidyne ligand. Such rotameric mixtures were also observed in alkylidene
alkylidyne complexes Re(=CHCMes)(=CCMe3)(OR),.** In the dmpe complex
(Me3CCH3)(Me3CCH=)(Me;CC=)W(dmpe) (7), the only isomer observed in the X-
ray crystal structure is the syn isomer (Scheme 3.1a). Only one isomer of
(Me3CCH_3)(Me3sCCH=)(Me3sCC=)Re(py)2(OTf) in an octahedral environment was
observed, and it was believed to be the syn isomer (Scheme 3.1¢)."® 8a-b,
while in a trigonal bipyramidal environment, are sterically hindered. It is likely

that the syn 8a is the major rotamer (Figure 3.3).
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stereochemistry around the W=C bond.
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3.2.2. Synthesis and Characterization of
(Me;SiCH;)W(=CSiMe3)(=CHSiMe3)(PMe2Ph) (9a-b)

(Me3SiCH2)W(=CSiMes)(=CHSiMe3)(PMe,Ph), (9a-b) was prepared by
heating the 5a = 5b mixture in the presence of excess PMe,Ph where it
undergoes an a-hydrogen abstraction reaction to form 9a-b.  Complex 9 also
exists as two isomers in solution, 9a < 9b, in a ratio of 9a : 9b = 27 : 1 based on
their '"H NMR spectra. The '"H and *'P NMR resonances of 9a and 9b, and *C
NMR resonances for 9a are presented in Table 3.2. The 'H and *'P NMR
spectra of complexes 9a and 9b are given in Figures 3.4 and 3.5. Attempts to
obtain "*C and #*Si NMR spectra of the minor isomer 9b failed due to its very low
concentration in solution. ">C NMR spectra of a mixture of 9a and 9b (prepared
from 5a-b), after 48 hours of data acquisition at 23 °C on a Bruker AMX-400
spectrometer, revealed only the resonances of the major isomer 9a. Repeated
attempts to grow crystals in the presence of excess PMe,Ph were unsuccessful,
as were the attempts to grow crystals of 8a-b. Without excess PMe,Ph, 9a-b
was found to be unstable and decompose, as in the case of 8a-b.

The methyl groups on the PMe,Ph ligand in complex 9a-b are
diastereotopic. Figure 3.6 shows the Newman projection of 9a down a W-P
bond. The methyl groups of 9a thus appear as two pseudo triplets in the 'H and
®C NMR spectra. The 'H NMR resonance of one of the methyl groups on 9b

overlaps with those of 9a.
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Table 3.2. NMR resonances of 9a and 9b (ppm)

Ligand

9a

9b

"H resonances

—CH\SiMes3, x=0, 1, 2

0.487, 0.307, —0.266

0.323, 0.217, -0.060

=CHSiMe; 10.89 13.73

—CH_SiMe3 -0.025 -0.134
PMe,Me,Ph 1.687, 1.659 1.614, 1.640

3C resonances

—CH,SiMe3, x=0,1, 2 3.76, 3.20, 2.45 n/a* (not available)
=CHSiMe3 277.02 n/a

=CSiMes 340.72 n/a

—CH,SiMes 27.71 n/a

PMesMe,Ph 22.44,20.01 n/a

P resonances

PMe,Me,Ph 12.58 10.85

29Sj resonances

=CHSiMej; -3.79 n/a* (not available)
=CSiMes -22.10 n/a

—CH,SiMe; -2.82 n/a
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9a

Figure 3.4. 3'P NMR spectrum of 9a and 9b. A small amount of 5a-b is present

in solution as a broad peak overlapping with 9b. (* indicates '®*W satellites)
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9a 2 T™MS ga
excess|phosphine
9a
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3
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Figure 3.5. 'H NMR spectrum of 9a-b. (Top) Alkylidene W=CHSiMe3 region for
9a and 9b. (Bottom) Alkyl and phosphine region. 9b is marked by (*). (1.S. =

internal standard 4,4’-dimethylbiphenyl)
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9a

Ph
RC CHR

Mey, Me,

CH,R

%

T T T T T T T T T T
ppm (t1) 1.700 1.650 1.600

Figure 3.6. The Newman projection of 9a-b and the '"H NMR spectrum showing

the two methyl resonances in PMe,Ph with virtual *'P-'H coupling.
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3.2.3. Kinetic Study of the Conversion of the 3a - 3b Mixture to 8a-b

In the previous chapter, we reported the exchange between
(Me3SiCH2);W(=CSiMe3)(PR3) (3a and 5a) and (Me3SiCH3),W(=CHSiMe3)2(PR3)
(3b and 5b, R = Me3; or Me,Ph). In the presence of excess phosphine, kinetic
studies were conducted to study the a-hydrogen abstraction reactions to yield
alkyl alkylidene alkylidyne complexes 8a-b and 9a-b, as discussed in the current
chapter.

The oa-hydrogen abstraction reaction to give 8a-b follows second-order
kinetics. In the presence of excess PMes, the a-hydrogen abstraction reaction of
3a-b to give 8a-b was found to follow pseudo first-order kinetics (Eqgs. 3.1 and

3.2),% as the '"H NMR spectra of the conversion revealed.

PMe3
CSiMe
3 + excess PR Me;SiCHy,— /4 3
’ T> \?\\C:Hs,il\/le3 (Ea. 3.1)
SiMe4 PM63
8
m:-k2 PMes| |3|=-k,'|3]; when |[PMe, |>>[3], k,'=k,|PMes| (Eq. 3.2
dt (Eq. 3.2)
In l30— ls _ kot
l ) 7 (Eq. 3.3)

where I3 and lg; are integrations of the PMej; ligands in 3a-b (total) att = 0, and

in 8a-b (total) at t = t in the "H NMR spectra.
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The kinetic studies for the conversion of 3 — 8 were conducted between
333.2(0.1) and 358.2(0.1) K. The kinetic plots and rate constants (kz) are given
in Figure 3.7 and Table 3.3, respectively. The Eyring plot (Figure 3.8) gives the
activation parameters of the conversion: AH® = 29.2(1.5) kcal/mol and AS™ =
4.2(1.3) eu.

It is not clear whether alkyl alkylidyne 3a, bis(alkylidene) 3b or both
undergo the a-hydrogen abstraction to give 8a-b. The process may involve a
cyclometalation transition state. The activation parameters of the conversion AH”
= 29.2(1.5) kcal/mol and AS™ = 4.2(1.3) eu are similar to other reported reactions
through cyclometalation transition states for complexes containing —CH,CMe;

and/or ~CH;SiMes ligands (Table 3.4).%%1821%

3.2.4. Kinetic Studies of the 5 —» 9 Conversion and a Comparison of Its
Rate with the Rate of the Formation of 8

PMe,Ph is bulkier than PMes, and the phenyl group often acts as an
electron withdrawing group. In their reactions with 3 and 5, both yielded alkyl
alkylidene alkylidyne complexes: (Me3;SiCH;)(Me3;SiCH=)W(=CSiMe3)(PMe3), (8)
and (Me3;SiCH;)(Me3;SiCH=)W(=CSiMe3)(PMe2Ph), (9). The kinetics of the
formation of 9a-b was also studied at 348.2 K (Figure 3.9) and analyzed with a
kinetic equation similar to Eq. 3.3. These kinetic studies yield the rate constant
ks = 1.5 x 10° M's™" at 348.2(0.1) K. In comparison, the rate constant (kz) for

the formation of the PMe3 analog 8a-b at 348.2(0.1) K is 3.0(0.2) x 10° M™'s™.
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Figure 3.7. Kinetic plots for the conversion of 3a-b — 8a-b. I3 and lg. are total

integrations of the PMe; ligands in both 3a and 3b att = 0, and in both 8a and 8b

att=tin the '"H NMR spectra.
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Table 3.3. Rate constant (kz) of the formation of 8a-b.?

T (K) ko x 10°(M™* s7h)°

333.2+0.1 0.35+0.03

338.2+0.1 0.85+0.06

343.2+0.1 1.53 £ 0.07

348.2+0.1 3.0+0.2

353.2+0.1 5.1+0.5

358.2+0.1 8.6+ 0.6

? Solvent: toluene-ds.
® The largest random uncertainty is 8koganykz = 0.5/5.1 = 9.8%. The total
uncertainty dko/ko = 0.1100 was calculated from 6koranyk2 and the estimated

systematic uncertainty 8kasysy/kz2 = 5% by 8ka/ka = [(Skaanyka)® + (Skasysyk2)?]"2.
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Figure 3.8. Eyring plot of the conversion 3a-b — 8a-b.
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Table 3.4. Activation parameters in reactions through cyclometalation transition

states
Reactions AH” (kcal/mol) AS” (eu)
CpTaC|2(CH2CMe3)2 — 21+ 2 -4 +10

CpTaCly(=CHCMes) + CMey >

(Me3CCH2)3WECSiMe3 —>

(Me3CCH,)2(Me3SiCH,)W=CCMe; ' 275+06 -20+17

(Me3CCH2)z(Me3SiCHz)WECCMe3 -

(Me3CCH,)sW=CSiMe; '® 254+08 -95+1.9

(Me3SiCH,)sTa — (Me3sSiCH,)sTa=CHSiMe; '° 216+14 -5+5
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Figure 3.9. Kinetic plot for the formation of 9a-b at 348.2 K.
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In other words, the rate of the formation of the bulkier 9a-b is about a half of the
rate in the formation of the PMe3; adduct 8a-b. This is similar to the slower rate of

the 5a = 5b inter-conversion reported in Chapter 2.

3.2.5. Attempted Reactions of (Me3;SiCH;);W=CSiMe; (4a) with PCy; and
PPh;

Attempts were made to prepare compounds analogous to 8a-b and 9a-b
using phosphines other than PMe3; and PMe,;Ph. The addition of excess PCy; or
PPh3 to solutions of 4a in toluene, and heating the solutions for two days at 100
°C yielded no products. No complexation was observed between PPh; or PCys;
and 4a. It is not clear why these two phosphines do not form alkyl alkylidene

alkylidyne complexes.

3.3. Concluding Remarks

In this chapter, equilibrium mixtures (Me3;SiCH,);W(=CSiMe;)(PR3) (3a/5a)
= (Me3SiCH,),W(=CHSiMe3),(PR3) (3b/5b), were shown to convert to alkyl
alkylidene alkylidyne complexes (Me3SiCH2)W(=CSiMes)(=CHSiMes)(PR3). (8a-b
and 9a-b). Two isomers of complexes 8 (8a and 8b) and 9 (9a and 9b) were
observed in solution. Kinetic studies show that the o-hydrogen abstraction
reactions to form 8a-b and 9a-b follow second-order kinetics. The presence of
excess phosphine (PMe3; or PMe,Ph) in solution has been proven necessary for

the stability of both 8a-b and 9a-b.
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It is interesting to note the difference in the reactivities of
(Me3SiCH2)sW=CSiMe3; (4a) and its analog (Me3sCCH;);\WW=CCMe3 (1) toward
PMes;. (Me3CCH,);W=CCMej; (1) reacts with neat PMe; in a sealed tube at 100
°C, giving alkyl alkylidene alkylidyne complex
(Me3CCH2)W(=CCMej3)(=CHCMe3)(PMes), (6) through o-hydrogen abstraction
and CMe, elimination, as Schrock and Clark have reported.”™ When a solution
of 1 in benzene-ds was added ca. 1 equiv of PMe3 at room temperature, a similar
reaction giving 6 and CMes occurred (Chapter 2, Section 2.4.10). No adduct
between alkylidyne (Me3;CCH,)sW=CCMe; (1) and PMes; was observed. In
comparison, PR3 coordinates readily to (Me3SiCH3);W=CSiMe3 (4a), an analog
of 1, to give the phosphine alkylidyne adducts (Me3;SiCH,);W(=CSiMe;)(PR3) (3a
and 5a). These phosphine alkylidyne adducts then undergo a-hydrogen
migration to give the bis(alkylidene) tautomers (Me3SiCH),W(=CHSiMe3)2(PR3)
(3b and 5b). Coordination of the second phosphine ligands to the tautomeric
mixtures leads to a-hydrogen abstraction to give the alkyl alkylidene alkylidyne
complexes 8a-b and 9a-b reported in the current chapter. In other words, in the
current case involving the —-CH,SiMe; and =CSiMe; ligands, there are
intermediates [alkyl alkylidyne-PR3 = bis(alkylidene)-PR3; tautomeric mixtures]
before the formation of two alkyl alkylidene alkylidyne complexes. The current

work exemplifies the differences in -CH,CMe3; and —CH,SiMe; ligand systems.
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3.4. Experimental Section
3.4.1. General Procedures

All manipulations were performed under a dry nitrogen atmosphere with
the use of either a glovebox or standard Schlenk techniques. Solvents were
purified by distillation from potassium benzophenone ketyl. NMR solvents were
dried and stored over 5 A molecular sieves. 'H and "*C{'"H} NMR spectra were
recorded on a Bruker AC-250 or AMX-400 spectrometer and referenced to
solvent (residual protons in the 'H spectra). 3'P, ?°Si, and HMQC (Heteronuclear
Multiple Quantum Coherence) spectra were recorded on a Bruker AMX-400
spectrometer. 2°Si chemical shifts were referenced to SiMes. 3 and 5 were

prepared by procedures in Chapter 2.

