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ABSTRACT

This dissertation focuses on two research projects. The first project
examines the reactions of tungsten(VI) alkyl alkylidyne and bis-alkylidene
complexes with phosphines and water and the studies of thermodynamics and
kinetics of the reactions. These studies have been conducted in part to
determine the mechanistic pathway in the formation of novel tungsten(VI)
species. The second portion of this dissertation focuses on the spin density and
structures of biomimetic Fe(lll) porphyrin derivatives using neutron and X-ray
diffraction techniques. The spin density and magnetic properties of an Fe(lll)
porphyrin derivative has been determined by polarized neutron diffraction.

In the first portion of this dissertation, reaction of tungsten(VI) alkyl
alkylidyne W(CH.SiMe3);(=CSiMe3;) with Me,PCH,CH,PMe, (DMPE), a bi-
dentate phosphine, has been studied (Chapter 2). The reaction gives a DMPE-
alkylidyne adduct, which subsequently undergoes a tautomerization. The
tautomeric mixture then converts to an alkyl alkylidene alkylidyne complex.
Thermodynamic and kinetic studies as well as molecular modeling are used to
understand these reactions. In Chapter 3, thermodynamic studies have been
conducted of the addition of two mono-dentate phosphines to the tungsten(VI)
alkyl alkylidyne complex. A reversible reaction has been observed with the
mono-dentate phosphines.  The reaction of tungsten(VI) alkyl alkylidyne

W(CH2CMe3)3(=CSiMes) with H2O has been pursued. The reaction leads to the

vii



observation of the intermediate W;,02(u-O)(CH2SiMes)(CH2CMes)s and
subsequent formation of two oxo trimers. NMR spectroscopic studies have been
used to determine the mechanistic pathway in formation of these trimeric
complexes.

In the second portion of this dissertation, variable-temperature X-ray
studies have been conducted of Fe(TPP)CI (TPP* = meso-
tetraphenylporphyrinate) (Chapter 5) and [Fe(TPP)(HIm)]JCI (HIm = 1H-
imidazole) complexes (Chapter 6). The spin-density in the [Fe(TPP)(HIm),]CI (S
= 1/2) complex has been probed using polarized neutron diffraction (Chapter 7).
The study shows that the spin distribution of the unpaired electron is localized on
the Fe(lll) center. The Fe(TPP)CI-dzs and [Fe(TPP)(DIm),-dss]Cl complexes
have been synthesized and characterized by X-ray diffraction (Chapter 8). A
comparison is made between the protonated and per-deuterated X-ray diffraction

structures.
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CHAPTER 1

Introduction

1.1. Chemistry of Bis-alkylidene and Alkyl Alkylidyne Complexes

The first metal-carbon triple bond complex was discovered in 1973 by E.
O. Fischer. Fischer = carbene and carbyne compounds, e.g.,
W(CO)s[=C(OCHs)Ph] and Mo(CO)4(=CEt)Cl, illustrate low oxidation state metal
centers and their carbene/carbyne ligands are electrophilic. The reaction of
tungsten (0) carbonyl with an alkyllithium leads to the formation of a tungsten(ll)
carbene complex (Eq. 1.1). The Fischer carbene can be treated with an

electrophile, such as boron trichloride, to produce a Fischer carbyne (Eq. 1.2).

CcO
(1) LIR/Et,0 ‘\\\\\CO /R Ea 11
W(CO) - OC—WwW—C .
" @ICHIOBR O 21T N, (Fa.1.1)
oC 3
(6{0)
CcO co
_OCHs 4 Bxg | o
(COM=—=CT_ ——> X—M=C—R (Eq. 1.2)
R oC
M = Cr, Mo, W cO
X=Cl,Br, |
R = Me, Et, Ph

After E. O. Fischer's discovery of M-C multiple bonding, R. R. Schrock
found that acetylene metathesis occurs by carbyne complexes. Metals in the
Schrock carbynes are at high oxidation states, and are typically early transition

metals [e.g. W(VI) or Ti(IV)]. The complexes such as W(CH,SiMe3)3(=CSiMes)

(1) are often called alkylidynes, and contain non-r acceptor ligands (nucleophilic)
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and non-n donor R groups. Another class of related complexes are called
Schrock carbenes or alkylidenes with metal-carbon double bonds. A typical
example is Ta(=CHCMe3)(CH,CMes)s.

The reaction of TaCls with Zn(CH,CMe3), leads to the formation of
Ta(CH,CMe3)sCl, (Eq. 1.3).° After treating Ta(CH,CMe3)sCl, with MesCCH,Li

(Eq. 1.4), Ta(=CHCMe;)(CH.CMe3); is observed.”

TaCls + Zn(CH,CMes), — Ta(CH,CMe3)sCly (Eq. 1.3)
Ta(CHyCMeg)oCly 2 HCH2CMes 1 = cHeMe,)(CH,CMes) (Eq. 1.4)

When treating CIs3W(OMe); with an excess amount of Me3;SiCHyLi, the
formation of W(CH,SiMe3)3(=CSiMe3) (1) occurs (Eq. 1.5). Alkylidynes may also
be prepared via metathesis. When (Me3CO)sW=W(OCMes); is treated with 2-
butyne, via metathesis, W(=CMe)(OCMes)s is yielded (Eq. 1.6). A second
metathesis with Me3;SiC=CSiMe;s, followed by reaction with Me3;CCH.Li, gives
W(CH,CMe3)3(=CSiMes) (8) (Eq. 1.7).6 1 and 8 are used in Chapters 2, 3, and 4.
Studies of the reactions of the tungsten(VI) alkylidynes with phosphines and
water were conducted, as summarized below. These studies have led to
insightful chemistry and provided a better understanding of their applications in
different areas of catalysis.

Our group reported earlier unusual reactions of silanes with d® tantalum

bis-alkylidene complexes such as Ta(CH;SiMes)(=CHSiMes)z(PMes),." These



SiMe3
6 Me,SiCH,MgCl (

ClsW(OCMe3)3 Me3Si—\\\‘W\\S'M (Eq. 1.5)
1vieg
Me3Si
1

Me
I

- MeC=CMe
(Me3CO)sW=W(OCMe3); ——~—""=~ Me3co\\)w\ (Eq 16)

MesCO OCMe,

Me3SiC=CSiMe3

SiMe, SiMe,
Il Me3CCH,MgCl Il
MeaC_\\)W\_CMe MeaCO\\}W\OCM (Eq. 1.7)
MesC 3 Me;CO €3

reactions give new tantalum bis-alkylidene complexes. Since then, we have
been interested in the reactivities of d® tungsten alkylidene alkylidyne complexes
containing =CHSiIMe; and =CSiMej; ligands towards silanes. In the reactions of
W(CH,SiMes3)3(=CSiMes) (1) with PR3, our group observed intermediates
W(CH,SiMe3)3(=CSiMe;)(PR3) (2a, 3a) that undergo an exchange with their bis-
alkylidene tautomers W(CH,SiMe3)(=CHSiIMes)2(PR3) (PRs = PMes, 2b;
PMe,Ph, 3b).2 The tautomeric mixture then reacts with another molecule of PR3
to form tungsten(VI) alkyl alkylidene alkylidyne complexes
W(CH,SiMe3)(=CHSiMe;)(=CSiMe3)(PRs) (PR3 = PMes, syn: 5a; anti: 5b; =
PMe,Ph).? Mechanistic studies have been pursued and led to an understanding

of the formation of tungsten(VI) complexes containing a single, double, and triple



bond to the same W atom. We have recently expanded the project to examine:
(1) Reaction of W(CH,SiMes3)3;(=CSiMes) (1) with bi-dentate phosphine,
bis(dimethylphosophino)ethane Me,PCH,CH,PMe, (DMPE); and (2) The first
step of the reactions between W(CH,SiMe3);(=CSiMe3) (1) and PR3, i.e., the
addition of PR3 onto 1, which was not studied earlier.