3.4.2. Preparation of (Me;SiCH;)W(=CSiMes)(=CHSiMe3)(PMe3), (8a-b)

8a-b was prepared by heating an equilibrium mixture of 3a = 3b with
excess PMes. A sample was prepared by vacuum transferring at least a 10-fold
excess of PMes; to a J.R. Youngs tube containing 4a (50.0 mg, 0.0942 mmol) and
toluene-ds (0.5 mL). The mixture was kept at 23 °C overnight and then heated at
75 °C overnight. The formation of the 8a <= 8b mixture is 100% based on 'H
NMR studies. When the volatiles (SiMe4, PMe3, and solvent) from the reaction
were removed, 8a and 8b were found to quickly decompose to unknown species.
Repeated attempts to grow crystals of 8a-b in the presence of excess PMe;

failed. 8a was thus characterized by 'H, *'P, #°Si, *C, DEPT, HMQC, and 'H-
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gated-decoupled->*C NMR. 8a: '"H NMR (toluene-dgs, 399.97 MHz, 23 °C, J in
Hz) & 10.54 (t, 1H, =CHSiMes, 3Jp.y = 4.2), 1.26 (m, 9H, PMes), 0.331 (s, 9H, -
SiMes), 0.231 (s, 9H, -SiMes), 0.185 (s, 9H, -SiMes), —0.036 (t, 2H, CHx-SiMes,
*Jp.h = 22.4); *C{"H} NMR (toluene-ds, 100.59 MHz, 23 °C, J in Hz) & 339.0 (t,
=CSiMes, 2Jpc = 11.1, "Jw.c = 161.8), 275.0 (t, =CHSiIMes, 2Jp.c = 11.1, Jwc =
101.5), 25.63 (t, CH,SiMes, 2Jpc = 6.2, 'Jw.c = 36.3), 20.74 (m, PMes), 5.21 (s,

-SiMes), 3.66 (s, -SiMes), 2.38 (s, -SiMes); *'P{"H} NMR (toluene-dg, 161.92 MHz,
23 °C, Jin Hz) 8 —2.21 (s, "Jw.p = 124.7); *°Si{’"H} NMR (toluene-ds, MHz, °C, J
in Hz) 8 —2.06 (s, -CH,SiMe3), —4.66 (s, =CHSiMes), —23.08 (s, =CSiMes). 'H
and *C assignments were confirmed by HMQC experiments. 8b: 'H NMR
(toluene-dg, 399.97 MHz, 23 °C, J in Hz) 8 13.46 (t, 1H, =CHSiMes, 3Jp.y = 5.6),
1.29 (m, 9H, PMe3), 0.323 (s, 9H, -SiMes), 0.217 (s, 9H, -SiMes), 0.060 (s, 9H,

-SiMes), —0.373 (t, 2H, CHx-SiMes, 3Jp.y = 21.4); *C{'H} NMR (toluene-ds,
100.59 MHz, 23 °C, J in Hz) & 343.5 (t, =CSiMes, “Jpc = 10.5), 273.8 (t,
=CHSiMes, 2Jp.c = 11.1) 34.0 (t, CHySiMes, 2Jp.c = 6.2), 20.7 (m, overlapping with
8a and toluene-dg peaks, PMe3), 6.4 (s, -SiMes), 3.1 (s, -SiMes), 2.0 (s, -SiMes);

¥1P{'H} NMR (toluene-ds, 161.92 MHz, 23 °C, J in Hz) § —2.4 (s).

3.4.3. Preparation of (Me;SiCH;)W(=CSiMe;s)(=CHSiMe3)(PMe.Ph), (9a-b)
9a-b were prepared by a procedure similar to that used to prepare 8, by
heating an equilibrium mixture of 5a = 5b with excess PMe,Ph. PMe,Ph (ca. 10-

fold excess) was added via cannula transfer to a J.R. Youngs tube containing 4a
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and toluene-ds. The solution was kept for 24 hours at room temperature to
establish the 5a = 5b equilibrium. The solution was then heated at 75 °C for 24
hours to give the 9a = 9b mixture in 100% yield based on '"H NMR. 9a was
characterized by 'H, *'P, #Si, *C, and HMQC NMR. Upon removal of excess
PMe,Ph, 9a-b were found to decompose to unknown species. The ratio of 9a :
9b in solution was 27 : 1. Repeated attempts to grow crystals of 9a-b in the
presence of PMe,Ph were unsuccessful. 9a: 'H NMR (toluene-ds, 399.97 MHz,
—20°C, Jin Hz) § 10.89 (t, 1H, =CHSiMe3, *Jp.y = 3.7), 7.4-7.0 (m, 5H, PMe,Ph),
1.640 (m, 3H, PMe,Mey,Ph), 1.622 (m, 3H, PMe,Me,Ph), 0.441 (s, 9H, -SiMe3),
0.279 (s, 9H, -SiMe3), —0.226 (s, 9H, -SiMe3), —0.025 (t, 2H, CH,-SiMes, *Jp.yy =
21.6); *C{'H} NMR (toluene-ds, 100.59 MHz, —20 °C, J in Hz) & 340.72 (t,
=CSiMes, 2Jp.c = 9.9), 277.02 (t, =CHSiMes, 2Jp.c = 11.7), 130-124 (m, PMe,Ph),
27.71 (s, CHySiMes, 2Jp.c = 5.6), 22.44 (m, PMeaMey), 20.01 (m, PMe,Me,), 3.76
(s, -SiMes), 3.20 (s, -SiMes), 2.45 (s, -SiMes); *'P{"H} NMR (toluene-ds, 161.92
MHz, 23 °C, J in Hz) 8 12.58 (s, "Jw.r = 126.4); °Si{’"H} NMR (toluene-dg, 79.46
MHz, -20 °C, J in Hz) § —-2.82 (s, -CH2SiMe3), —3.79 (s, =CHSiMe3), —22.10 (s,
=CSiMes). 'H and "*C assignments were confirmed by HMQC experiments. 9b:
'H NMR (toluene-dg, 399.97 MHz, —20 °C, J in Hz) & 13.73 (t, 1H, =CHSiMes, 3Jp.
H=4.9), 1.61 (m, 3H, PMe,MeyPh), 1.64 (m, 3H, PMe,MeyPh, overlapping with
9a), 0.175 (s, 9H, -SiMe3), 0.159 (s, 9H, -SiMes), —0.066 (s, 9H, -SiMe3), —-0.134
(t, 2H, CH,-SiMes, overlapping with 9a); *'P{"H} NMR (toluene-ds, 161.92 MHz,

23 °C, Jin Hz) § 10.85 (s, 'Jw.p = 125.4).
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3.4.4. Kinetic Studies of the Formation of 8a-b and 9a-b

In the kinetic studies of the formation of 3a-b, a mixture of
(Me3SiCH,);W=CSiMe;  (29.8-37.8 mg, 0.0562-0.0712 mmol) 4.4-
dimethylbiphenyl (an internal standard), and toluene-ds in J. R. Young’s NMR
tubes were added at least a 10-fold excess PMe; ([PMes]: 1.42-2.31 M) via
vacuum transfer. The sample was kept at 23 °C overnight to establish the 3a =
3b equilibrium. The sample was then placed in a circulation bath between 60 °C
(333.2 K) and 85 °C (358.2 K). After a measured period of time, the experiment
was quenched by placing the sample in a dry ice/ethanol bath at —78 °C, and "H
NMR was acquired at room temperature. Integration of the 'H —PMes
resonances at 1.26-1.29 ppm for 8a-b versus an internal standard was used to
give the kinetic plots in Figure 3.7. Both isomers were integrated together since
the peaks overlap in the '"H NMR spectra. The average slope of two experiments
was used to calculate k,. The enthalpy (AH") and entropy (AS™) were calculated
from an unweighted nonlinear least-squares procedure contained in the
SigmaPlot Scientific Graph System. The uncertainties in AH® and AS™ were
computed from the error propagation formulas, Eqs. 2.7 and 2.8,%” which were
presented in Chapter 2.

Similar to 8a-b, the kinetics of the conversion of 5a-b to 9a-b was
monitored by 'H NMR. A mixture of (Me3SiCH2)sW=CSiMe3 (33.2 mg), PMe,Ph
([PMezPh] = 3.79 M), and 4,4’-dimethylbiphenyl (an internal standard) in toluene-

ds in J. R. Young’'s NMR tube was heated in a circulation bath at 75.0 °C (348.2
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K) for a measured amount of time, and the reaction was then quenched in dry
ice/ethanol bath at -78 °C. "H NMR was acquired at room temperature, and the
integration of the '"H —PMe,Ph resonances at 1.61-1.64 ppm for 9a-b versus an

internal standard was used to give the kinetic plot in Figure 3.9.

3.4.5. Attempted Synthesis of the Adducts between PCy; or PPh; and 4a
Two separate experiments were conducted with 50 mg of
(Me3SiCH,);W=CSiMe; (4a), 4,4-dimethylbiphenyl (an internal standard), and
toluene-ds in J. R. Youngs NMR tubes. PCy; or PPhs, respectively, was added in
at least a 10-fold excess. The solution was heated for two days at 100 °C. No

reaction or adducts were observed in '"H NMR spectroscopy.
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CHAPTER 4
Synthesis of (Me3SiCH,)3(Me3SiC=)W«0=PMe; (11) and Studies

of Its Reaction with Dioxygen

4.1. Introduction
Reactions of dioxygen with transition metal complexes have been
extensively investigated in part because they are essential steps in some

biological and catalytic processes."*

Such studies have focused mainly on
d" (n # 0) transition metal complexes, and oxidation of the metals by dioxygen are
often involved in these reactions. In comparison, there are relatively fewer
studies of reactions of d° transiton metal complexes with dioxygen.'®"
Schwartz, %" Gibson,'® and coworkers reported oxygen-atom insertion into the
Zr-R bond in the reaction of Cp2ZrRCI with dioxygen. Similar reactions between

0d " Bercaw and

Cp2ZrR, and dioxygen were shown to give Cp2Zr(OR)s,.
coworkers studied the conversion of Cp*;Hf(R)(O-OBu') to Cp*;Hf(OR)(OBu")."®
Tilley reported oxygen-atom insertion into the Zr-Si bond in the reaction of
Cp2ZrCISiMes with dioxygen to give Cp,MCI(OSiMes).'® In Cp-free complexes,
Wolczanski, Rothwell, Gibson and their coworkers reported reactions of dioxygen
with  (RO),TiMe,,"'®*  (ArO),TaMes,""® and (ArN=),MoMe,''® to yield
(RO),Ti(OMe),, (ArO),Ta(OMe)s, and [(ArN=).Mo(Me)(u-OMe)]2, respectively
(Scheme 4.1). Autoxidation of M(CH,R)4 by dioxygen was found to be rapid.'"®

Reactions of dioxygen with diamides (N~N)TiMeX (X = Me, Cl; N~N = silacyclo-
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Scheme 4.1. Formation of metal alkoxide complexes from oxygen insertion

reactions.®b:d
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alkane or -alkene bridge) gave [(N~N)Ti(X)(u-OMe)]..""" In contrast, the reaction
of alkyl-free (N~N)TiCl, with O, led to diamide ligand oxidation. LY(p-Me).AlMe;
(L = porphyrin) was found to activate O, to give LY(p-OMe)AlMe;." 9" In recent
years, reactions of O, with d® complexes such as Ta(NRy)s and (Et,N);Ta=NBuU'
have been of intense interest in the preparation of microelectronic metal oxide
thin fims.'> The mechanistic pathways in these chemical vapor deposition
reactions are, however, not clear.

We have been intrigued by our recent observations of (a) the formation of
an oxo alkylidene (BUu'CH,),W(=0)[=CR(SiPh,Bu")] (10) in the reaction of
dioxygen with d° silyl alkylidyne (Bu'CHz)W(ECBu")(SiPh;Bu") (2a);?* (b) O
insertion into Ta-Si and Ta-N bonds in the reaction of O, with d° (Me,N),Ta-
Si(SiMes)s (Scheme 4.2);?® and (c) the formation of rare trinuclear oxo
aminoxide complexes M3(NMez)s(u-NMez)s(us-O)(us-ONMez) (M = Zr, Hf) from
the reactions of d° amides M(NMey)s (M = Zr, Hf) with 0,.2**? In particular, the
formation of the oxo alkylidene 10 was the result of an unusual silyl to alkylidyne
migration promoted by the reaction with 0,.% We have prepared
(Me3SiCH,)3(MesSiC=)W«0=PMe; (11), an adduct between d° alkyl alkylidyne
(Me3SiCH2);W=CSiMe;s (4a) and trimethylphosphine oxide (O=PMej3). As part of
our studies of metal silyl complexes and similarities/differences between M-Si
(silyl) and M-C (alkyl) bonds, we have investigated the reaction of 11 with O,, and
were surprised to find that this reaction gave an oxo siloxy complex
O=W(OSiMe3)(CH,SiMe3); (12) which was isolated as an adduct (13) with

(Me3SiCH2);W=CSiMes (4a, Scheme 4.3). The —SiMes group in the =CSiMe3
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Scheme 4.3. Preparation of complexes 12 and 13.
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ligand in 11 underwent an unusual migration to give the -OSiMes; ligand in
12.5015¢:202 The preparation of 11 and 12 and our studies of their formation are

reported in this chapter.

4.2. Results and Discussion
4.2.1. Synthesis and Characterization of (Me3;SiCH;)3;(Mes;SiC=)W—O=PMe;
(11)

(MesSiCH,)sW=CSiMe; (4a)"™® was found to readily form the adduct
(Me3SiCH3)3(MesSiC=)W«-0=PMe; (11, Eq. 4.1) with O=PMes;. Mixing the two
compounds in Et,O, and cooling the solution to —30 °C yielded pale yellow

crystals of (Me3SiCH;)3(MesSiC=)W«0O=PMes (11) in 57.9% yield.

?iMeg ?iMeg
C C
\I/I\I/ + O=PMe, Me3SiCH2//,,,\|/|\|/ CHLSIM
Me3SiCHol v _ —_— —CH,SiIMeg Eq. 4.1
_ CH,SiMe; Me3SiCH2/+ (Eq. 4.1)
Me3SICH2 0]
4a Il 11
PMe3

11 was characterized by 'H, "*C, ?°Si, and *'P NMR and X-ray diffraction.
The 'H NMR resonance of the a-H atoms (1.30 ppm, benzene-ds) in the
—CH,SiMes ligands in 11 is down-field shifted from that (0.710 ppm) in its parent
complex (MesSiCH,)sW=CSiMe; (4a). The "*C resonances of the a-C atoms (the
alkylidyne =CSiMe3; and alkyl -CH,SiMe; ligands) in 11 at 327.39 and 69.56 ppm,

respectively, in benzene-ds, are both up-field shifted from those (343.67 and

91



75.85 ppm) in (Me3SiCH3)sW=CSiMe3 (4a). The NMR shift differences of both -
H and a-C atoms are perhaps a reflection of increased electron densities in 14e
(Me3SiCHz)3(MesSiC=)W«+0=PMes (11), as a result of O=PMe3 coordination to
12e (Me3SiCH,)sW=CSiMe; (4a).

The 'H NMR resonances of the y-H atoms in the -CH,SiMes and =CSiMes
ligands in 11 at 0.533 and 0.303 ppm, respectively, are shifted down-field from
those (0.427 and 0.162 ppm) in 4a. The "*C resonances of the y-C atoms at 3.26
and 2.19 ppm for -CH,SiMe3; and =CSiMe; ligands in 11, respectively, are both
down-field shifted from those (2.32 and 2.15 ppm) in (Me3SiCH,);W=CSiMe;
(4a), although the resonances of the =CSiMes ligands in both complexes are
close. Itis not clear why these resonances are down-field shifted.

The *'P NMR resonance of 11 at 41.95 ppm for the O=PMej ligand in 11
is down-field shifted from that (31.68 ppm) of O=PMes;. The 'H and *C NMR
resonances of y-H and y-C atoms of the O=PMe; ligands in 11 at 0.842 and
17.28 ppm, respectively, are both slightly up-field shifted from those (0.87 and
18.03 ppm) in O=PMes. The ?°Si NMR resonances of the p-Si atoms at —3.42
and —23.17 ppm for the —CH,SiMe3; and =CSiMes ligands in 14e 11, respectively,
are both up-field shifted from those (—0.837 and —17.57 ppm) in phosphine oxide-
free, 12e (Me3SiCH;)sW=CSiMe; (4a).

(Me3SiCH2)3(MesSiC=)W«-0=PMe3 (11) yielded crystals that were
suitable for X-ray diffraction studies. A representation of the molecular structure,

crystallographic refinement data, and selected bond distances and angles of 11
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are given in Figure 4.1, and Tables 4.1 and 4.2, respectively.
(Me3SiCHa)3(MesSiC=)W«0=PMe3 (11) adopts the pseudo trigonal bipyramidal
structure (Figure 4.1). The O=PMe; ligand and the alkylidyne =CSiMe; ligand
are in the axial positions with the C(4)-W(1)-O(1) angle of 179.5(3)°. The P(1)-
O(1)-W(1)-C(4)-Si(4) linkage is nearly linear. The W(4)=C(4) bond distance of
1.763(8) A is slightly longer than that [1.739(8) A] in (MesCCD;);sW=CSiMe3,®
which will be discussed later. As expected, the C(4)-W(1)-C(n) (n = 1, 2, 3)
angles of 96.4(3)-97.3(4)° in the trigonal bipyramidal 11 are significantly smaller
than that [106.59(13)°] in the tetra-coordinated (MesCCD,)sW=CSiMes."® The
W(1)-C(n) (n = 1, 2, 3) bond distances of 2.097(7)-2.115(1) A are similar to those
[2.096(5) A] in (MesCCD,)sW=CSiMes."

It is interesting to note that the current reaction of d°
(MesSiCH2)sW=CSiMe3; (4a) with O=PMes yields the adduct 11. In comparison,
Wolczanski and coworkers recently found that, in the reaction of a d* metal
complex with O=PR3, the oxygen atom transfers from the P atom to the metal

complex and oxidizes the metal (Eq. 4.2).%°

@)

[
M(OSiBu'); + PR’ (Eq. 4.2)

M(OSiBu'); + O=PR',

M=Ta, V; R'= Me, Ph
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Figure 4.1. An ORTEP view of complex 11.

94



Table 4.1. Crystal data and structure refinement for

(Me3SiCHa)s(Me;SiC=)W<«0=PMe; (11).

Compound No.

Empirical formula (Formula weight)

Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

@ range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to ¢ = 28.34°

Max. and min. transmission

11
C19H5101P1SisW;  (622.78)
~100(2) °C

0.71073 A

Orthorhombic

Pnma

a=17.903(4) A a=90°
b=10.516(2)A  p=90°
c=17.191(4) A y =90°
3236.6(12) A3

4

1.278 g/em?®

3.773 mm™’

1272

0.30 x 0.30 x 0.20 mm°
2.25 to 28.34°

-23<h<23,-13<k<13,-22<1<22

32436
7734 [Riny = 0.0526]
97.9%
0.5191 and 0.3973
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Table 4.1. Continued

Compound No.

11

Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I > 24(1)]

R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

Full-matrix least-squares on F?
7734 /1 /250

0.973

R1=0.0373, wR2 = 0.0746
R1 =0.0669, wR2 = 0.0866
0.023(11)

1.845 and -0.761 eA3

*R1 = X[|Fo| — | Fell / ZIFof; WR2 = [£ W(F, — o) / = w(Fo?)]"%,
w = 1/[6%(F,) + (aP)? + bP]; P = [2F2 + Max(F%, 0))/3
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Table 4.2. Selected bond distances (A) and angles (°) for 11

Distances
C(1)-W(1) 2.115(11) O(1)-P(1) 1.479(8)
C(2)-W(1) 2.097(7) C(1)-Si(1) 1.873(10)
C(3)-W(1) 2.102(7) C(2)-Si(2) 1.860(8)
C(4)-W(1) 1.763(8) C(3)-Si(3) 1.856(7)
O(1)-W(1) 2.307(8) C(4)-Si(4) 1.842(8)

Angles

W(1)-C(4)-Si(4)  175.7(5) Si(3)-C(3)-W(1)  119.8(4)
C(4)-W(1)-0(1)  179.5(3) P(1)-0(1)-W(1)  178.7(6)
C(4)-W(1)-C(1)  97.3(4) C(2-W(1)-C(3)  118.1(3)
C(2)-W(1)-C(1)  119.5(3) C(4)-W(1)-C(1)  97.3(4)
Si(1)-C(1)-W(1)  116.7(5) C(2)-W(1)-O(1)  84.0(3)
Si(2)-C(2)-W(1)  120.4(4)

97



4.2.2. Reaction of 11 with O,. Synthesis and Characterization of the
Tungsten Oxo Siloxy Complex O=W(OSiMe;)(CH,SiMe3); (12)

When (Me3SiCHz)3(MesSiC=)W«+0O=PMe; (11) was exposed to Oj, 11
was found to convert to O=W(OSiMe3)(CH2SiMes); (12) containing a siloxy
(-OSiMe3) and an oxo ligand. A mass spectrometric (MS) analysis of the
gaseous products revealed the formation of CO, in the reaction (Scheme 4.3),
which is discussed below. When (Me3SiCH;)sW=CSiMe3 (4a) was exposed to O,
in the absence of O=PMes, in comparison, decomposition of 4a was observed,
giving unknown species.

Addition of (Me3SiCH,);W=CSiMe; (4a) to the reaction mixture and
crystallization at -30 °C gave crystals of
(Me3SiCH>)3(MesSiC=)W<«0O=W(OSiMe;)(CH.SiMes); (13) that were suitable for
X-ray diffraction studies. A representation of the molecular structure of 13, a
1 : 1 adduct between 12 and electron deficient 4a, is shown in Figure 4.2.
Crystallographic refinement data and selected bond distances and angles are
listed in Tables 4.3 and 4.4, respectively. 'H, *C and *°Si NMR spectra of 13
showed the resonances of the —OSiMes ligand at 0.283, 1.99, and 10.74 ppm,
respectively. The ?°Si NMR resonance of —O-SiMes at 10.74 ppm is down-field
shifted from those of —-C=W-CH,SiMe; at —1.50 ppm, O=W-CH,SiMe; at —2.97
ppm, and =CSiMe; at -19.76 ppm in 13. The NMR resonances of
(Me3SiCHa)3(MesSiC=)W moiety in 13 were found to be slightly shifted from those

of (Me3SiCH;);W=CSiMej; (4a).
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Figure 4.2. An ORTEP view of complex 13.
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Table 4.3. Crystal data and structure refinement for 13.

Compound No.

13

Empirical formula (Formula weight)

Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

@ range for data collection
Index ranges

Reflections collected
Independent reflections

Completeness to 8= 22.50°

C31Hg4O2SisW, (1081.40)
-100(2) °C
0.71073 A
Hexagonal

R-3
a=16.1077(7)A  a=90°
b=16.1077(7)A p=90°
C=68.397(4)A y=120°
15368.5(13) A®

12

1.402 Mg/m?®

4.697 mm™

6552

0.29 x 0.25 x 0.15 mm®

1.58 to 22.50°

-17<h<17,-17 <k <17,-73<1<73

30361
4488 [R(int) = 0.0392]

99.9%
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Table 4.3. Continued

Compound No. 13

Max. and min transmission 0.5393 and 0.3428
Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 4488 /0/275

Goodness-of-fit on F? 0.889

Final R indices [l > 20(1)] R1 =0.0228, wR2 = 0.0559

R indices (all data) R1 =0.0396, wR2 = 0.0706
Largest diff. peak and hole 1.533 and —0.458 eA™®

P R1 = Z||Fo| — | Fell / ZIFo|; WR2 = [£ W(Fo? — Fe?)* 1 = w(Fo?)]"%;
w = 1/[c%(Fo) + (aP)? + bP]; P = [2F:* + Max(F%, 0)])/3
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Table 4.4. Selected bond distances (A) and angles (°) for 13

Distances
C(1)-W(1) 1.775(11) O(1)-W(1) 2.578(6)
C(3)-W(1) 2.100(5) 0(2)-W(2) 1.924(6)
C(7)-W(2) 2.098(5) O(1)-W(2) 1.735(6)
0(2)-Si(4) 1.630(6) C(3)-Si(2) 1.872(6)
C(7)-Si(3) 1.895(5) C(1)-Si(1) 1.846(11)
C(2)-Si(1) 1.871(6) C(5)-Si(2) 1.852(6)
C(11)-Si(4) 1.851(6) C(10)-Si(3) 1.866(6)
Angles
W(1)-C(1)-Si(1)  180.0 Si(3)-C(7)-W(2)  119.0(3)
W(2)-O(1)-W 180.0 Si(2)-C(3)-W(1)  123.7(3)
Si(4)-0(2)-W(2) 180.0 C(1)-W(1)-O(1)  180.000(1)
O(2)-W(2)-C(7) 87.67(14) O(1)-W(2)-0O(2)  180.000(1)
C(1)-W(1)-C(3)  100.45(15)
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In the reaction of O, with d° silyl alkylidyne (Bu'CH.),W(=CBU')(SiPh,Bu')
(2a), the silyl ligand migrates to the alkylidyne ligand to give an oxo alkylidene
(Bu'CH,),W(=0)[=CR(SiPh,Bu'")] (10).?* In contrast, in the reaction of O, with d°
alkyl alkylidyne 11, the silyl moiety in the Me3SiC=W ligand migrates to the newly
formed oxo ligand. These are two rare examples of the reactions of d°

1,10,11,34

alkylidynes with Oy, and they demonstrate rich chemistry in the reactions

of d® complexes with O,. Silicon is known to be oxophilic, and this perhaps
drives the unusual silyl migration in the reaction of 11 with O,. Theoretical
calculations, performed by Professor Yun-Dong Wu'’s research group at the Hong
Kong University of Science and Technology, indicate that O=PMe3; mediates and
significantly lowers the activation of the migration.

The X-ray structure of 13 reveals a crystallographically imposed Cs
symmetry through the C=W<«-0O=W-O-Si bonds, giving thus a linear W(2)-O(2)-
Si(4) linkage. 4a and 11 are bonded through a W=0O—W dative bond [2.578(6)
A]l. The W=C bond distance of 1.775(11) A in 13 is longer than those in
(MesCCD,)sW=CSiMes [1.739(8) A]'"® and 11 [1.763(8) A] (Table 4.5). In the
structures of both 11 and 13, the =CSiMe3 ligands are trans to oxygen atoms that
use their lone pair electrons to form dative bonds to the W atoms in (W<«O). The
longer W=C bond distances in 11 and 13 may reflect trans influence of the O
ligands.* The C(1)-W(1)-C(3) bond angle of 100.45(15)° in 13 is smaller than

that [106.59(13)°] in (MesCCD,)sW=CSiMes,'® as a result of the coordination of
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Table 4.5. Bond distance comparison.®

!
C
R RCH2A N —cHyR
SiMey él: RCH g
C RCHo,.
Il ZSW—CHR | RcHa
Complex BulCH. W RCH; f = —CH,R
uCH, O RCHN |
BucH CH,Bu' I (|)
2 PMe3 SiM63
11 13
Bond Bond Distance (A)
w=C 1.739(8) 1.763(8) 1.796(8)
W-C 2.096(5) 2.104(8) (avg) 2.100(5)
O—>W 2.307(8) 2.572(5)
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12 to (Me3SiCH,);W=CSiMe3 (4a). The W=0 bond distance of 1.735(6) A in 13

is similar to those in other W oxo complexes.>**

4.2.3. HRMS Study of CO; Produced from the Reaction of 11 with O, and
Determination of Its Yield by "*CO, Analysis

We devised a method to quantitatively determine the molar amount of CO,
produced during the reaction of 11 with O,. An HRMS analysis of the gaseous
products using ">CO; as the calibration revealed the formation of CO, (CO, : 12 ~
0.91 : 1). Given the yield of 12, it is not clear if CO; is indeed a byproduct of the
formation of 12. It is, however, reasonable to assume that, in the oxidation of 11
to give 12, the alkylidyne C atom in (Me3SiCH2)3(Me3SiC=)W«0O=PMe; (11) was
thus oxidized by 2 equiv of O, from the former —4*" to +4 oxidation state, and

removed as CO,.

4.2.4. Mass Spectrometric Studies of the Reaction of 11 with 120,

Mass spectrometric studies were also carried out to determine, during the
reaction with '0,, whether oxygen scrambling occurs between the O=PMes
ligand and ®0,. MS analysis was performed to determine whether C'®0"°0,
C'®0'®0 and/or C'®0'0 were present in the product mixture. The mass spectra
are shown in Figures 4.3 and 4.4. In the reaction of 11 with excess '°0,, an MS
analysis of the gaseous products revealed the formation of '®*0=C="0 (25%)

and '®*0=C="%0 (75%), suggesting that the O atom in the O=PMejs ligand in 11
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was transferred to CO; during the reaction. The observations of the 46 and 48
Dalton peaks in Figure 4.3 indicate that both '°0="2C="%0 and "®0="2C="0 were
products from the reaction. Using the intensities of the 40 (*°Ar) peaks in Figure
4.3 as reference, the ratio of the 46 (°0="2C="80) and 48 ('®*0="?C="80) Dalton
peaks in the sample (Figure 4.3, Bottom) is 1 : 3. Because the ratios of the 40
and 44 Dalton peak intensities in both sample (Bottom) and background (Top)
are similar, it is unlikely that '®*0="2C="°0 was yielded from the reaction. The
nature of the exchange(s) is not clear.

The mass spectra (30-38 Dalton region) of dioxygen isotopomers
(**0="%0; "*0="80; '®*0="80) in the gaseous products and background prior to
the introduction of gases to the mass spectrometer are shown in Figure 4.4.
These spectra suggest that there was little '®*0="°0 or '®*0="80 in the sample that

would have contributed to the formation of '°0="2C="80.