In addition to the reactions of 1 with phosphines, we have been interested
in the reaction of water with alkylidyne complex W(CH2CMe3);(=CSiMes) (8).
Reactions of metal complexes with water have been used to make
microelectronic metal oxide thin films. Silicon oxide has been the most popular
gate insulating material mainly because of its easy preparation from silicon
wafers. SiO, has a low dielectric constant (x = 3.9), leading to a large leakage
current. New generations of electronic devices (Figure 1.1) require scaling of
gate insulator thickness to be less than 15 A. At this thickness, SiO, cannot be
effective as the insulator material. Metal oxide thin films with large dielectric
constants (k) are needed as the gate insulator. High dielectric constant MO,
gate materials, such as WO3;, have the potential to replace SiO,. Metal oxides
also serve as capacitor materials in electronic devices in the form of dynamic
random access memory (DRAM) devices.?

Our group studied earlier the reaction of 1 with water and the formation of
O=W(CH,SiMe3)3(OSiMe3) from the reaction.* We have investigated the reaction
of water with W(CH>CMe3)3(=CSiMe3) (8), an analog of 1. To our surprise, the

reaction of 8 with water leads to the formation of two oxo trimers



. Insulating
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Figure 1.1. Schematic of gate materials in microelectronic devices



W303(4=0)3(CHCMes)sls (L = THF, 9; DO, 10), demonstrating reactivities
different from those of 1. We have also observed an intermediate W,O,(u-
O)(CH2SiMes)2(CH2CMes)s (11) in the formation of 9 and 10. 11 has been used
to postulate a mechanistic pathway in the formation of 9 and 10.

The reactions of H,O with transition metal complexes give a comparison to
their reactions involving O,. Reactions of d" transition metal complexes with O,
often proceed through different mechanistic pathways than o® complexes.
Reactivities of Groups 4 and 5 transition metal complexes with O, have been
studied often with those containing cyclopentadienyl (Cp) or amide groups.” We
are interested in pursing mechanistic studies of complexes containing no Cp or
amide substituents. The reactions and mechanistic studies of tungsten(VI)
alkylidyne metal complexes with H,O and O, (studied earlier) will provide an

insight into the formation of metal oxides from the reactions.

1.2. Fe(lll) Porphyrin Derivatives

Unpaired electrons and magnetic properties of molecular compounds
have been extensively studied by multiple spectroscopic methods. For instance,
electron paramagnetic resonance (EPR) and nuclear magnetic resonance (NMR)
have been used to determine electronic g-tensors and magnetic hyperfine

interactions in paramagnetic compounds.’"?

Since unpaired electrons usually
reside in valence molecular orbitals, magnetic properties of the compounds that

mainly arise from the wunpaired electrons are very sensitive to



changes in bonding. The spectroscopic properties, especially EPR, are
particularly useful, providing information of the electron configuration of transition
metals and spin density distributions in the molecules. While these techniques
probe the energetic aspects of the wavefunctions and bonding, polarized neutron
diffraction (PND) examines the spatial aspects of the wavefunction and bonding
in the compounds, giving different features of the bonding. PND is a unique
technique in that it directly provides spin density in a compound.

Polarized neutron diffraction has not been used thus far to study the
magnetic properties of biological systems or biomimetic compounds. This is the
only known technique that gives the distribution of spin density in compounds.
Magnetic properties of metal-containing biological systems or biomimetic
compounds have been actively studied with the use of several techniques
including magnetization measurements, EPR, NMR, and magnetic circular
dichroism (MCD).7 For example, electron spin distribution in iron porphyrins has
been probed by EPR and NMR.® Both techniques use magnetic nuclei as local
probes, and are limited by nonmagnetic nuclei in a compound.® Our interest has
focused on paramagnetic metalloproteins such as Fe(TPP)CI (12) and
[Fe(TPP)(HIm),]ClI (TPPZ* = meso-tetraphenylporphyrinate; Him = 1H-imidazole,
13). In these complexes, Fe(lll) ions are bound to porphyrin ligands to form
complexes containing unpaired electrons. We have used PND to determine
unpaired electron density in these biomimetic porphyrin complexes, as
summarized below. The structures of the complexes are present in hemoglobin,

myoglobin and cytochromes. We have also prepared per-deuterated complexes
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for polarized neutron diffraction, as deuterium atoms reduce neutron background
scattering and enhance PND signals. Prior to conducting PND experiments,
single crystal X-ray diffraction experiments are needed in order to provide
structural parameters for the PND experiments. Thus, in-depth structural

analysis at variable low temperatures have been conducted.

1.3. Determination of Spin Density by Polarized Neutron Diffraction

It is perhaps best to first discuss the difference between neutron and X-ray
diffraction. Before we proceed, however, it is important to understand the
fundamental terminology in these techniques such as scattering, diffraction, and
elastic and inelastic scattering. Elastic scattering refers to the process when
photons or neutrons do not undergo energy transfer and retain their energy, after
the incident X-ray or neutron beam penetrates the crystal. Only the direction of
the propagation of the incident beam is changed. Some other photons or
neutrons transfer energy in the process, and their wavelength become longer.
Such scattering is called inelastic scattering. In elastic scattering, when the
wavelength of the incident beam is comparable to lattice spacings in the crystal,
interference of the scattered photons or neutrons occurs according to Bragg's law

(Eq. 1.8).

nA=2dsin 0 (Eq. 1.8)
where A is the X-ray or neutron wavelength, d is the spacing between crystal

planes, @ is the scattering angle, and n is an integer.
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Such scattering is called diffraction (also known as Bragg scattering or
Bragg diffraction). It is the basis of both X-ray or neutron diffraction experiments
to determine crystal structures and polarized neutron diffraction experiments to
determine spin density discussed here.

X-ray photons are scattered by electron shells of atoms in a crystal. Thus
X-ray diffraction gives the electron density distribution of a unit cell of the
compound. In contrast, neutrons are particles and show both wave- and particle-
like properties. The wave property of neutrons is the basis of neutron diffraction.
One unique property of neutrons is that they have a spin 1/2 and a magnetic
moment. Thus a neutron beam interacts with both the nuclei and the spins of
unpaired electrons in a crystal during neutron scattering. The latter is the basis
of spin density studies by neutron scattering that we will review in detail in the
next section.

The X-ray and neutron scattering lengths are significantly different.”>"
Neutron scattering can be advantageous in locating light atoms such as
hydrogen, deuterium and helium and to distinguish between atoms with similar
atomic numbers such as hydrogen and deuterium or nitrogen and oxygen.'*"’
X-ray and neutron scattering usually complement one another. X-ray diffraction
experiments give the electron density distribution in a molecule, and neutron
diffraction experiments provide nucleus positions and spin density in the
molecule.

The crystal structure of the compound is determined to obtain structural

information such as atomic positions and thermal parameters. Both X-ray and
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non-polarized neutron diffractions have been used in the current work. While the
structures obtained from X-ray and neutron diffraction are quite similar at low
temperatures, there are differences between the two."

Polarized neutron diffraction (PND) is a technique that is usually used on
single crystals of compounds possessing unpaired electrons (Scheme 1.1). PND
is experimentally similar to a neutron diffraction experiment, except that a
polarized neutron beam is used.’®** To obtain a polarized neutron beam, an
unpolarized neutron beam first passes through a spin filter that is made of either
a polarizing crystal,®® which also acts as a monochromator (polarizing

2122 55 that neutrons

monochromator), or a He spin filter for pulsed neutrons,
with, e.g., up spin (ms = +1/2) are obtained. A polarizing crystal of a
ferromagnetic material, such as Heusler alloy Cu;MnAl, is often used for
polarized neutrons generated from reactors.”® When the polarizing crystal is
placed inside a magnet, electron spins are polarized along the magnetic field.
When the unpolarized neutron beam is scattered from the polarizing crystal, the
Bragg [111] diffraction gives rise to a monochromatic beam of polarized neutrons
with spins parallel (1) to the magnetic field. A *He spin filter polarizes a broad
energy range of neutrons and is thus suitable for pulsed neutrons.?"?> There are
two protons and one neutron in the *He isotope, and the *He nuclear polarization
is dominated by the unpaired neutron.?? In an optical cell filled with *He gas,
polarized light is used to optically pump the *He isotope continuously in order to

maintain polarization.?! The polarized ®He captures neutrons whose spins are

antiparallel with the *He spins, and transmits neutrons whose spins are parallel.
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external external
magnetic T T magnetic

field polarized field
neutron beam
lari — > > /
unpolarized neutron beam T T TT T T |:| detector
polarizing spin flipper single crystal
monochromator

Scheme 1.1. Basic operation of a polarized neutron diffractometer using a

reactor neutron source.'®?

For a diffractometer using pulsed neutrons, the
polarizing monochromator (and the external magnetic field to polarize the

ferromagnetic material) is replaced by a *He spin filter.
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It is planned to use a *He spin filter for the TOPAZ single crystal diffractometer at
the Spallation Neutron Source (SNS) at the Oak Ridge National Laboratory.

The polarized neutron beam generated by a polarizing
crystal/monochromator or *He spin filter then passes through a spin flipper.
When the flipper is turned off, neutrons with up spin (ms = +1/2) are observed.
When the flipper is turned on, the neutrons are re-orientated to spin down (ms = —
1/2). This process gives a polarized neutron beam that is aligned either parallel

(1) or antiparallel (1) to the external applied magnetic field (Scheme 1.1).

1.4. Current Dissertation

There are two main foci in this Ph.D. dissertation. The first focus is the
reactions of tungsten(VI) alkyl alkylidyne and bis-alkylidene complexes with
phosphines and water. Thermodynamic and kinetic studies have been
conducted to determine the mechanistic pathway that leads to the formation of
novel d® tungsten complexes. The second focus is study of spin density in Fe
porphyrin complexes as well as related preparation of per-deuterated Fe(lll)
porphyrin derivatives and crystal structure determination of the Fe porphyrin

complexes.

1.4.1. Chapter 2
Preparation and characterization of alkyl alkylidyne
W(CH,SiMe3)3(=CSiMe3)(DMPE-P) (4a) and bis-alkylidene

W(CH2SiMes)2(=CHSiMes)2(DMPE-P) (4b) and inter-conversion between the

12



alkyl alkylidyne (4a) and bis-alkylidene (4b) complexes were studied. The
reacton of W(CH,SiMe3)3(=CSiMe;) (1) with DMPE (DMPE =
Me,PCH,CH,PMe;) gives the adduct 4a. 4a undergoes a rarely observed
reversible transformation to its bis-alkylidene tautomer 4b through o—H migration.
The DMPE ligands in both 4a and 4b contain a dangling P atom (P).

Thermodynamic and kinetic studies of the 4a = 4b exchange show that it is

slightly endothermic with AH° = 5.1(1.1) kcal/mol and AS° = 24(4) eu; AH{”

4.0(0.9) kcal/mol, AS;” = =51(2) eu for the 4a — 4b forward reaction; AH.4*
2.0(0.8) kcal/mol, AS.4* = —76(1) eu for the 4b — 4a reverse reaction. Activation
entropies are the major contributors to the activation barriers of the exchange:
AG17278x = 21.7(1.5) kcal/mol and AG.1"27sx = 23.1(1.1) kcal/mol. The 4a = 4b
mixture undergoes o—H abstraction, yielding alkyl alkylidene alkylidyne
complexes W(CH,SiMe3)(=CHSiMe3)(=CSiMe3)(DMPE) (syn: 7a; anti: 7b)
containing chelating DMPE ligand with the following activation parameters: AH,"
= 13(1) kcal/mol and AS,” = —36(4) eu. The preparation and characterization of

7a and 7b has also been studied.

1.4.2. Chapter 3

Addition of two mono-dentate phosphines (PR3 = PMes;, PMeyPh) to
W(CH_,SiMe3)3(=CSiMes) (1), forming W(CH,SiMe3)3(=CSiMes)(PR3) (2a, 3a) and
their bis-alkylidene tautomers W(CH,SiMe3)(=CHSiIMe3)2(PR3) (2b, 3b), has

been found to be reversible. Variable-temperature NMR studies of the
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exchanges give equilibrium constants and enthalpies and entropies of the
equilibria: AH° =-10.0(1.1) kcal/mol and AS° = —23(4) eu for 1 + PMes = 2a/2b,
and AH° = -3.0(0.7) kcal/mol and AS° = —6(3) eu for 1 + PMe,Ph < 3a/3b. An in-
depth discussion of the addition of the two mono-dentate phosphines to 1 is

presented in Chapter 3.

1.4.3. Chapter 4

The reactions of alkyl alkylidyne W(CH2CMe3s)3(=CSiMe3s) (8) with H20 in
THF and with D,O in benzene-ds give two new trimeric oxo complexes:
W303(1=0)3(CH2CMe3)s(THF); (9) and [W303(1=0)3(CH2CMe3)s(D20)3]02CeDs
(10), respectively. W303(1=0)3(CH2CMe3)s(THF )3 (9) and
W303(4=0)3(CH2CMes)s(D20);  (10) have been characterized by NMR
spectroscopy and single-crystal X-ray diffraction. The X-ray structures of 9 and
10 illustrate W=0O—W bonding which is rare in organometallic complexes. In the
reaction with DO in THF, an unstable intermediate WyO,(u-
0)(CD,SiMe3)2(CH,CMes)s (11-d4) has been identified and characterized by 'H,
’H and "*C NMR spectroscopy. Kinetics of the reactions of 8 with excess H,O
and DO in THF-dg at 298(1) K, yielding 11 and 11-d,4, respectively, has been

studied, giving the kinetic isotope effect (KIE) of 3.46(3) for this reaction.
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1.4.4. Chapter 5

The crystal preparation and variable-temperature X-ray diffraction studies
of Fe(TPP)CI (12) are presented in this chapter. The extensive structural studies
show that the thermal motion in the phenyl groups leads to lower symmetry from
the 14/m space group at 293(2) K to the /4 space group at 20(2) K. The phenyl
groups tilt away from the crystallographic c¢ direction (perpendicular to the mirror
plane) and lead to the loss of the mirror symmetry. The structural analyses of 12
at 20(2), 143(2), and 293(2) K give a better insight into the vital role the phenyl

groups play in the symmetry of 12.