4.2.5. Reaction of O, with the Equilibrium Mixture of 3a = 3b

The first synthesis of 12 occurred serendipitously through unwanted
exposure to air during the reaction of 4a with PMe3;. Complex 13 crystallized
from a solution containing 3a-b, 4a, PMe3, and solvent. Controlled experiments
later confirmed this reaction was reproducible in approximately 10% yield based

on 'H NMR. Scheme 4.4 shows both routes to form complex 13.
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File:E769E Ident:2_7 Win S500PPM Acqi125-FEB-2004 13:20:51 +0:38 Cal:ET69E(n/a)
ZAB-SEQ4F EI+ Magnet BpM:28 BpI:2709163 TIC: 4877922 Flags:NORM

File Text:Morton(Xue) 2/21/04 (180) s120 AFSe-5
100% _352mv
90 F 317
803 F 281
70 F 246
60 F211
503 F176
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303 £ 106
20 £ 70
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] 40.0 : 48.0 3
0 T T JI T 13 “‘II.n T ‘s[l ° : Lo
38 3 40 41 Py 4 P 45 45 & ds ) so 51 n/z
File:E765E Ident:63_79 Win S00PPM Acq:25-FEB-2004 13120:51 +10:36 Cal:E769E(n/a)
ZAB-SEQ4F EI+ Magmet BpM:36 BpI:89382912 TIC:124033632 Flags:NORM
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Figure 4.3. Mass spectra (38-51 Dalton region) of the isotopomers of carbon dioxide: (Top) The background prior to

the introduction of the gases into the spectrometer; (Bottom) The gaseous products from the reaction of 11 with "®0..
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ZAB-SEQ4P EI+ Magnet BpM:48 BpI:2709163 TIC:4877922 PFlags:NORM
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Figure 4.4. Mass spectra of dioxygen isotopomers ('°0="°0; °0="80; ®0="%0): (Top) The background spectrum;

(Bottom) The gaseous products from the reaction of 11 with '®0,. The 30-35 Dalton region was enlarged by 50 times.
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Scheme 4.4. Two pathways leading to 13.
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4.3. Concluding Remarks

(Me3SiCHz)3(MesSiC=)W«+0=PMe3 (11), an adduct  between
(Me3SiCH»);W=CSiMe; (4a) and O=PMe3, was found to react with O, to give
O=W(OSiMe3)(CH,SiMe3)s (3) and CO,. In the absence of O=PMes, 12 was not
observed. 12 was isolated as an adduct with (MesSiCH;)sW=CSiMe3 (4a),
(MesSiCHz)3(MesSiC=)W«-O0=W(OSiMes)(CH,SiMes);  (13),  which  was

characterized by X-ray crystallography.

4.4. Experimental Section
4.4.1. General Procedures

All manipulations were performed under a dry nitrogen atmosphere with
the use of either a glovebox or standard Schlenk techniques. Solvents were
purified by distillation from potassium benzophenone ketyl. NMR solvents were
dried and stored over 5 A molecular sieves. NMR spectra were recorded on
Bruker AC-250 and AMX-400 Fourier transform spectrometers. 'H and *C NMR
spectra were referenced to solvents (residual protons in the 'H spectra). Si
chemical shifts were referenced to SiMes. Elemental analyses were carried out
by E+R Microanalytical Laboratory, Inc., Parsippany, New Jersey.
(MesSiCH,)sW=CSiMes; (4a)'™® was prepared from WCI3(OMe); and
CIMgCH,SiMe3 using a procedure similar to that for the preparation of
(Me3CCH,)sW=CCMes."™" 0O=PMe; was purchased from Organometallics, Inc.

(East Hampstead, New Hampshire) and used as received. O, (99.6% purity)
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and '®0, (>99% '®0, Isotec, Miamisburg, Ohio) were used as received. '*CO,
(99% "*C, <1% '80) was purchased from Cambridge Isotope Laboratories, Inc.

(Andover, Massachusetts) and used as received.

4.4.2. Preparation of (Me3;SiCH3)3;(Me;SiC=)WO=PMe; (11)

Solids of (Me3SiCH3);W=CSiMe3 (4a, 200 mg, 0.377 mmol) and O=PMe3
(34.7 mg, 0.377 mmol) were placed in a Schlenk flask, and were then dissolved
in Et,0 (ca. 15 mL). The mixture was stirred until all O=PMe3 was dissolved in
ca. 10 min. Cooling the solution at —30 °C overnight gave crystals of 11 (136 mg,
0.218 mmol, 57.9% yield). 'H NMR (benzene-de, 400.04 MHz, 23 °C, J in Hz) §
1.30 (-CHSiMe3), 0.842 (d, O=PMes 2Jp.4 = 12.7), 0.533 (=CSiMe3), 0.303
(-CH.SiMes). "*C{'H} NMR (benzene-ds, 100.6 MHz, 23 °C) § 327.39 (=CSiMe3),
69.56 (CH,SiMes), 17.38 (d, O=PMes, 2Jpc = 70.4), 3.26 (-CH,SiMes), 2.19
(=CSiMes). *'P{"H} NMR (benzene-ds, HsPOj, internal standard, 161.94 MHz, 23
°C) § 41.95. #°Si{"H} NMR (benzene-dg) 5 —23.17 (=CSiMes), —3.42 (CH,SiMes3).

Anal. Calcd. C 36.64, H 8.25. Found C 36.45, H 8.06.

4.4.3. Preparation of O=W(OSiMe3)(CH,SiMe3)s; (12) and

(Me;SiCH,);W(=CSiMe3) < O=W(OSiMe;)(CH,SiMe3); (13)
(Me3SiCH3)3(MesSiC=)W«+0=PMe3 (11, 86.4 mg, 0.139 mmol) was

dissolved in toluene-ds (ca. 0.5 mL) in a Youngs NMR tube. Three aliquots of

1000 mmHg (0.325 mmol) O, were added over a period of 4 days, and product
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formation was monitored by 'H NMR spectroscopy. The vyield of 12 was ca. 30%
as estimated by NMR. When the reaction was completed, the solution was
transferred to a Schlenk flask, and all volatiles were removed in vacuo. The
remaining solid was dissolved in pentane and filtered into a solution of
(Me3SiCH2)sW=CSiMe3 (4a) in pentane. Cooling the solution to —30 °C gave
crystals of (Me3SiCH,)3(Me3SiC=)W«0=W(OSiMe3)(CH,SiMe3); (13, 25.8 mg,
0.0238 mmol, 17.1%). 'H NMR (toluene-ds, 400.04 MHz, 23 °C) & 1.640 (6H,
CH-W=0; %Jw.y = 10.8 Hz), 0.697 (6H, CH,-W=C; ?Jw.4 = 9.8 Hz), 0.403 (9H,
Me3SiC=), 0.283 (9H, MesSi-O), 0.241 (27H, MesSiCH,-W=0), 0.160 (27H,
MesSiCH2-W=C). "*C{'H} NMR (toluene-ds, 100.6 MHz, 23 °C) & 343.49
(MesSiC=s), 75.77 (CH,W-), 62.90 (CH,W=0), 2.39 (MesSiCH,W=C), 1.58
(MesSiCH,W=0), 2.07 (MesSiC=), 1.99 (O-SiMes). 2°Si{"H} NMR (toluene-ds,
79.49 MHz, 23 °C) 8 10.74 (Me3Si-0), —1.50 (Me3SiCH2-W=C), -2.97 (Me3SiCH.-
W=0), -19.76 (Me3SiC=). Anal. Calcd. for C31HgsO2SisW,: C 34.43, H 7.83, Si
20.78, P 0.00. Found: C 34.42, H 7.86, Si 21.03, P <0.02. The elemental
analysis of phosphorus was conducted to rule out that the —OSiMes ligand
observed in the X-ray crystal structure of 13 was O=PMes.

In a separate study, (Me3SiCH)3;(MesSiC=)W«0O=PMe; (11, 86.4 mg,
0.139 mmol) in toluene-dg (ca. 0.5 mL) in a Youngs NMR tube was added O..
Formation of O=W(OSiMe3)(CH,SiMes)s (12) was observed, and subsequent

analyses with mass spectrometry (MS) of the gaseous products were conducted.
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4.4.4. Reaction of (Me3;SiCH,);W=CSiMe; (4a) with O;

(Me3SiCH»);W=CSiMe3; (4a, 50 mg, 0.094 mmol) in benzene—ds (ca. 0.5
mL) in a Youngs NMR tube was frozen by liquid nitrogen and all volatiles were
removed from the NMR tube. O, (1200 mmHg, ca. 0.1 mmol) was introduced
into the Youngs tube and allowed to react at 5 °C. The reaction was monitored
by '"H NMR. Only unidentifiable decomposition products and SiMes; were

observed.

4.4.5. Reaction of O, with the Equilibrium  Mixture of
(Me3SiCH,);W(=CSiMes)(PMe;) (3a) = (Me3sSiCH,),W(=CHSiMe;)(PMe3) (3b)
02 (1200 mmHg, 0.1 mmol) was added to an equilibrium mixture of 3a =
3b prepared from 33 mg of (Me3SiCH,);W(=CSiMe3) (4a) in excess PMes (0.062
mmol) in benzene-ds. The reaction was monitored by NMR, and the yield of

O=W(OSiMe3)(CH,SiMe3); (12) estimated by NMR was 10%.

4.4.6. Determination of X-ray Crystal Structures of 11 and 13

The X-ray crystal structures of 11 and 13 were determined on a Bruker
AXS Smart 1000 X-ray diffractometer equipped with a CCD area detector and a
graphite-monochromated Mo source (K, radiation, 0.71073 A) and fitted with an
upgraded Nicolet LT-2 low temperature device. Suitable crystals were coated
with paratone oil (Exxon) and mounted on a glass fiber under a stream of

nitrogen at —100(2) °C. The structures of 11 and 13 were solved by direct
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method. All non-hydrogen atoms were anisotropically refined. Empirical
absorption correction was performed with SADABS. Global refinements for the
unit cells and data reductions were performed under the Saint program (Version
6.02). All calculations were performed using SHELXTL (Version 5.1) proprietary

software package.

4.477. Quantitative Determination of CO, Yielded from the Reaction of
(Me3SiCH3)s(Me3;SiC=)W«—O=PMe; (11) with O,

In a Youngs NMR tube, (Me3SiCH,);W=CSiMe; (4a, 66 mg, 0.12 mmol),
O=PMe; (11.2 mg, 0.12 mmol), and 4,4’-dimethylbiphenyl (5.9 mg, 0.032 mmol,
internal standard) were dissolved in ca. 0.5 mL of toluene-ds. 'H NMR spectrum
of the solution revealed the nearly quantitative formation of
(Me3SiCH)3(MesSiC=)W«0=PMe3 (11). The Youngs tube (headspace = 2.8
mL) was then attached to a gas manifold, and the solution was frozen in liquid
nitrogen, while most of the Youngs tube was immersed in liquid nitrogen. The N,
gas in the Youngs tube was removed in vacuo. Approximately 1.3 mmol of O,
(0.5 atm) was introduced into a gas manifold (65 mL). The valve on the Youngs
NMR tube was opened for approximately 5 sec to introduce O, gas into the tube.
Since the boiling point of Oz (90.2 K) is high than that (77.4 K) of N2, O, was
condensed into the Youngs tube. An HRMS analysis of the production mixture
after the reaction showed the presence of excess O..

The solution was warmed to room temperature and shaken. 'H NMR

spectrum revealed the formation of O=W(OSiMe3)(CH,SiMes)s (12, 0.011 mmol,
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9.4% yield based on 11). On a calibrated vacuum line with a volume of 170.7
mL, CO, (0.0145 atm, 0.101 mmol) was introduced. The Youngs tube
containing the product, attached to the line previously, was opened and allowed
to mix with the *CO; gas in the manifold for approximately 15 min. The Youngs
tube was frozen by liquid nitrogen to condense the CO, gas (**CO, and 'C0,)
and then thawed. The tube was then frozen by liquid nitrogen, and was thawed.
This process was repeated for a total of 3 times to allow a good mixing of *CO,
and ?CO,. The tube was frozen again and the NMR valve was closed. After the
tube was thawed, an HRMS analysis gave '>CO, : ?CO, = 100.00 : 10.14. Thus
the yield of CO, from the reaction was 0.010 mmol, or ca. 91% of

O=W(OSiMe3)(CH,SiMe3)s (12) from the reaction.

4.4.8. Determination of Isotopomers of CO, from the Reaction of
(Me3SiCH;)3(Me;SiC=)W«0O=PMe; (11) with 20,

A Youngs NMR tube containing 11 (30 mg in toluene-dg) was frozen in
liquid nitrogen, and evacuated. Excess '®0, (>99% '®0) was added, and the
NMR tube was warmed to room temperature. After the '"H NMR of the solution
indicated that the reaction was complete, the gaseous products were analyzed

by MS (Figures 4.3 and 4.4).
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CHAPTER 5

Reactions of Tungsten Alkylidyne Complexes with Water

5.1. Introduction

Oxo ligands play a major role in the chemistry of metals, particularly the
high valent, hard early transition metals.*® With their large electronegativity, oxo
ligands are effective to bring out the high oxidation states. Many early-transition-

metal complexes are water-sensitive,**°

and their reactions with H,O usually
lead to the formation of oxo complexes.*®** The nature of these reactions and
their applications in, for example, the formation of microelectronic metal oxide
materials*® have attracted much recent attention.

Reactivities of early-transition-metal organometallic complexes toward
water are of particular interest. Hillhouse and Bercaw reported that water reacts
in a clean, stepwise manner with d° Cp*,MH, (Cp* = CsMes; M = Zr, Hf) to yield
Cp*2M(H)(OH), (Cp*MH),0, Cp*2M(OH),, and finally Cp*,M(OH),'H,0, through
the conversion of M-H bonds to M-O bonds accompanied by H, evolution.*
Rosenthal and coworkers studied the reaction of d? Cp,Zr(THF)(n?*
MesSiC=CSiMe;) with H,O, and found it to yield the zirconoxane complex
[Cp.ZrC(SiMes)=CH(SiMe3)],0.*"  Reactions of 1 equiv of H,O with alkylidene
complexes d° Cp*,Ta(H)(=X) (X = CH,, C=CH,) yield XH, (CH4, and CH,=CHb,

42

respectively) and Cp*;Ta(H)(=0).” Schrock, Lippard, Osborn and coworkers

investigated the reactions of water with Group 6 neopentylidyne complexes, and
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found that the reactions of H,O with d° (Bu'CH,)sW=CBU' (1), (Bu'O);W=CBU',
and (Bu'CH,),Mo(=CHBuU")(=NBu") gave W,03(CH,Bu')g,*32442
[NEt,][WO3(CH,BUY],*? and [{Mo(=NBU')(CH,Bu")3}2(M004)],*** respectively, and
CMe,. Legzdins and coworkers reported that the reactions of H,O/O, with d*
Cp*M(NO)(CH,SiMes), (M = Mo, W) afford Cp*M(=0),(CH.SiMe3).*4

We reported in Chapter 4 that the reaction of O, with d°
(Me3SiCH2)3(MesSiC=)W«-0=PMe3z (11) surprisingly yields a siloxide
O=W(OSiMe3)(CH,SiMe3); (12). We have also found that the reactions of H,O
with (MesSiCH3)sW=CSiMe; (4a), or 11 unexpectedly yielded CH; and 12
(Scheme 5.1). As in the reaction of O, with 11, one -SiMe3 group undergoes an
unusual migration in these reactions with H,O to give the -OSiMe; ligand in
12.42%  When 4a reacted with D,0O, analysis of the methane isotopomers by
high-resolution mass spectrometry (HRMS) revealed the formation of CD4, CHD3

and CHyD,. Our studies of these reactions with water are presented.