1.4.5 Chapter 6

Variable X-ray diffraction studies of the structure of [Fe(TPP)(HIm),]CI (13)
are presented in this chapter. The neutron structure of 13 at 20(2) K is also
given. A structural comparison is made between the reported X-ray structure
and our current work. In contrast to the reported structure, the X-ray structure at
20(2) K illustrates no hydrogen interaction between the N atom (N4) in the
imidazole ligand on the Fe1 molecule and the O atom in the water molecule with
a N4-O bond distance of 4.332 A. However, the N4-O bond distance in the
143(2) structure is 2.778 A. The X-ray structures at 20(2) and 143(2) K show
hydrogen bonding between the O atom in the water molecule and the chloride
ion. The neutron structure at 20(2) K shows similiar hydrogen interaction as that
observed in the two X-ray structures, and the results are discussed. The role of

the water molecule in the crystal lattice illustrates a new structural behavior at
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low temperature, which was not observed in the reported structure of 13. An in-

depth structural analysis of 13 is presented in Chapter 6.

1.4.6. Chapter 7

Direct measurement of the spin distribution in low-spin (S = 1/2)
[Fe(TPP)(HIm).]CI (13, TPP? = meso-tetraphenylporphyrinate; HIm = 1H-
imidazole) by single-crystal polarized-neutron diffraction shows that the Fe and
the N atoms in the porphyrin and imidazole ligands possess +1.15(2) e of a-
density and -0.02 to -0.07 e of B-density, respectively. The total moment
delocalized onto the nearest neighbours around each Fe site is 0.20(3) e, in an
agreement with that suggested by NMR studies. The preparation of crystals of
[Fe(TPP)(HIm),]CleH,OeCHCI3 (13eH,OeCHCI3) suitable for PND studies is also

reported.

1.4.7. Chapter 8

Neutron scattering studies such as polarized neutron diffraction and
inelastic neutron scattering are unique methods to probe magnetic properties of
paramagnetic compounds. The use of the deuterated compounds in these
studies would reduce background scattering by hydrogen atoms, and enhance
the signal/noise ratios. Per-deuterated meso-tetraphenylporphyrin-dsy Do(TPP-
dbs) (14-d3o), Fe(TPP)Cl-das (12-d2g, TPP? = meso-tetraphenylporphyrinate), and

1H-imidazole derivative [Fe(TPP)(DIm)2-dse]Cl (13-d3s, DIm = 1D-imidazole-d,)
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have been prepared. A mass spectroscopic (MS) method has been developed to
calculate the level of deuteration in Hy(TPP-dss) (15-dyg). Crystal structures of
14-d3o and 12-djg at 293(2) K and 13-dszs at 173(2) and 293(2) K have been

determined.

1.4.8. Chapter 9

Conclusions and suggested future work are presented in this chapter.
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CHAPTER 2
Reaction of a Tungsten Alkylidyne Complex with a Chelating
Diphosphine. a-Hydrogen Migration in the Intermediates and

Formation of an Alkyl Alkylidene Alkylidyne Complex

2.1. Introduction

Bis(dimethylphosphino)ethane (DMPE) has been extensively studied as a
bidentate ligand.?** lts reaction with W(CH,CMes)s;(=CCMes) gives
W(CH,CMej3)(=CHCMe;3)(=CCMes3)(DMPE), one of the first alkyl alkylidene
alkylidyne complexes reported by Schrock and Clark (Scheme 2.1).>* The crystal
structure of this complex was reported by Churchill and Youngs in 1979.2° The
square pyramidal DMPE complex shows cis-coordination of the two P atoms.
The NMR spectra of its PMes analog W(CH,CMes)(=CHCMe3)(=CCMes)(PMes),
suggest that the two mono-dentate phosphine ligands take the tfrans axial
positions in the trigonal bipyramidal. Both complexes were prepared through
direct heating of a solution of W(CH2CMe3s)3(=CCMes) in liquid phosphine.?* No
intermediate was observed in the formation of the neopentyl neopentylidene
neopentylidyne complexes.

We recently found that the reaction of W(CH,SiMe3)3(=CSiMes) (1), a p-Si
analog of W(CH,CMes)3(=CCMes), with PMes or PMe,Ph under heating yields

W(CH,SiMe3)(=CHSiMes)(=CSiMe;)(PR3)2 (PR3 = PMes, 5a-b; PMePh, 6a-b).?

18



PMe,

CMes e, 100°C 2 OMes
3 /—W\

Me C_\\\“W\\ - CMe4 Me3C T CM63
"4 CMeg PMes
Me;C

Me2 CMe3

[P\W\\\\ CMe3
X

DMPE = Me,P PMe, o~ YACMes
Me, H
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Prior to the formation of 5a-b/6a-b, phosphine adducts 2a/3a were observed as
intermediates (Scheme 2.2). 2a/3a undergo reversible a—H migration, giving bis-
alkylidene tautomers 2b/3b.**3' Kinetic studies reveal that the equilibrium
mixtures then react with PR3 through rate-determining a-H abstraction, followed
by PR3 coordination, to give 5a-b/6a-b (Scheme 2.2).*2

We have recently studied the reaction of W(CH,SiMe3)3(=CSiMe3s) (1) with
bidentate DMPE. One P atom in DMPE binds with the W atom in 1, giving an
adduct W(CH,SiMe;)3(=CSiMe;)(DMPE-P) (4a) with a dangling P atom. 4a then
undergoes o—H migration, giving its bis-alkylidene tautomer
W(CH,SiMe3)2(=CHSiMe3),(DMPE-P) (4b, Scheme 2.3). To our knowledge,
direct observation of such alkyl alkylidyne = bis-alkylidene exchanges are rare
and have been reported in 2a/3a = 3b/3b (Scheme 2.2) and in
W(CH2CMes)2(=CCMe3)(SiRz) =  W(=CHCMes)2(CH.CMes)(SiRs)  [SiRs =
Si(CMe3)Ph,]."®° Thermodynamic and kinetic studies of the 4a = 4b exchange
have been conducted. The tautomeric mixture 4a < 4b, under heating,
undergoes o—H abstraction, yielding alkyl alkylidene alkylidyne complex
W(CH,SiMe3)(=CHSiMe3)(=CSiMe;)(DMPE) (syn: 7a; anti: 7b; Scheme 2.3).

This conversion appears to start with the elimination of SiMe4 through a—H
abstraction, followed by the coordination of the dangling P atom. Our studies of
the reaction of W(CH,SiMe3)3(=CSiMe3) (1) with DMPE, 4a = 4b exchange, and
formation of 7a-b are reported here. These results are compared with those of

the reactions of 1 with mono-phosphines PR3 in Scheme 2.2, offering a deeper
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Scheme 2.3. Formation of complexes 7a-b from the equilibrium of 4a-b.
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insight into the formation of unique alkyl alkylidene alkylidyne complexes

containing single, double and triple bonds to one atom in a single molecule.

2.2. Results and Discussion
2.2.1. Preparation and Characterization of the Alkyl Alkylidyne-DMPE
Adduct W(CH,SiMe3)3(=CSiMe3)(DMPE-P) (4a) and Its Conversion to Bis-
alkylidene Tautomer W(CH,SiMe3),(=CHSiMe3),(DMPE-P) (4b)

When 1 equiv DMPE was added to a solution of W(CH,SiMe3)3(=CSiMe3)
(1) in toluene-ds at —78 °C, an immediate formation of the adduct 4a was
observed as the color of the solution changed from yellow to red-orange. The
solution was then warmed to —35 °C in a pre-cooled NMR probe. *'P NMR
spectrum of 4a showed two broad resonances, one (1.33 ppm) for the P atom
bound to the W atom and the other (—47.17 ppm) for the dangling P atom (Figure
A1). A small amount of free DMPE was observed at —49.20 ppm in the *'P NMR
spectrum.® The *'P peak at —47.17 ppm is close to that of free DMPE. Nadasdi
and coworkers have reported CpTi(SCH2CH,S)CI(DMPE) in which DMPE is a
dangling ligand.** This Ti complex reveals two *'P NMR chemical shifts for the
DMPE ligand, a pair of doublets at —47.42 and 3.10 ppm (3Jp_p = 19.5 Hz),
indicating inequivalent P atoms in the DMPE ligand. The peak at —47.42 ppm is
assigned to the dangling PMe; group in the DMPE ligand as it is close to that of
free DMPE at —49.20 ppm in *'P NMR spectrum.®®* When the temperature was

raised to, e.g., =5 °C, for 4a, peaks of both bound and dangling P atoms became
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broad. During the heating, 4b was found to gradually form in the NMR solution.
At =5 °C, the 'H NMR spectrum (Figure A2) of the solution showed a dynamic
process with four broad peaks: 0.92 ppm for the methyl groups on the DMPE
ligand and free DMPE, 1.36 ppm for the ethylene protons of the bound and free
DMPE, 0.53 ppm for the CH,SiMe; groups, and 0.32 and 0.31 ppm for the
—SiMe; groups on —CH,SiMe; and =CSiMes, respectively. The observation of
one CH, peak and one methyl peak for W«—P(Me,)CHx>-CH,-PMe; in the "H NMR
spectrum indicates that the bound and dangling parts of the DMPE ligand
undergo a fast exchange at -5 °C. At -50 °C, the SiMe; peak split into three
peaks of ca. 1:2:1 ratio for the =CSiMe; (0.49 ppm), two equatorial —-CH,SiMe;
(0.36 ppm), and one axial —CH,SiMe; ligand (0.33 ppm), suggesting that the
exchanges among the axial and equatorial ligands in 4a are restricted at this
temperature. A broad, overlapping —CH,SiMe3 peak was observed at 0.54 ppm.
A dangling —-PMe; peak (0.81 ppm) and a bound PMe; peak (0.91 ppm; 2Jp4 =
5.4 Hz) were observed. The two W«-PCH,-CH,-P- resonances also split. These
observations suggest a slow rotation of the DMPE ligand W<«P(Me2)CH.-
CH2PMe; at -50 °C.

The *C NMR spectrum of 4a at —5 °C (Figure A3) shows two broad peaks
for the W«P(Me;)CH»-CH,PMe; ligand, one for PMe, at 13.82 ppm and the
other for —CHy— groups at 25.89 ppm. The observation is similar to that of the
DMPE ligand in 'H NMR spectrum and indicates a fast exchange of the bound

and dangling parts of the DMPE ligand. The —CH,SiMe; and =CSiMes;
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resonances were observed at 3.27 and 3.20 ppm, respectively. Two broad
peaks at 50.53 ppm and 80.94 ppm are assigned to the equatorial and axial
—CHjSiMes, respectively, as they are close to 49.45 ppm for the equatorial and
81.69 ppm for axial —CH,SiMes in W(CH,SiMes)s(=CSiMes)(PMes) (2a).2** The
alkylidyne carbon resonance of =CSiMes is broad at 355.4 ppm.

The alkyl alkylidyne adduct 4a readily converts to its bis-alkylidene
tautomer 4b, and the reaction is reversible. In other words, inter-conversion
between 4a and 4b eventually reaches an equilibrium 4a = 4b. Thermodynamics
and kinetics of the inter-conversion are discussed below.

The sample for NMR characterization of 4b was prepared by adding
DMPE to a solution of W(CH,SiMe3)3(=CSiMe3) (1) in toluene-ds at 23 °C. The
sample was kept at room temperature for 5 h to ensure adequate conversion of
4ato 4b. NMR ['H, *C, *'P, 'H-gated-decoupled "*C, and HSQC (Heteronuclear
Single Quantum Coherence)] spectra of 4b were taken at —20 °C to slow the
inter-conversion 4a = 4b in order to give better resolution of the NMR spectra. In
the *'P NMR spectra (Figure A4), two doublets at —47.77 (dangling) and 11.10
ppm (W-PMe.-, >Jp.p = 20.7 Hz) are consistent with the presence of a bound W—
PMe, and a dangling —PMe; in 4b. In the 'H NMR spectrum (Figure AS5),
resonances of two overlapping doublets for W-PMe, were observed at 1.06 and
1.04 ppm (2Jp_H = 6.6 Hz). This is due to the two diasterotopic methyl groups in
the bound P atom of DMPE (Figure 2.1). The dangling —-PMe, was observed at

0.81 ppm. Two broad resonances at 1.64 and 1.24 ppm are assigned to the
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ethylene protons in W«P(Me;)CH,-CH,PMe,. The 'H NMR spectrum reveals
two doublets of doublets at 0.94 and 0.93 ppm for the inequivalent egq-
CH.H,SiMe; group in 4b (Figure A5). The ax-CH,SiMes; group in 4b was
observed at 0.34 ppm. These methylene proton assignments were confirmed by
HSQC (Figure A6). Four —SiMe; peaks were observed, and two =CHSiMe3
resonances appear as doublets at 8.01 and 7.23 ppm. These observations are
consistent with a “pinwheel” anti,syn conformation for 4b with two inequivalent
alkylidene ligands (Figure 2.1). Such a conformation was also observed for
W(CH.SiMes)3(=CSiMes)(PMe3) (2a)*** and Ta(CH:EMes)(=CHEMe3)2(PMes),
(E = C, Si)." In the ™*C NMR spectrum of 4b (Figure A7), two doublets at 256.7
and 254.7 ppm (°Jec = 12.5 Hz for both) are observed for the two alkylidene
ligands in 4b. The four —SiMe; groups were observed at 4.88, 2.99, 1.81, and
1.77 ppm. These results are consistent with a “pinwheel” anti,syn conformation.
Two doublets at 51.16 ppm and at 37.78 ppm for the equatorial and axial
—CH,SiMe; ligands were also observed. '*C resonances of the DMPE ligand
further support the presence of a dangling PMe,. The a—methyl groups in the W-
PMe,- moiety were observed as doublets at 14.93 and 14.64 ppm, as they are
diastereotopic (Figure A7). The dangling —PMe, appears as a doublet at 13.49
ppm. The P-CH,-CH,-P atoms in the DMPE ligand were observed as two

doublets of doublets at 25.11 and 28.10 ppm.
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2.2.2. Conversion of the 4a <« 4b Equilibrium Mixture to
W(CH:SiMe3)(=CHSiMe3)(=CSiMes)(DMPE) (7a-b)

Upon heating a solution of 4a = 4b with excess DMPE in toluene-ds, the
mixture undergoes cyclometalation for the dangling DMPE ligand (Scheme 2.3).
In the process, a—H abstraction occurs to give alkyl alkylidene alkylidyne
complexes 7a and 7b. 'H, *C, *'P, "H-gated-decoupled "*C and HSQC NMR
characterization of 7a and 7b reveal that they are likely syn- and anti-rotamers,
as observed in W(CH,SiMe3)(=CHSiMe3)(=CSiMes3)(PR3). (PRs = PMes, 5a-b;
PMe,Ph, 6a-b)*> and Re(=CHCMe3)(=CCMe3)(OR)2.>* In the syn-rotamer 7a, the
—SiMe; group on the alkylidyne ligand points toward the alkylidyne ligand.