5.2. Results and Discussion
5.2.1. Reaction of (Me3SiCH,);W(=CSiMes) (4a) with H,O. Preparation of
O=W(OSiMe3)(CH,SiMe3); (12) and Study of the CH, Formation

We were surprised to find that, when 3.4 equiv of H,O was added to
(MesSiCH2)sW=CSiMe3 (4a) in THF-ds, subsequent reaction afforded 12 in ca.
60% yield by NMR. HRMS analyses of the gaseous products using >CH, as the

calibration showed the formation of 1.7 equiv (excess) of CH4 (Figure 5.1).
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Scheme 5.1. The different routes to form 12 through reactions of H,O.
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Figure 5.1. MS data of volatile products in the reaction of 4a with H,O.
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12 was also found to decompose to CH4 and unknown species in the presence of
excess HyO. It is thus likely that 12 reacted with the excess H,O to yield

additional CHa,.

5.2.2. Reaction of (Me3;SiCH3);W(=CSiMe;) (4a) with D,O

In order to probe the mechanistic pathways in the formation of 12 and
CH4, (Me3SiCH;);W=CSiMe3 (4a) in THF-dg was added ca. 5 equiv of DO
(99.9% D). An HRMS analysis of the methane isotopomers gave the following
ratios of CHy : CH3D : CH,D, : CHD3; : CDs =0 :3: 100 : 19 : 32(+ 5)% (Figure
5.2, Table 5.1). If the observation of CH3D is ignored, as its HRMS signal is
below the estimated error of 5%, the observations of CH,D, and CHD3; were
surprising. “H NMR of the reaction of 4a with D,O revealed the formation of
O=W(OSiMe3)(CH2..D,SiMe3); (12-d,). The mechanistic pathway in the
formation of 12 is not clear. In addition, 12 is likely decomposed by excess D,O
to give the methane isotopomers as well. However, the formation of CH,D, and
CHDs, and the ?H NMR studies are consistent with suggested pathways in
Scheme 5.2 (Figure 5.3). The first step involves the addition of D—OD to the
W=C- bond to give A. The migration of the second D atom in W-OD to the
W=CD- bond affords the tetraalkyl W oxo intermediate C. In addition to this
pathway, A apparently undergoes an unexpected a-hydrogen migration from a
W-CH,— to the W=CD- bond to yield B containing a W=CH- bond. Similar a-

hydrogen migrations have been reported.' 8192220 gypsequent D migration
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Table 5.1. List of HRMS peaks and their intensities in the 15-20 Dalton region.

Calculated Observed
Chemical Mass #H #D Mass Rel. %
Species
CHD 15.0219 1 1 15.0216 7.8
%0 15.9949 15.9949 1.3
CD, 16.0282 0 2 16.0282 9.6
CH, 16.0313 4 0
80OH 17.0027 17.0027 2.0
CHsD 17.0376 3 1 17.0378 3.1
80OH, 18.0106 18.0106 8.9
CH.D, 18.0439 2 2 18.0440 100.0
80OH 19.0070 19.0070 3.5
CHD; 19.0501 1 3 19.0501 19.3
80OH, 20.0148 20.0148 13.2
CD, 20.0564 0 4 20.0564 31.5
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Figure 5.3. 2H NMR spectrum of the a-H region in 12. Non-deuterated THF

solvent was used with one drop of THF-dg as reference.
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from W-OD to the W=CH- bond yields D. The —SiMe3 group in one of these alkyl
ligands in C and D undergoes the C-Si bond cleavage and migration to the oxo
ligand to give E/F and G/H, respectively, containing a methylene ligand (W=CD,—
in E, W=CHy- in F/G, or W=CHD- in H), which subsequently reacts with D,0O to
yield the methane isotopomers.

It is interesting to note that the reactions of H,O with (Bu'CH,)sW=CBu' (1),
(Bu'O);sW=CBuU', and (Bu'CH,),Mo(=CHBU"')(=NBu') give neopentane CMe4; and
oxo  complexes  W,03(CH.BUY,*@%2  [NEts][WO3(CH,Bu"),***  and
{Mo(=NBU')(CHzBu')s}-(M0O4)],**® respectively. The alkylidene intermediate
(Bu'CH3);W(=CDBU")(OD) in the reaction of 1 with DO does not undergo o-
hydrogen migration.**® Reactions of H,0/O, with d* Cp*M(NO)(CH,SiMes), (M =
Mo, W) afford Cp*M(=0)(CH,SiMes),**® and no —SiMe; migration to the oxo
ligands was observed. It is not clear why the unusual —SiMe; migration occurs in

the current reaction of 4a with H,O.

5.2.3. Reaction of (Me3;SiCH3)3;(Me3;SiC=)W«O=PMe; (11) with H,0O
(Me3SiCH3)3(MesSiC=)W«0=PMe3 (11) was found to react with H,O to
give O=W(OSiMe3)(CH.SiMe3); (12). This reaction is, however, much slower
than that of phosphine oxide-free (Me3SiCH,);W=CSiMe; (4a), the parent
compound of 11, with H,O. The reaction of 4a with H,O is completed in ca. 1

hour. In the reaction of 11 with 8 equiv of H,O, '"H NMR monitoring of the mixture
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revealed that, after 5 days, only a small amount of 11 had reacted to give only
6% of 12. A large amount of 11 remained in the mixture.

It is not clear how water reacts with the phosphine oxide complex 11. At
least two pathways are possible: (a) direct attack of 11 by a water molecule,
while (Me3;SiCH2);W=CSiMe; (4a) is coordinated to the tungsten center; (b)
dissociation of the O=PMej; from the metal center to give (Me3SiCH,);W=CSiMe;
(4a) which, as discussed earlier in this chapter, undergoes hydrolysis to give the
products. Ligands such as phosphine oxides coordinate to metal centers through
2e, dative bonds to give adducts. Such bonding is known to be reversible. In
other words, equilibria among the metal complexes, ligands and their adducts
such as that in Scheme 5.1 for 11, (Me3SiCH,)sW=CSiMe; (4a), and the adduct
(Me3SiCHa)3(Me3SiC=)W«0=PMe; (11) slow the reaction to form complex 12.

If 11 reacts directly with H,O, the slowness of the reaction of 11 with H,O
is perhaps not surprising, given the fact that it is coordinated by a phosphine
oxide ligand. This coordination provides at least two electrons to the tungsten
center so it is less electron deficient and has less drive to coordinate to water.
The coordination also blocks the tungsten atom from attack by the water
molecule to begin the hydrolysis reaction.

A more likely pathway in the hydrolysis of 11 is that the O=PMe; ligand
dissociates from 11 through the equilibrium in Scheme 5.3 to give 4a, which then
reacts with H,O to give 12. The kinetics of the O=PMej; dissociation from 11 may

be slow, and this leads to the small overall rate of the reaction of 11 with H,O. In
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Scheme 5.3. Formation of 12 from the reaction of 11 with H-O.
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addition, both O=PMe; and H,O compete for the small amount of newly formed

4a, further reducing the yield of 12.

5.3. Concluding Remarks

The formation of the novel siloxide 12 demonstrates rich chemistry in the
reactions of d° complexes with H,O. The presence of B-silicon atoms in 4a and
11 is a critical factor in the observed unique reactivities here. As in the reaction
of 11 with O, the silyl migration in the reactions of 4a and 11 with H,O is perhaps

driven by the oxophilicity of silicon.

5.4. Experimental Section
5.4.1. General Procedures

All manipulations were performed under a dry nitrogen or argon
atmosphere with the use of either a glovebox or standard Schlenk techniques.
Solvents were purified by distillation from potassium benzophenone ketyl. NMR
solvents were dried and stored over 5 A molecular sieves. NMR spectra were
recorded on Bruker AC-250 and AMX-400 Fourier transform spectrometers. 'H
and *C NMR spectra were referenced to solvents (residual protons in the 'H
spectra). 2°Si chemical shifts were referenced to SiMes. (Me3SiCH,)sW=CSiMes
(4a) was prepared from WCI3;(OMe); and CIMgCH,SiMe; using a procedure
similar to that for the preparation of (MesCCH,)sW=CCMes."" 11 was prepared
by the procedure in Chapter 4. *CH,4 (99% '*C) was purchased from Cambridge

Isotope Laboratories, Inc. (Andover, Massachusetts) and used as received.
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5.4.2. Preparation of (Me3;SiCH;);(Mes;SiC=s)W—O=W(OSiMe;)(CH,SiMe3)s;
(13) via the Reaction of 4a with H0.

While a solution of (Me3SiCH,);W=CSiMe; (4a, 183 mg, 0.345 mmol) in
THF (ca. 5-10 mL) at room temperature was stirred, H,O (14 uL, 0.777 mmol)
was added via syringe. An immediate color change from yellow to reddish-
orange was observed upon addition of water. Stirring continued at room
temperature for approximately 1 hour. All volatiles were then removed in vacuo.
In a separate flask, (Me3SiCH;);W=CSiMe3; (4a, 183 mg, 0.345 mmol) was added
dropwise to the first Schlenk flask. The mixture was filtered, and the filtrate was
placed in the freezer at -30 °C to give crystals of
(Me3SiCH2)3(Me3SiC=)W«-0=W(OSiMe3)(CH2SiMe3); (13, 46.5 mg, 12.5%
yield). When the reaction was conducted in THF-dg in a Youngs NMR tube, the
yield of 12 was ca. 60% as estimated by NMR. CH4 was observed in the MS

analysis of the gases in the headspace of the Youngs tube.

5.4.3. Quantitative Determination of CH, Yielded from the Reaction of
(Me3SiCH3);W=CSiMe; (4a) with H,0

In a Youngs NMR tube, (Me3SiCH3);W=CSiMe; (4a, 105 mg, 0.197 mmol)
and 4,4’-dimethylbiphenyl (5.3 mg, 0.029 mmol) were dissolved in THF-dg (0.4
mL). H,O (ca. 12 mg, 0.67 mmol) was added, and the NMR lid was closed
immediately. The NMR tube was placed in an NMR spectrometer, and the

reaction was monitored by 'H NMR spectroscopy. The reaction was essentially
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complete within 30 min to give O=W(OSiMe3)(CH,SiMes)s (12) (0.118 mmol,
60% yield based on 4a). On a calibrated vacuum line with a volume of 170.7 mL,
0.0893 mmol of "*CH, (0.0127 atm) was introduced. The Youngs tube containing
the product, attached to the line previously, was opened and allowed to mix with
the "*CH, gas in the manifold for approximately 15 min. The Youngs tube was
frozen by liquid nitrogen to condense the CH4 gas ("*CH, and CH,) and then
thawed. The tube was then frozen by liquid nitrogen, and was thawed. This
process was repeated for a total of 3 times to allow a good mixing of CH, and
'2CH,4. The tube was frozen again and the NMR lid was closed. After the tube
was thawed, an HRMS analysis gave a ratio of ">CH, : '?CH, was found to be
27.55 : 100.00. Thus the yield of CH4 from the reaction was 0.323 mmol, or ca.
164% yield from 4a. It was found in a separate test that the product 12 reacted
with H2O to yield CH4 as well. In other words, 1 equiv of 4a reacts with excess
H2O to yield at least 2 equiv of CH,4. It is reasonable to assume that, in the
current case, the excess H;O (69%) reacted with the product 12, producing

additional CH4 and lowering the yield of 12.

5.4.4. Reaction of (Me3;SiCH;);W=CSiMe; (4a) with D,O

4a (30 mg, 0.057 mmol) in THF-dg (ca. 0.5 mL) at room temperature was
transferred to a Youngs NMR tube. D,O (ca. 5 uL, 0.28 mmol) was added via
syringe in a glove box. An immediate color change from yellow to reddish-
orange was observed upon addition of D,O. 'H NMR spectra of the solution

confirmed formation of O=W(OSiMe3)(CH2.nD,SiMes)s (12-d,) in solution. A
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separate °D NMR study of this reaction is reported below. Studies with high-
resolution mass spectrometry (HRMS) were conducted shortly after D,O was

added.

5.4.5. 2H NMR Studies of the Reaction of (Me;SiCH,);sW=CSiMe; (4a) with
D,0

4a (50 mg, 0.094 mmol) in THF (ca. 0.5 mL) at room temperature was
transferred to a Youngs NMR tube. D,O (ca. 5 uL, 0.28 mmol) was added via
syringe in a glove box. A ?H NMR spectrum at —10 °C showed a broad peak at

1.55 ppm attributable to —-CHDSiMe3; and —CD,SiMes.

5.4.6. The Analysis of Volatile Products by Mass Spectrometry (MS) and
High-Resolution Mass Spectrometry (HRMS)

Electron-ionization mass spectrometry (EI-MS, 70 eV) was conducted on
a VG ZAB-EQ double focusing mass spectrometer for the analysis of CO, and
CHs4. In the HRMS studies, the instrument was tuned to a resolution (M/AM =
12000) sufficient to discriminate between the various isotopomers of CH,Dy (x +y
= 4) and the El-fragmentation products produced from them (Table 5.1). The
sample gas was introduced through a needle valve to produce a registered
source pressure of ca. 10° mbar. Vapor of H,O (ca. 90% '®0, 10% '°0) was
introduced through a separate inlet and used as the mass-calibration standard,

thus allowing assignment of peaks to the CHD, isotopomers (Table 5.1).
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5.4.7. Reaction of (Me3SiCH,)s;(Mes;SiC=)WO=PMe; (11) with H,0O

HO (ca. 5 L, 0.28 mmol) was added via syringe to
(Me3SiCHa)3(MesSiC=)W«0=PMe3 (11, 22 mg, 0.035 mmol) in toluene-dg (ca.
0.5 mL) at room temperature in a glove box. The solution was monitored for 5
days by '"H NMR. A small amount of 11 had reacted to give 6% of the expected
O=W(OSiMe3)(CH.SiMe3); (12), and a large amount of unreacted 11 was

observed in solution.