The *'P NMR spectrum (Figure A8) of 7a shows doublets at 40.21 and
23.16 ppm suggesting that the P atoms are inequivalent. Likewise, two doublets
at 38.84 and 22.41 ppm in the *'P NMR spectrum of 7b were found. These
chemical shifts are significantly different from those of free DMPE or dangling P
atoms in 4a-b at —45 to —47 ppm, suggesting that both P atoms in the DMPE
ligand are bound to the metal atom. The 'H NMR resonances of the alkylidene H
atoms in 7a and 7b were observed as two overlapping doublets of doublets at
7.95 and 11.14 ppm, respectively (Figure A9). The axial -CH,SiMe3;, =CHSiMes,
and =CSiMe; were observed at 0.43, 0.34, and 0.15 ppm, respectively. Two
multiplets for —-CH,H,SiMe3 were observed at 0.49 and —0.44 ppm as H, and H,
are diastereotopic (Figure 2.2) and coupled to the two P atoms in the DMPE

ligand. 2-D "H-"H COSY (Correlation Spectroscopy) confirmed the assignment
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of the two resonances. 2-D J-resolved 'H NMR spectrum of 7a vyields 2Jp.y =
12.6 Hz for the -CH,H,SiMes ligand. In 7b, the —CH,H,SiMe; peaks appear at
0.11 and -0.01 ppm, as confirmed by HSQC. The four a—methyl groups in the
DMPE ligand for 7a are inequivalent (Figure 2.2) and observed as four doublets
at 1.52, 1.32, 0.88, and 0.71 ppm. Likewise, four doublets for 7b appear at 1.51,
1.32, 0.96, and 0.76 ppm for its four a—methyl groups. The diastereotopic
ethylene protons in the DMPE ligand (Figure 2.2) in 7a and 7b were observed as
complex multiplets.®® The assignments of the ethylene proton resonances in the
DMPE ligand were confirmed by HSQC (Figure A10). In the *C NMR spectrum
(Figure A11), the alkylidene C resonance of 7a was observed as a doublet of
doublets at 241.14 ppm. One 2Jp.c coupling constant (26.5 Hz, P-W=CH-) is
much larger than the other (12.6 Hz), suggesting that the alkylidene ligand is
trans to one P atom (with the larger ?Jp.c) and cis to another (with the smaller Jp.
c). The "*C resonance of the alkylidene C atom in 7b was also observed as a
doublet of doublets at 237.46 ppm (°Je.c = 12.1 Hz) in the ™*C NMR spectrum.
The alkylidyne 3C resonance of 7a appears as an overlapping doublet of
doublets at 326.56 ppm. Likewise, the alkylidyne 3C resonance of 7b was
located as a doublet of doublets at 329.35 ppm. The P-CH,-CH,-P resonances
in 7a were observed as two doublets of doublets at 31.76 and 29.05 ppm.
Likewise, two doublets of doublets in 7b appear at 34.92 and 27.05 ppm. The
four inequivalent o—methyl groups in DMPE for 7a are observed at 25.26, 19.64,
18.63, and 12.64 ppm, as confirmed by HSQC (Figure A10). In 7b, these methyl

resonances also appear as four doublets at 24.58, 19.28, 18.00, and 12.58 ppm.
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2.2.3. Kinetic and Thermodynamic Studies of the 4a = 4b Tautomerization
— Comparison of PMez and DMPE Ligands

Kinetic and thermodynamic studies of the tautomerization of
W(CH_SiMe3)3(=CSiMes)(PR3) (4a), adduct between phosphine DMPE and alkyl
alkylidyne W(CH,SiMe3)3(=CSiMe3) (1), with its bis-alkylidene isomer
W(CH2SiMe3)2(=CHSiMe3)2(PR3) (4b) were conducted.

Variable-temperature NMR spectra were taken of the tautomerization 4a =
4b and equilibrium constants, Keq = [4b]/[4a], were measured between 258 and
283 K. The equilibrium constants ranging from 13.2(0.3) at 283 K to 5.2(0.7) at
258 K (Table 2.1) indicate that the 4b isomer is favorable at higher temperatures.
Decreasing the temperature shifts the equilibrium to the alkylidyne isomer 4a.
The In Keq vs 1/T plot (Figure 2.3) gives the thermodynamic enthalpy and entropy
of the 4a = 4b tautomerization. The process 4a = 4b is endothermic with AH® =
5.1(1.1) kcal/mol and AS°® = 24(4) eu. AS° > O reflects the fact that 4a, with a
symmetry plane, is more symmetric than “pinwheel” 4b (Figure 2.1) with no
symmetry.

Variable-temperature '"H NMR experiments for the 4a = 4b exchange
between 258 and 283 K show that the a—H migrations between 4a and 4b follow

first-order reversible kinetics (Egs. 2.1 and 2.2).%°
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Table 2.1. Equilibrium (Keq) and rate constants (k1 and k_1) of the 4a = 4b

exchange®*

T (K) Koq ki x 10°(s™) ki x 10%(s™)
258(1) 5.2(0.7) 1.64(0.03) 3.16(0.05)
263(1) 6.9(0.2) 2.2(0.2) 3.3(0.3)
268(1) 8.4(0.4) 2.7(0.2) 3.3(0.3)
273(1) 9.2(0.2) 3.22(0.14) 3.50(0.16)
278(1) 11.3(0.2) 4.15(0.10) 3.59(0.08)
283(1) 13.2(0.3) 6.69(0.11) 5.09(0.08)

2 Solvent: toluene-ds.

® The relatively small temperature range of 25 K in the current thermodynamic
and kinetic studies leads to relatively large uncertainties in thermodynamic (AH°
and AS°) and kinetic (AH” and AS”) parameters, as the error calculations in the
Experimental Section show.

¢ The largest random uncertainty is OKeq(ranyKeq = 0.7/5.2 = 13.5%. The total
uncertainty 0Keq/Keq Of 14% was calculated from 0Keq(rany/Keq = 13.5% and the
estimated systematic uncertainty oKeqesysy/Keq = 5% by 0Keq/Keq = [(0Keq(rany/Keq)?
+ (OKeq(sysy/Kea) 1.