5.4.8. Decomposition of 12 by H,0

12 was found to react with H,O and decompose to CH; and other
unknown products. H,O (ca. 2 uL, 0.11 mmol) was added via syringe to a J. R.
Youngs NMR tube containing 4a (50 mg, 0.094 mmol) and the reaction mixture
was monitored by 'H NMR spectroscopy. The sample was checked to ensure all
starting material had reacted, and then all volatiles were removed in vacuo.
Another aliquot of H,O (ca. 2 uL, 0.11 mmol) was added to the reaction mixture
dissolved in THF-dg in a J. R. Youngs NMR tube, and a '"H NMR spectrum was
taken to determine that 12 had fully decomposed to unknown products. The

sample was submitted for MS analysis and CH4 was found to be a product.
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CHAPTER 6

Future Studies

Several new alkylidyne and bis(alkylidene) complexes have been
prepared and characterized. They were found to undergo unusual exchanges
and reactions with phosphines to give alkyl alkylidene alkylidyne complexes.
Alkylidyne complexes were found to react with O, or H,O, leading to the
formation of a rare oxo siloxy complex.

Additional studies of the reactions of phosphines with alkylidyne
complexes are needed to understand the nature of the a-hydrogen migration and
abstraction reactions observed in Chapters 2 and 3, and to compare the
differences between -CH,CCMe; and -CH,SiMe; ligands. Isolation of
phosphine-oxide analogs of bis-phosphine, alkyl alkylidene alkylidyne complexes
8 and 9 might provide suitable crystals for elemental analysis and for the
determination of the structures of the alkyl alkylidene alkylidyne complexes
through X-ray crystallography. Studies with phosphines other than those used in
this dissertation could provide a more comprehensive picture of the nature of the
reactions reported in Chapters 2 and 3.

High-k metal oxides have been used as microelectronic materials for
CVD. Additional studies with Group VI metal alkylidene and imido complexes
with oxygen could provide additional mechanistic information. Preliminary

studies revealed that the reaction of 4a or 3 with oxygen and water occurred to
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give crystalline, trimeric complexes containing W(VI), bridging and terminal oxo
ligands, and alkyl ligands. Isolation and full characterization of these complexes
might provide insight into the nature of the reactions of alkylidyne complexes with
O,.  Preliminary studies of the reaction of 4a with oxygen transfer agents, such
as pyridine-oxide and trimethylamine-oxide yield the siloxy complex 12. This
new reaction may provide a rich new area in which to study the nature of oxygen
atom transfer reactions involving alkylidyne complexes. Investigation of the
mechanism and kinetic studies would provide insight into the mechanism of
formation of 12.

An extension of the reactions of water with alkylidyne complexes may
involve their controlled reactions with primary alcohols. Preliminary
investigations revealed that ethanol reacted with 4a to give perhaps an alkylidene
product (based on the '"H NMR spectrum), and this reaction is worth pursuing.
Studies in this area might provide an avenue for precursors for microelectronic

metal oxide materials.
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Table Al. Atomic coordinates (x 10%) and equivalent isotropic displacement
parameters (A% x 10%) for 3b. U(eq) is defined as one third of the trace of the

orthogonalized U; tensor.

X y z U(eq)
W(1) 3333 6667 9210(1) 59(1)
P(1) 3333 6667 11286(4) 63(1)
c(1) 3840(20)  8228(18)  11950(20) 99(8)
C(2) 5036(11)  8174(11)  9337(15) 70(4)
Si(1) 6694(4)  8485(3)  9184(7) 65(1)
C(3) 7440(20)  9410(20)  7903(16)  103(8)
C(4) 7670(20)  9428(19) 10394(17)  105(8)
C(5) 6733(14)  6956(11)  9130(20)  112(6)
C(6) 2560(30)  6480(40)  7679(14) 69(10)
Si(2) 3333 6667 6288(4) 64(1)
C(7) 4730(20)  6450(30)  6460(30) 44(10)
C(8) 3910(40)  8350(20)  5840(50)  310(110)

C(9) 2260(30)  5570(40)  5210(30) 101(18)
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Table A2. Bond distances (A) for 3b.

Bond Distance Bond Distance
W(1)-C(2)#1 1.964(12) Si(2)-C(9)#2 1.854(15)
W(1)-C(2) 1.964(12) Si(2)-C(9)#1 1.854(15)
W(1)-C(2)#2 1.964(12) Si(2)-C(9) 1.854(15)
W(1)-C(6)#2 2.041(18) Si(2)-C(6)#1 1.889(19)
W(1)-C(6)#1 2.041(19) Si(2)-C(6)#2 1.889(19)
W(1)-C(6) 2.041(18) Si(2)-C(8)#2 1.874(16)
W(1)-P(1) 2.514(5) Si(2)-C(8) 1.874(16)
P(1)-C(1)#1 1.86(2) Si(2)-C(8)#1 1.874(16)
P(1)-C(1)#2 1.86(2) Si(2)-C(7) 1.858(15)
P(1)-C(1) 1.86(2) Si(2)-C(7)#2 1.858(15)
C(2)-Si(1) 1.860(13) Si(2)-C(7)#1 1.858(15)
Si(1)-C(4) 1.871(13) C(7)-C(8)#1 0.84(7)

Si(1)-C(3) 1.861(13) C(7)-C(9)#2 1.62(6)

Si(1)-C(5) 1.879(10) C(7)-C(6)#2 1.98(4)

C(6)-C(6)#1 1.48(4) C(8)-C(7)#2 0.84(7)

C(6)-C(6)#2 1.48(4) C(8)-C(Q)#1 1.06(7)
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Table A2. Continued

Bond Distance Bond Distance
C(6)-Si(2) 1.889(19) C(9)-C(8)#2 1.06(7)
C(6)-C(7)#1 1.98(4) C(9)-C(7)#1 1.62(6)

Symmetry transformations used to generate equivalent atoms:

#1 -x+y,-x+1,z  #2 -y+1,x-y+1,z
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Table A3. Bond angles (°) in 3b.

Bond Angle Bond Angle
C(2#1-W(1)-C(2)  119.39(15)  C(6)#2-W(1)-C(6) 42.5(11)
C(2-W(1-C(2#2  119.39(14)  C(6)#1-W(1)-C(6) 42.5(11)
C2M#1-W(1)-C(6}#2  71.1(8) C(2)#1-W(1)-P(1) 85.5(5)
C(2-W(1)-C(6)#2  98.7(14) C(2)-W(1)-P(1) 85.5(5)
C(2#2-W(1)-C(6}#2  112.7(11) C(2)#2-W(1)-P(1) 85.5(5)
CHI-W(1)-C(6)#1  112.7(11) C#1-W(1)-C2#2  119.39(15)
C(2)-W(1)-C(B)#1 71.1(8) C(6)#2-W(1)-P(1) 155.3(6)
C(2#2-W(1)-C(6)#1  98.7(14) C(6)#1-W(1)-P(1) 155.3(6)
C(6)#2-W(1)-C(6)#1  42.5(11) C(6)-W(1)-P(1) 155.3(6)
C(2#1-W(1)-C(6)  98.7(14) C(1)#1-P(1)-C(1}#2  102.8(9)
C(2)-W(1)-C(6) 112.7(12) C(1)#1-P(1)-C(1) 102.8(9)
C(2M#2-W(1)-C(6)  71.1(8) C(1)#2-P(1)-C(1) 102.8(9)
C(1)#1-P(1)-W(1) 115.6(7) C(6)#2-C(6)-W(1) 68.8(5)
C(1)#2-P(1)-W(1) 115.6(7) Si(2)-C(6)-W(1) 128.4(12)
C(1)-P(1)-W(1) 115.6(7) C(7)#1-C(6)-W(1) 143(2)
Si(1)-C(2)-W(1) 135.1(7) C(9)#2-Si(2)-CO#1  76(2)
C(2)-Si(1)-C(4) 109.5(12) C(9)#2-Si(2)-C(9) 76(2)
C(2)-Si(1)-C(3) 110.8(8) C(9)#1-Si(2)-C(9) 76(2)
C(4)-Si(1)-C(3) 108.5(6) C(9)#2-Si(2)-C(6) 160.5(16)
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Table A3. Continued

Bond Angle Bond Angle
C(2)-Si(1)-C(5) 111.2(6) C(9)#1-Si(2)-C(6) 122(2)
C(4)-Si(1)-C(5) 108.0(7) C(9)-Si(2)-C(6) 114.5(15)
C(3)-Si(1)-C(5) 108.7(7) C(9#2-Si(2)-C(B#1  122(2)
C(6)#1-C(6)-C(6)#2  60.002(17)  C(9)#1-Si(2)-C(6)#1  114.5(15)
C(6)#1-C(6)-Si(2)  66.9(6) C(9)-Si(2)-C(6)#1 160.5(16)
C(6)#2-C(6)-Si(2)  66.9(6) C(6)-Si(2)-C(6)#1 46.1(12)
C(6)#1-C(6)-C(T)#1  123.1(13) C(9)#2-Si(2)-C(6)#2  114.5(15)
C(6)#2-C(6)-C(T)#1  87(3) C(9)#1-Si(2)-C(6)}#2  160.5(16)
Si(2)-C(6)-C(7)#1 57.4(9) C(9)-Si(2)-C(6)#2 122(2)
C(6)#1-C(6)-W(1)  68.8(5) C(6)-Si(2)-C(6)#2 46.1(11)
C(6)#1-Si(2)-C(6)#2  46.1(11) C(6)#1-Si(2)-C(8)#2  128(2)
C(9)#2-Si(2)-C(8}#2  108.8(10) C(6)#2-Si(2)-C(8)}#2  106.1(19)
C(9)#1-Si(2)-C(8)#2  85(3) C(9)#2-Si(2)-C(8) 85(3)
C(9)-Si(2-C(8#2  33(2) C(9)#1-Si(2)-C(8) 33(2)
C(6)-Si(2-C(8}#2  83(2) C(9)-Si(2)-C(8) 108.8(10)
C(6)-Si(2)-C(8) 106.1(19) C(OM#1-Si(2)-C(7)#2  51.7(19)
C(6)#1-Si(2)-C(8)  83(2) C(9)-Si(2)-C(7)#2 120.8(18)
C(6)#2-Si(2)-C(8) 128(2) C(6)-Si(2)-C(7)#2 79.9(18)
C(8)#2-Si(2)-C(8) 112.1(17) C(6)#1-Si(2)-C(7)#2  63.7(16)
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Table A3. Continued

Bond Angle Bond Angle
C(9)#2-Si(2)-C(8)}#1  33(2) C(6)#2-Si(2)-C(7)#2  108.9(12)
C(9)#1-Si(2)-C(8)#1  108.8(10) C(8)#2-Si(2)-C(T)}#2  108.4(11)
C(9)-Si(2)-C(8)#1 85(3) C(8)-Si(2)-C(7)#2 26(2)
C(6)-Si(2)-C(8)#1 128(2) C(8)#1-Si(2)-C(T)#2  132.6(11)
C(6)#1-Si(2)-C(8}#1  106.1(19) C(7)-Si(2)-C(7)#2 118.8(4)
C(6)#2-Si(2)-C(8)}#1  83(2) C(9)#2-Si(2)-C(7)#1  120.8(18)
C(8)#2-Si(2)-C(8#1  112.1(18) C(OM#1-Si(2)-C(7)#1  109.9(10)
C(8)-Si(2)-C(8)#1 112.1(18) C(9)-Si(2)-C(7)#1 51.7(19)
C(9#2-Si(2)-C(7)  51.7(19) C(6)-Si(2)-C(7)#1 63.7(16)
C(9)#1-Si(2)-C(7) 120.8(18) C(6)#1-Si(2)-C(7)#1  108.9(12)
C(9)-Si(2)-C(7) 109.9(10) C(6)#2-Si(2)-C(7}#1  79.9(18)
C(6)-Si(2)-C(7) 108.9(12) C(8)#2-Si(2-C(T)#1  26(2)
C(6)#1-Si(2)-C(7)  79.9(18) C(8)-Si(2)-C(7)#1 132.6(11)
C(6)#2-Si(2)-C(7)  63.7(16) C(8)#1-Si(2)-C(7)#1  108.4(11)
C(8)#2-Si(2)-C(7) 132.6(11) C(7)-Si(2)-C(7)#1 118.8(4)
C(8)-Si(2)-C(7) 108.4(11) C(T)#2-Si(2-C(T)#1  118.8(4)
C(8)#1-Si(2)-C(7)  26(2) C(8)#1-C(7)-C(O#2  36(2)
C(9)#2-Si(2)-C(7}#2  109.9(10) C(8)#1-C(7)-Si(2) 78.0(18)
C(9#2-C(7)-Si(2)  64.0(12) C(7)#2-C(8)-Si(2) 75.8(16)
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Table A3. Continued

Bond Angle Bond Angle
C(8)#1-C(7)-C(6)#2  118(2) C(8)#2-C(9)-Si(2) 74.5(15)
CO#2-C(7)-C(6)#2  121.9(14) C(9)#1-C(8)-Si(2) 72.4(15)
Si(2)-C(7)-C(6)#2 58.9(11) C(8)#2-C(9)-C(7)#1 28(3)
C(7)#2-C(8)-C(9)#1 116(3) C(7)#1-C(9)-Si(2) 64.2(11)

Symmetry transformations used to generate equivalent atoms:

#1 -x+y,-x+1,z  #2 -y+1,x-y+1,z
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Table A4. Anisotropic displacement parameters (A2 x 103) for 3b. The
anisotropic displacement factor exponent takes the form: -2r2[h?a*?Uqq + ... +

2hka*b*U12].

U4 U2z Uss U2 U1z U1z
w() 731y 73(1)  31(1) 0 0 36(1)
PA)  78(2)  78(2)  34(2) 0 0 39(1)
C(2) 94(6)  86(7)  53(9)  44(8) 4(6) 62(5)
Si)y  80(2)  26(1)  76(2) 83)  -37(3)  16(2)

C(3) 71(11) 170(20)  82(8)  27(13)  5(9)  72(14)
C(4) 113(15) 59(11)  85(9) 19)  -24(12)  1(11)
C(5) 75(9)  76(9)  196(18) -22(13)  42(19)  46(8)
C(6) 89(19) 120(30)  45(7)  16(19)  6(9)  80(20)

Si(2)  78(2) 78(2) 38(3) 0 0 39(1)

154



Table A5. Hydrogen coordinates (x 10%) and isotropic displacement parameters

(A? x 10°) for 3b.