¢ The largest random uncertainties are 8ki(any/k1 = 0.2/2.04 = 9.8% and
OK_1(rany/k-1 = 0.3/3.25 = 9.2%. The total uncertainties dki/k1 = 0.110 and dk_1/k_4
= 0.105 were calculated from dkanyk and the estimated systematic uncertainty

SKisysy/k = 5% by Skik = [(8kianyk)? + (8ksysy'k)?])"?.
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Figure 2.3. A plot of In Kgq vs 1000/T of the equilibrium 4a = 4b.
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(ape - 1 av.)

In (/abe - 1 ap0)

= (k, +k,)t (Eq. 2.1)

k, [4b] (Eq. 2.2)

Ke =1 =—"—=
"k, [4a]

where o, lapt and lype are the integrations of 4b at time t = 0, t = ¢, and
equilibrium, respectively; ki and k_1 are the rate constants for the forward and
reverse reactions, respectively.

The kinetic plots for the exchange are shown in Figure 2.4, and the rate
constants from Eqgs. 2.1-2.2 are given in Table 2.1. Eyring plots (Figure 2.5)
lead to the activation parameters of the exchange: AH{™ = 7.5(0.9) kcal/mol, ASy”
= -51(2) eu for the forward reaction 4a — 4b, and AH.s* = 2.0(0.8) kcal/mol, AS_.1*
= —76(1) eu for the reverse 4b — 4a reaction.

It is interesting to compare the thermodynamic and kinetic properties of
the current tautomerization with those of the W(CH,SiMe3);(=CSiMes)(PMes) (2a)
= W(CH,SiMes),(=CHSiMes),(PMes) (2b) tautomerization that involves PMes.?
The current 4a = 4b exchange is endothermic with AH° = 5.1(1.1) kcal/mol and
AS° = 24(4) eu. The equilibrium shifts to 4b at higher temperatures. The 2a <
2b exchange is a slightly exothermic process with AH° = —2(1) kcal/mol and AS°
= -2(2) eu. The 2a = 2b equilibrium shifts to 2a at higher temperatures. It is not
clear what leads to the difference in the thermodynamic parameters, although the

equilibrium constants for 4a <= 4b [Keq = 11.3(0.2)] and 2a = 2b [Keq = 12.3(0.2)]
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are similar at 278 K. At temperatures above 283 K, a—H abstraction in 4a = 4b
(and formation of 7a-b from DMPE-containing 4a-b) becomes fast, and this made
monitoring of the 4a = 4b exchange by 'H NMR spectroscopy difficult. Thus,
thermodynamic and kinetic studies of the 4a = 4b exchange were only conducted
at 258-283 K. In comparison, PMes-containing 2a-b seem to be more stable,
and no significant conversion from the 2a = 2b equilibrium mixture to
W/(CH,SiMe3)(=CHSiMes)(=CSiMe3)(PMes), (5a-b) was observed <333 K.2 The
2a = 2b equilibrium was thus studied at 278-303 K.

The rate constants for the 4a = 4b exchange at 278 K, ky = 4.1(0.1) x 10™°
s and k.1 = 3.59(0.08) x 10°® s™ are larger than those for the 2a = 2b exchange:
ki =1.42(0.02) x 10° s and k. = 1.160(0.018) x 107° s™" at 278 K, indicating the
former is faster. The activation parameters for the tautomerization involving
PMe; are: AHy” = 16.2(1.2) kcal/mol, ASy" = —22(4) eu, and AG 7,78k = 22(2)
kcal/mol for the forward reaction 2a — 2b, and AH.;* = 16.2(1.3) kcal/mol, AS.{" =
—21(4) eu, and AG_1"27sx = 22(2) kcal/mol for the reverse 2b — 2a reaction.? In
both forward and reverse reactions involving 2a and 2b, activation enthalpies AH"
significantly outweigh activation entropies AS” in the kinetic barriers AG";7gk. In
contrast, in both forward and reverse reactions involving DMPE-containing 4a
and 4b, activation enthalpies AH* [7.5(0.9) and 2.0(0.8) kcal/mol] are minor
contributors to AG™,7s«. Here activation entropies AS™ are the dominant factors in
the kinetic barriers. In the forward reaction 4a — 4b, AH,” = 7.5(0.9) kcal/mol is

significantly smaller and activation entropy AS;* = —51(2) eu is much larger
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(negative) than those in the reaction 2a — 2b. The activation barrier AG1"27gx =
21.7(1.5) kcal/mol is, however, similar to that in 2a — 2b. In the reverse 4b — 4a
reaction, AG_.1"27sx = 23.1(1.1) kcal/mol is slightly larger than either AG1”27s« for
the forward 4a — 4b reaction and AG_1"27sx = 22(2) kcal/mol for the reverse 2b —
2a reaction. Activation enthalpy AH.;* = 2.0(0.8) kcal/mol is small, and the large
activation entropy AS.«” = —76(1) eu contributes significantly to the kinetic barrier
AG.7"278. Perhaps the dangling phosphine group in 4a-b squeezes other
ligands, making it difficult to orient the ligands for a—H migration. Thus activation

entropy plays a major role in the 4a = 4b exchange.

2.2.4 Kinetic Study of the Conversion of 4a-b to 7a-b — Comparison of
DMPE with PMe3; and PMe,Ph

The alkyl alkylidyne and bis-alkylidene tautomers were found to undergo
o—H abstraction upon heating the 4a = 4b equilibrium mixture to give 7a-b
(Scheme 2.3) and SiMe4. A kinetic study was performed to better understand the
conversion.

The conversion of 4a-b containing a dangling phosphine group to
bidentate 7a-b is an intramolecular conversion (Scheme 2.3). In comparison, the
conversion of 2a-b to 5a-b (and 3a-b — 6a-b) involves the addition of a PMes or
PMe,Ph molecule to 2a-b.?

The intramolecular formation of 7a-b follows first-order kinetics. Kinetic

plots according to Eq. 2.3 are given in Figures 2.6 and 2.7.%
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In {M} — _ko't (Eq. 2.3)

l+)

The Eyring plot (Figure 2.7) leads to the activation parameters: AH,” =
13(1) kcal/mol, ASy” = —=36(4) eu, and AG2"33sx = 25(2) kcal/mol for the 4a-b —
7a-b reaction. The relative large negative activation entropy indicates that at the
transition state, which involves cyclometalation, the system becomes more
ordered. In the 2a-b — 5a-b conversion at 333-358 K (Scheme 2.2), the
activation parameters AH” = 29(2) kcal/mol, AS™ = 4(1) eu, and AGy 33k = 28(3)
kcal/mol are typical for cyclometalation/a-H abstraction prior to the addition of a
second PMes ligand.®**° The kinetic barrier AG,"s3sx for the DMPE-containing
4a-b — 7a-b conversion is lower than that for PMes-containing 2a-b — 5a-b
conversion. Activation entropy AS,” in the former (DMPE) plays a much more
significant role in the kinetic barrier than in later (PMes). AH,” = 13(1) kcal/mol in
the former (DMPE) is significantly lower than AH* = 29(2) kcal/mol in the latter
(PMes), suggesting that steric repulsion by the dangling DMPE ligand drives the
o—H abstraction in 4a-b. The rate constants, k», were measured between 313
and 338 K and are listed in Table 2.2. At 338 K, ko = 2.1(0.2) x 10* s™" for the
4a-b — 7a-b conversion. In comparison, the rate constant is 8.5(0.6) x 10° s™
for the 2a-b to 5a-b conversion.> The conversion of the DMPE complexes 4a-b

is about 25 times faster than the PMe3 complexes 2a-b. Our earlier studies of

the PMe,Ph complexes 3a-b (Scheme 2.2) show that their conversion to
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Table 2.2. Rate constants (k) for the formation of 7a-b®

T (K)° ky x 10° (s7')°
313(1) 4.41(0.17)
318(1) 5.4(0.0)
323(1) 7.7(0.3)
328(1) 13.0(0.5)
333(1) 16.2(0.3)
338(1) 21(2)

2 Solvent: toluene-ds.

® The relatively small temperature range of 25 K in the current kinetic study leads
to relatively large uncertainties in kinetic (AH” and AS™) parameters, as the error
calculations in the Experimental Section show.