X y z U(eq)
H(1A) 3666 8107 12742 148
H(1B) 3362 8606 11623 148
H(1C) 4751 8797 11826 148
H(2A) 5003 8789 8821 84
H(2B) 5032 8503 10085 84
H(3A) 7355 10168 7888 154
H(3B) 7012 8876 7257 154
H(3C) 8343 9658 7889 154
H(4A) 7992 10336 10260 157
H(4B) 8382 9278 10498 157
H(4C) 7136 9165 11060 157
H(5A) 6198 6429 8524 168
H(5B) 6410 6497 9832 168
H(5C) 7610 7146 9020 168
H(6A) 2245 7074 7676 83
H(6B) 1811 5654 7676 83

H(7A) 4520 5623 6738 67
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Table A5. Continued

X y z U(eq)
H(7B) 5135 6573 5749 67
H(7C) 5304 7092 6959 67
H(8A) 4274 8457 5119 469
H(8B) 3157 8413 5805 469
H(8C) 4518 8997 6326 469
H(9A) 2049 4752 5489 152
H(9B) 1499 5626 5140 152

H(9C) 2653 5697 4495 152
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Table A6. Atomic coordinates (x 10%) and equivalent isotropic displacement

parameters (A% x 10%) for 11. U(eq) is defined as one third of the trace of the

orthogonalized U; tensor.

X y z U(eq)
c(1) 6791(7) 5740(9) 8323(6) 50(2)
c(2) 7870(4) 7663(6) 6970(4) 48(2)
C(3) 7984(5) 4246(6) 6889(5) 56(2)
C(4) 8409(4) 5930(7) 8145(4) 51(2)
C(5) 6139(6) 3123(9) 7884(5) 89(3)
C(6) 7377(5) 3208(11) 9043(7) 102(4)
c(7) 5852(10) 4203(13) 9481(8) 104(5)
c(8) 8060(14) 9386(19) 8347(13) 263(15)
C(9) 7763(10) 10518(11) 6801(11) 172(8)
C(10) 6532(6) 9112(9) 7591(18) 208(12)
c(11) 8370(10) 5343(18) 5306(7) 172(8)
C(12) 8958(10) 2804(12) 5753(9) 210(11)
C(13) 9593(7) 5070(20) 6514(9) 170(8)
C(14) 9809(5) 7248(10) 8707(6) 96(4)
C(15) 9674(6) 4367(12) 8850(7) 108(4)
C(16) 8732(7) 6051(12) 9883(5) 106(4)
c(17) 5951(11) 4353(13) 5591(8) 107(6)
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Table A6. Continued

X y z U(eq)
C(18) 6042(6) 7053(12) 5408(7) 121(5)
C(19) 5138(6) 5994(10) 6564(6) 89(3)
o(1) 6657(5) 5842(7) 6637(5) 71(2)
P(1) 6010(1) 5829(2) 6103(1) 58(1)
Si(1) 6558(1) 4098(2) 8669(1) 58(1)
Si(2) 7549(1) 9158(2) 7442(5) 66(1)
Si(3) 8713(1) 4350(2) 6124(1) 64(1)
Si(4) 9152(1) 5915(3) 8886(1) 65(1)
W(1) 7654(1) 5895(1) 7488(1) 35(1)
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Table A7. Bond distances (A) for 11.

Bond Distance Bond Distance
C(1)-Si(1) 1.873(10) C(15)-Si(4) 1.878(11)
C(1)-W(1) 2.115(11) C(16)-Si(4) 1.878(11)
C(2)-Si(2) 1.860(8) C(17)-P(1) 1.788(12)
C(2)-W(1) 2.097(7) C(18)-P(1) 1.756(10)
C(3)-Si(3) 1.856(7) C(19)-P(1) 1.760(10)
C(3)-W(1) 2.102(7) O(1)-W(1) 2.307(8)
C(4)-Si(4) 1.842(8) o(1)-P(1) 1.479(8)
C(4)-W(1) 1.763(8) Si(1)-C(1)-W(1)  116.7(5)
C(5)-Si(1) 1.852(9) Si(2)-C(2-W(1)  120.4(4)
C(6)-Si(1) 1.855(9) Si(3)-C(3)-W(1)  119.8(4)
C(7)-Si(1) 1.886(14) P(1)-0(1)-W(1)  178.7(6)
C(8)-Si(2) 1.820(18) W(1)-C(4)-Si(4)  175.7(5)
C(9)-Si(2) 1.846(13) C(14)-Si(4)-C(4)  109.7(4)
C(10)-Si(2) 1.840(10) C(14)-Si(4)-C(15)  109.5(6)
C(11)-Si(3) 1.856(13) C(2-W(1)-C(1)  119.5(3)
C(12)-Si(3) 1.801(12) CB)XW(1)-C(1)  118.3(3)
C(13)-Si(3) 1.871(14) C(4)-W(1)-0(1)  179.5(3)
C(14)-Si(4) 1.856(9)

Symmetry transformations used to generate equivalent atoms: #1 x, -y+1/2, z
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Table A8. Bond angles (°) for 11.

Bond Angle Bond Angle
C(4)-Si(4)-C(15)  110.1(5) C(11)-Si(3)-C(3)  109.7(5)
C(14)-Si(4)-C(16)  110.3(5) C(12)-Si(3)-C(13)  106.6(9)
C(4)-Si(4)-C(16)  110.0(5) C(11)-Si(3)-C(13)  109.0(9)
C(15)-Si(4)-C(16)  107.2(5) C(3)-Si(3)-C(13)  111.1(5)
C(6)-Si(1)-C(5)  107.0(6) O(1)-P(1)-C(18)  113.0(5)
C(6)-Si(1)-C(1)  113.5(5) O(1)-P(1}-C(19)  114.5(5)
C(5)-Si(1)-C(1)  111.7(5) C(18)-P(1)-C(19)  105.3(6)
C(6)-Si(1)-C(7)  107.6(6) O(1)-P(1-C(17)  111.1(7)
C(5)-Si(1)-C(7)  107.5(6) C(18)-P(1)-C(17)  107.7(7)
C(1)-Si(1)-C(7)  109.3(5) C(19)-P(1)-C(17)  104.7(7)
C(8)-Si(2)-C(10)  112.4(12) C(4)-W(1)-C(2)  96.4(3)
C(8)-Si(2)-C(9)  107.7(10) C(4)-W(1)-C(3)  96.6(4)
C(10)-Si(2)-C(9)  108.0(8) C(2-W(1)-C(3)  118.1(3)
C(8)-Si(2-C(2)  109.2(5) C(4)-W(1)-C(1)  97.3(4)
C(10)-Si(2)-C(2)  110.1(5) C(2-W(1)-0(1)  84.0(3)
C(9)-Si(2-C(2)  109.3(7) C(3)-W(1)-0(1)  83.5(3)
C(12)-Si(3)-C(11)  108.7(8) C(1)-W(1)-0(1)  82.2(3)

C(12)-Si(3)-C(3)  111.6(5)

Symmetry transformations used to generate equivalent atoms: #1 x, -y+1/2, z
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Table A9. Anisotropic displacement parameters (A% x 10%) for 11. The

anisotropic displacement factor exponent takes the form: -2n°[h?a*?Uqy + ... +

2hka*b*Us).

Us1 Uz Uss Uz Uss Usz
c(1) 58(6) 46(5) 45(5) -8(4) 17(4) -2(4)
C(2) 49(4) 44(4) 49(4) 2(3) 3(3) -5(3)
C(3) 63(5) 43(4) 61(5) 0(3) 22(4) 2(3)
C(4) 44(4) 70(5) 39(4) 8(4) 4(3) -3(4)
C(5) 106(8)  75(6) 87(7) 15(5) 10(6) -32(6)
C(6) 86(7) 97(8) 123(10)  70(7) 22(6) 23(6)
C(7) 107(12)  109(10)  96(9) 1(8) 53(9) 0(8)
C(8) 310(30)  203(19)  280(20)  -202(19) -150(20)  144(19)
C(9) 227(18)  41(6) 250(20)  40(9) 99(15)  8(8)
c(10)  72(7) 71(6) 480(40)  -46(17)  100(20)  7(5)
C(11)  199(18)  246(19)  70(8) 60(10)  75(10)  82(15)
C(12)  290(20)  102(10)  233(18)  -51(10)  218(18)  -14(12)
c(13)  71(9) 320(20)  124(12)  -40(16)  43(9) -55(13)
C(14)  67(6) 134(10)  86(7) 16(6) -20(5)  -36(6)
c(15)  77(7) 163(12)  84(7) 43(8) 6(6) 47(7)
C(16)  114(9)  165(12)  40(5) 16(6) -20(5)  -25(8)
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Table A9. Continued

Ut Uz Uss Uzs Uss Uz
C(17)  124(14)  112(11)  86(8) -34(8)  -32(9)  -8(10)
C(18)  88(8) 166(12)  108(9)  77(9) 29(7)  -37(8)
c(19)  73(7) 125(9)  68(6) -9(6) -4(5) 11(6)
o(1) 65(5) 85(5) 63(4) 5(4) -21(4) 10(4)
P(1) 50(1) 82(1) 44(1) 1(1) -9(1) 10(1)
Si(1) 54(1) 61(1) 58(1) 14(1) 19(1) 1(1)
Si(2) 70(1) 41(1) 86(2) 6(3) 22(2) 2(1)
Si(3) 71(2) 63(2) 58(1) -6(1) 31(1) 1(1)
Si(4) 50(1) 97(2) 47(1) 14(1) 10(1)  -8(1)
w(1) 34(1) 38(1) 33(1) 0(1) 2(1) “1(1)
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Table A10. Hydrogen coordinates (x 10*) and isotropic displacement

parameters (A2 x 10°) for 11.

X y z U(eq)
H(1A) 6930 6247 8772 60
H(1B) 6342 6113 8105 60
H(2A) 8406 7729 6904 57
H(2B) 7654 7642 6452 57
H(3A) 8157 3640 7274 67
H(3B) 7541 3886 6651 67
H(5A) 6480 3075 7454 134
H(5B) 5680 3506 7715 134
H(5C) 6041 2282 8076 134
H(6A) 7216 2403 9245 153
H(6B) 7612 3690 9449 153
H(6C) 7727 3072 8628 153
H(7A) 5760 3369 9686 156
H(7B) 5394 4553 9284 156
H(7C) 6043 4741 9886 156
H(8A) 7714 9408 8774 395
H(8B) 8330 10173 8325 395
H(8C) 8404 8695 8419 395
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Table A10. Continued

X y z U(eq)
H(9A) 8237 10875 6944 259
H(9B) 7381 11153 6855 259
H(9C) 7783 10234 6271 259
H(10A) 6386 9793 7931 311
H(10B) 6395 8313 7821 311
H(10C) 6283 9205 7100 311
H(11A) 8768 5873 5120 257
H(11B) 7964 5866 5482 257
H(11C) 8199 4802 4892 257
H(12A) 8525 2414 5526 315
H(12B) 9139 2283 6171 315
H(12C) 9341 2891 5366 315
H(13A) 9472 5775 6843 256
H(13B) 9899 5350 6090 256
H(13C) 9859 4439 6811 256
H(14A) 9981 7216 8179 144
H(14B) 10228 7177 9053 144
H(14C) 9558 8041 8798 144
H(15A) 9981 4344 8393 162
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Table A10. Continued

X y z U(eq)
H(15B) 9324 3675 8836 162
H(15C) 9983 4290 9304 162
H(16A) 9115 6269 10251 159
H(16B) 8511 5253 10027 159
H(16C) 8355 6700 9882 159
H(17A) 6418 4184 5336 161
H(17B) 5560 4401 5209 161
H(17C) 5843 3681 5952 161
H(18A) 6092 7857 5667 181
H(18B) 5590 7047 5107 181
H(18C) 6462 6923 5070 181
H(19A) 5065 5301 6920 133
H(19B) 4749 5985 6180 133
H(19C) 5124 6783 6843 133

165



Table A11. Atomic coordinates (x 10%) and equivalent isotropic displacement
parameters (A% x 10%) for 13. U(eq) is defined as one third of the trace of the

orthogonalized U; tensor.

X y z U(eq)
c(1) 6667 3333 1544(2) 43(3)
C(2) 6391(5)  4261(5)  1181(1) 63(2)
C(3) 7706(4)  4766(4)  1860(1) 35(1)
C(4) 8866(5)  5961(5)  1514(1) 51(2)
C(5) 9398(5)  4575(5)  1686(1) 58(2)
C(6) 9757(5)  6303(5)  1923(1) 58(2)
C(7) 7283(4)  2455(4)  2447(1) 32(1)
C(8) 9140(4)  3833(5)  2228(1) 49(2)
C(9) 8910(5)  2043(5)  2425(1) 64(2)
C(10) 9180(4)  3733(5)  2671(1) 51(2)
c(11) 7504(4)  4564(4)  3040(1) 48(2)
C(12) 4575(6)  7420(6)  1331(1) 89(3)
C(13) 2262(4)  5223(4) 727(1) 38(1)
C(14) 245(5)  3582(5) 694(1) 90(3)
C(15) 752(4)  5486(5) 508(1) 49(2)

C(16) 643(5)  5286(6) 951(1) 77(2)
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Table A11. Continued

X y z U(eq)
c(17) 3333 6667 9799(1) 30(2)
C(18) 4110(5)  7908(4)  9430(1) 50(2)
C(19) 2380(4)  5215(4)  10114(1) 34(1)
C(20) 3657(5)  4496(5)  9928(1) 52(2)
c(21) 1709(5)  3975(4)  9752(1) 52(2)
C(22) 1835(5)  3128(5)  10138(1) 64(2)
o(1) 6667 3333 2181(1) 33(2)
0@2) 6667 3333 2716(1) 31(2)
0(3) 3333 6667 464(1) 39(2)
0(4) 3333 6667 997(1) 50(2)
Si(1) 6667 3333 1274(1) 46(1)
Si(2) 8925(1)  5383(1)  1745(1) 37(1)
Si(3) 8637(1)  3032(1)  2443(1) 30(1)
Si(4) 6667 3333 2954(1) 29(1)
Si(5) 3333 6667 1242(1) 61(1)
Si(6) 970(1)  4908(1) 721(1) 45(1)
Si(7) 3333 6667 9528(1) 31(1)
Si(8) 2412(1)  4227(1)  9982(1) 37(1)

167



Table A11l. Continued

X y z U(eq)
W(1) 6667 3333 1804(1) 26(1)
W(2) 6667 3333 2434(1) 21(1)
W(3) 3333 6667 717(1) 32(1)
W(4) 3333 6667 10056(1) 24(1)
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Table A12. Bond distances (A) for 13.

Bond Distance Bond Distance
C(1)-W(1) 1.775(11) C(1)-Si(1) 1.846(11)
C(2)-Si(1) 1.871(6) C(3)-Si(2) 1.872(6)
C(3)-W(1) 2.100(5) C(4)-Si(2) 1.862(6)
C(5)-Si(2) 1.852(6) C(6)-Si(2) 1.869(6)
C(7)-Si(3) 1.895(5) C(7)-W(2) 2.098(5)
C(8)-Si(3) 1.857(6) C(9)-Si(3) 1.856(6)
C(10)-Si(3) 1.866(6) C(11)-Si(4) 1.851(6)
C(12)-Si(5) 1.848(8) C(13)-Si(6) 1.880(6)
C(13)-W(3) 2.091(5) C(14)-Si(6) 1.862(7)
C(15)-Si(6) 1.853(6) C(16)-Si(6) 1.856(8)
C(17)-W(4) 1.756(9) C(17)-Si(7) 1.859(10)
C(18)-Si(7) 1.873(6) C(19)-Si(8) 1.854(6)
C(19)-W(4) 2.096(5) C(20)-Si(8) 1.866(6)
C(21)-Si(8) 1.863(6) C(22)-Si(8) 1.869(6)
O(1)-W(2) 1.735(6) O(1)-W(1) 2.578(6)
0(2)-Si(4) 1.630(6) 0(2)-W(2) 1.924(6)
0(3)-W(3) 1.731(7) O(4)-Si(5) 1.676(8)
O(4)-W(3) 1.913(8) Si(1)-C(2)#1 1.871(6)
Si(1)-C(2)#2 1.871(6) Si(4)-C(11)#1 1.851(6)
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Table A12. Continued

Bond Distance Bond Distance
Si(4)-C(11)#2 1.851(6) Si(5)-C(12)#3 1.848(8)
Si(5)-C(12)#4 1.848(8) Si(7)-C(18)#3 1.873(6)
Si(7)-C(18)#4 1.873(6) W(1)-C(3)#1 2.100(5)
W(1)-C(3)#2 2.100(5) W(2)-C(7)#2 2.098(5)
W(2)-C(7)#1 2.098(5) W(3)-C(13)#4 2.091(5)
W(3)-C(13)#3 2.091(5) W(4)-C(19)#4 2.096(5)
W(4)-C(19)#3 2.096(5)

Symmetry transformations used to generate equivalent atoms:

#1 -x+y+1,-x+1,z  #2 -y+1,x-y,z #3 -y+1 x-y+1,z

#4 -x+y,-x+1,z
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Table A13. Bond angles (°) for 13.

Bond Angle Bond Angle
W(1)-C(1)-Si(1) 180.0 Si(2)-C(3)-W(1) 123.7(3)
Si(3)-C(7)-W(2) 119.0(3) Si(6)-C(13)-W(3) 119.1(3)
W(4)-C(17)-Si(7)  180.000(1) Si(8)-C(19)-W(4) 123.1(3)
W(2)-0(1)-W(1) 180.0 Si(4)-0(2)-W(2) 180.0

Si(5)-0(4)-W(3) 180.000(1) C(1)-Si(1)-C(2)#1 110.0(2)
C(1)-Si(1)-C(2#2  110.0(2) C(2M#1-Si(1)-C(2#2  109.0(2)
C(1)-Si(1)-C(2) 110.0(2) C(2)#1-Si(1)-C(2) 109.0(2)
C(2#2-Si(1)-C(2)  109.0(2) C(5)-Si(2)-C(4) 107.9(3)
C(5)-Si(2)-C(3) 114.2(3) C(4)-Si(2)-C(3) 108.6(3)
C(5)-Si(2)-C(6) 108.4(3) C(4)-Si(2)-C(6) 110.6(3)
C(3)-Si(2)-C(6) 107.1(3) C(8)-Si(3)-C(9) 109.7(3)
C(8)-Si(3)-C(10)  109.4(3) C(9)-Si(3)-C(10) 109.4(3)
C(8)-Si(3)-C(7) 110.4(3) C(9)-Si(3)-C(7) 106.8(3)
C(10)-Si(3)-C(7)  111.1(3) 0(2)-Si(4)-C(11)#1 108.6(2)
0(2)-Si(4)-C(11)  108.6(2) C(11)#1-Si(4)}-C(11)  110.3(2)
0(2)-Si(4)-C(11)#2  108.6(2) C(11)#1-Si(4)-C(11)#2  110.3(2)
C(11)-Si(4)-C(11)#2 110.3(2) O(4)-Si(5)-C(12)#3 109.2(3)
O(4)-Si(5)-C(12)  109.2(3) C(12)#3-Si(5)-C(12)  109.7(3)
O(4)-Si(5)-C(12)#4  109.2(3) C(12)#3-Si(5)-C(12)#4  109.7(3)
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Table A13. Continued

Bond

Angle

Bond

Angle

C(12)-Si(5)-C(12)#4 109.7(3)

C(16)-Si(6)-C(14)
C(16)-Si(6)-C(13)
C(14)-Si(6)-C(13)

C(17)-Si(7)-C(18)

C(17)-Si(7)-C(18)#4

C(18)-Si(7)-C(18)#4

C(19)-Si(8)-C(20)
C(19)-Si(8)-C(22)
C(20)-Si(8)-C(22)
C(1)-W(1)-C(3)

C(1)-W(1)-C(3)#2
C(3)-W(1)-C(3)#2
C(3)#1-W(1)-0(1)
C(3)#2-W(1)-0(1)
O(1)-W(2)-C(7)

O(1)-W(2)-C(7)#2
C(7)-W(2)-C(7)#2

O(2)-W(2)-C(7)#1

109.8(4)
110.4(3)
106.7(3)
110.9(2)
110.9(2)
108.0(2)
112.7(3)
108.7(3)
107.6(3)
100.45(15)
100.45(15)
116.79(9)
79.55(15)
79.55(15)
92.33(14)
92.33(14)
119.84(2)

87.67(14)

C(16)-Si(6)-C(15)
C(15)-Si(6)-C(14)

C(15)-Si(6)-C(13)

C(17)-Si(7)-C(18)#3
C(18)#3-Si(7)-C(18)

C(18)#3-Si(7)-C(18)#4

C(19)-Si(8)-C(21)
C(21)-Si(8)-C(20)
C(21)-Si(8)-C(22)
C(1)-W(1)-C(3)#1

C(3)#1-W(1)-C(3)

C(3)#1-W(1)-C(3)#2

C(1)-W(1)-0(1)
C(3)-W(1)-0(1)
0(1)-W(2)-0(2)
0(2)-W(2)-C(7)
0(2)-W(2)-C(7)#2
O(1)-W(2)-C(7)#1

C(7)-W(2)-C(7)#1

110.2(3)
109.5(3)
110.2(3)
110.9(2)
108.0(2)
108.0(2)
108.9(3)
110.3(3)
108.5(3)
100.45(15)
116.79(9)
116.79(9)
180.000(1)
79.55(15)
180.000(1)
87.67(14)
87.67(14)
92.33(14)

119.84(2)
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Table A13. Continued

Bond Angle Bond Angle
C(7)#2-W(2)-C(T)#1  119.84(2) 0(3)-W(3)-0(4) 180.000(1)
O(3)-W(3)-C(13)#4  91.82(17) O(4)-W(3)-C(13)#4 88.18(17)
0O(3)-W(3)-C(13)  91.82(17) O(4)-W(3)-C(13) 88.18(17)
C(13)#4-W(3)-C(13) 119.900(18)  O(3)-W(3)-C(13)#3 91.82(17)
O(4)-W(3)-C(13)#3  88.18(17) C(13)#4-W(3)-C(13)#3  119.900(19)
C(13)}-W(3)-C(13}#3 119.900(19)  C(17)-W(4)-C(19)#4  100.96(15)
C(17)-W(4)-C(19)  100.96(15) C(19)#4-W(4)-C(19)  116.47(10)
C(17)-W(4)-C(19)#3 100.96(15) C(19)#4-W(4)-C(19)#3  116.47(10)
C(19)-W(4)-C(19)#3 116.47(9)

Symmetry transformations used to generate equivalent atoms:

#1 -x+y+1,-x+1,z  #2 -y+1,x-y,z #3 -y+1 x-y+1,z

#4 -x+y,-x+1,z
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Table Al4. Anisotropic displacement parameters (A? x 10%) in 13. The
anisotropic displacement factor exponent takes the form: -2n[h?a*?Uy; + ... +

2hka*b*Us).

U1 U2 Uss Uzs U1z U1

C(1) 26(4)  26(4)  76(8) 0 0 13(2)
C(2) 816)  73(5)  39(4) 18(3) 0(4) 41(5)
C(3) 414)  28(3)  37(3) 1(2) 1(3) 18(3)
C(4) 57(5)  49(4)  47(4) 173)  15(3)  27(4)
C(5) b5105)  67(5)  67(5) 16(4)  22(3)  38(4)
C(6) 50(5)  43(4)  70(5) 9(3) -2(3) 15(4)
C(7) 32(3)  29(3)  33(3) -2(2) -2(2) 15(3)

C(8)  40(4) 56(4) 47(4) 11(3) 11(3) 20(4)

C(9) 42(4)  50(5)  109(6)  7(4) 104)  30(4)
C(10) 33(4)  63(5)  42(4) -3(3) -6(3) 15(3)
C(11) 48(4)  44(4)  44(4) -5(3) -5(3) 18(3)
C(12) 85(7)  97(7)  80(6)  -11(5) -26(5)  41(6)
C(13) 28(3)  27(3)  57(4) 1(3) -3(3) 12(3)

C(14) 36(5) 33(5)  185(9)  15(5)  -15(5) 6(4)
C(15) 32(4) 46(4) 68(4) 2(3) -1(3) 19(3)

C(16) 54(5) 96(7) 80(6) 17(5) 16(4) 37(5)
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Table A14. Continued

U Uz Uss Uzs Uss Usz
C(17) 24(3)  24(3)  41(6) 0 0 12(2)
C(18) 50(4)  45(4)  48(4) 13(3) 8(3) 19(4)
C(19) 28(3)  25(3)  41(3) 4(2) 12) 9(3)
C(20) 57(5)  53(4)  60(4) -9(3) -5(3) 39(4)
C(21) 60(5)  36(4)  45(4) -2(3) -9(3) 14(4)
C(22) 91(6)  36(4)  52(4) 4(3) -7(4) 23(4)
O(1) 28(2)  28(2)  41(4) 0 0 14(1)
0@2) 28(2)  28(2)  39(4) 0 0 14(1)
03) 26(2)  26(2)  64(5) 0 0 13(1)
0@4) 413)  41(3)  68(5) 0 0 20(2)
Si(1)  55(1)  55(1)  28(2) 0 0 27(1)
Si2)  33(1)  32(1)  42(1)  10(1) 6(1) 14(1)
Si3)  26(1)  34(1)  34(1) 2(1) 1(1) 17(1)
Si4)  31(1)  31(1)  27(1) 0 0 15(1)
Si(5) 64(2)  64(2)  55(2) 0 0 32(1)
Si6)  25(1)  34(1)  70(1)  10(1) 5(1) 10(1)
Si7)  32(1)  32(1)  30(2) 0 0 16(1)
Si8)  45(1)  24(1)  36(1) 0(1) -2(1) 14(1)
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Table A14. Continued

U4 U2 Uss Uis U1z
W(1)  25(1)  25(1)  28(1) 0 13(1)
W2) 20(1)  20(1)  24(1) 0 10(1)
W@E)  23(1)  23(1)  49(1) 0 11(1)
W@4)  20(1)  20(1)  32(1) 0 10(1)
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Table A15. Hydrogen coordinates (x 10*) and isotropic displacement

parameters (A% x 10%) in 13.

X y z U(eq)
H(2A) 5774 4123 1228 95
H(2B) 6387 4253 1041 95
H(2C) 6871 4882 1226 95
H(3A) 7413 5148 1827 42
H(3B) 7808 4818 2000 42
H(4A) 9477 6247 1449 76
H(4B) 8706 6448 1543 76
H(4C) 8385 5488 1430 76
H(5A) 8974 4093 1595 87
H(5B) 9443 4273 1803 87
H(5C) 10022 4939 1628 87
H(6A) 9766 5994 2042 87
H(6B) 9542 6750 1949 87
H(6C) 10391 6638 1869 87
H(7A) 7055 2075 2565 38
H(7B) 7034 2013 2338 38
H(8A) 9819 4076 2221 74
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Table A15. Continued

X y z U(eq)
H(8B) 9021 4358 2240 74
H(8C) 8842 3479 2111 74
H(9A) 8626 1678 2309 96
H(9B) 8655 1634 2538 96
H(9C) 9592 2307 2421 96
H(10A) 9864 4018 2665 76
H(10B) 8938 3314 2782 76
H(10C) 9016 4227 2683 76
H(11A) 8105 4810 2973 71
H(11B) 7604 4553 3179 71
H(11C) 7236 4969 3014 71
H(12A) 4981 7215 1271 133
H(12B) 4589 7359 1470 133
H(12C) 4799 8078 1298 133
H(13A) 2367 4902 618 46
H(13B) 2357 4950 846 46
H(14A) 378 3283 802 135
H(14B) 407 3392 574 135
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Table A15. Continued

X y z U(eq)
H(14C) -424 3387 694 135
H(15A) 94 5330 507 74
H(15B) 890 5258 389 74
H(15C) 1160 6168 516 74
H(16A) 1003 5972 961 115
H(16B) 786 5006 1060 115
H(16C) -30 5075 950 115
H(18A) 3822 8291 9458 75
H(18B) 4176 7879 9291 75
H(18C) 4731 8189 9490 75
H(19A) 2446 5119 10252 40
H(19B) 1739 5117 10097 40
H(20A) 3972 5057 9847 78
H(20B) 3635 3962 9860 78
H(20C) 4006 4606 10048 78
H(21A) 1038 3672 9782 77
H(21B) 1825 3558 9670 77
H(21C) 1901 4566 9684 77
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Table A15. Continued

X y z U(eq)
H(22A) 2172 3256 10260 96
H(22B) 1857 2613 10072 96
H(22C) 1180 2950 10163 96
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