¢ The largest random uncertainties are 8kyranykz = 2/21 = 9.5%. The total
uncertainties Sko/k, = 0.1076 were calculated from Sk(anyk and the estimated

systematic uncertainty 8ksys)'k = 5% by Skik = [(SKuanyk)? + (Sk(sysyK)*1""%.
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W(CH,SiMe3)(=CHSiMe3)(=CSiMe3)(PMe2Ph), is about 3.4 times faster than that
of PMe;s complexes 2a-b at 348.2(0.1) K.2

Two possible mechanistic pathways for the intramolecular 4a-b — 7a-b
conversion have been considered. In Path | (Scheme 2.4), 4a-b undergo rate-
determining a—H abstraction to give Intermediate A, followed by coordination of
the dangling PMe; group, yielding 7a-b. In Path Il, coordination of the dangling
PMe, group occurs first to give Intermediate B. Subsequent a—H abstraction
yields 7a-b. These two pathways are similar to those considered in the formation
of bis-PMes 5a-b from 2a-b.? Kinetic studies of the 2a-b to 5a-b conversion
reveals that it is independent of the concentration of PMes, suggesting that the
conversion follows a pathway similar to Path |. In the current intramolecular 4a-b
— 7a-b conversion, kinetics of the first-order reaction does not, however,
distinguish between Path | and Path Il. It is reasonable to assume that the
DMPE complexes 4a-b follow a similar pathway (Path |) in the formation of 7a-b,
especially considering the fact that the Me,PCH,CH,PMe, (DMPE) ligand is
sterically more demanding than PMe3;. A molecular model of 4b using SYBYL v.
8.0*" has been built (Figure 2.8), based on the X-ray crystal structure of 2b? by
replacing the PMejs ligand in 2b by a dangling DMPE ligand to see if there is
space in 4a-b for the dangling PMe; to bind to the metal atom. A space-filling
drawing of the 4b model reveals that, as in the crystal structure of 2b, the penta-
coordinated DMPE complex 4b is highly congested with nearly no space for the

dangling PMe; group to coordinate. Although we are not able to distinguish
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P(2)

P(1)

(a) (b)
Figure 2.8. Molecular modeling structure of 4b: (a) Space-filling mode; (b) A ball
and stick display at the cis position relative to DMPE. Tungsten atom in 4b was

replaced by a molybdenum atom in the modeling. See Experimental Section for

details.
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between Path | and Path Il in the current work, we think Path | is preferred in the
4a-b — 7a-b conversion. As in the 4a < 4b tautomerization, the large, negative
activation entropy AS,” = —36(4) eu is a reflection of the presence of the dangling
DMPE ligand, making it difficult for other ligands in 4a-b to orient for oa—-H

abstraction.

2.3. Concluding Remarks

In this chapter, the reaction of W(CH,SiMe3);(=CSiMes) (1) with DMPE
(DMPE = Me,PCH,CH.PMe,) gives an adduct W(CH.SiMe3)3(=CSiMe3)(DMPE-
P) (4a). 4a undergoes a rarely observed reversible transformation to its bis-
alkylidene tautomer W(CH,SiMe3)2(=CHSiMe3)2(DMPE-P) (4b) through o—H
migration. The DMPE ligands in both 4a and 4b contain a dangling P atom (P).

Thermodynamic and kinetic studies of the 4a « 4b exchange show that it is

slightly endothermic with AH° = 5.1(1.1) kcal/mol and AS°® = 24(4) eu; AH{”

4.0(0.9) kcal/mol, ASy” = -51(2) eu for the 4a — 4b forward reaction; AH.4*

2.0(0.8) kcal/mol, AS.4* = =76(1) eu for the 4b — 4a reverse reaction. Activation
entropies are the major contributors to the activation barriers of the exchange:
AG1278x = 21.7(1.5) kecal/mol and AG.1"27sx = 23.1(1.1) kcal/mol. The 4a = 4b
exchange at 283 K is faster than that of the previously reported PMe3 analogs
W(CH_SiMes)s(=CSiMes)(PMes) (2a) = W(CH.SiMes),(=CHSiMes)2(PMes) (2b).?
The 4a = 4b mixture undergoes an o—H abstraction, yielding alkyl alkylidene
alkylidyne complexes W(CH,SiMes;)(=CHSiMe3)(=CSiMes)(DMPE) (syn: 7a; anti:
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7b) containing chelating DMPE ligand with the following activation parameters:
AH,” = 13(1) kcal/mol and AS,” = —6(4) eu. The formation of 7a-b is faster than
the formation of W(CH,SiMe;)(=CHSiMe3)(=CSiMe3)(PR3)2 (PR; = PMes, 5a-b;

PMe,Ph, 6a-b).

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 nitrogen.
WClg was freshly sublimed under vacuum. W(CH.SiMe3)3(=CSiMe3) (1)** was
prepared from W(OMe)sCl; and 6 equiv of MesSiCH,MgCI.? 'H, *C, and *'P
NMR spectra were recorded on a Bruker AMX-400 spectrometer. DMPE was
referenced to an external standard of H3PO4 (85% in H0O) in tolune-ds at —20
and -5 °C. Elemental analysis was performed by Complete Analysis
Laboratories Inc., Parsippany, NJ.

For the thermodynamic studies, the equilibrium constants Keq were
obtained from at least two separate experiments at a given temperature, and
their averages are listed in Table 2.1. The maximum random uncertainty in the
equilibrium constants were combined with the estimated systematic uncertainty

of ca. 5%. The total uncertainties in the equilibrium constants were used in the In
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Keq vs. 1000/T plot in Figure 2.3 and the 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
unweighted nonlinear least-squares procedure in the SigmaPlot Scientific Graph
System. The uncertainties in AH° and AS° were computed from error
propagation formulas which were derived from —RT In Keq = AH° — TAS®, as
reported earlier.”’

For the kinetic studies, the rate constants ki, k.1, and k. were obtained
from at least two separate experiments at a given temperature, and their
averages are listed. The estimated uncertainty (c7) 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 in
the SigmaPlot Scientific Graph System. The uncertainties in AH” and AS™ were
computed from the error propagation formulas derived by Girolami and coworkers

from the Eyring equation.*® The values of ck/k are given in Tables 2.1 and 2.2.

2.4.2. Preparation of W(CH,SiMe3)3(=CSiMe3)(DMPE-P) (4a)
W(CH,SiMe3)3(=CSiMes) (1, 49.5 mg, 0.093 mmol) and 4.4-
dimethylbiphenyl (an internal standard) were dissolved in toluene-ds. DMPE (17
uL, 0.10 mmol) was added via a syringe to a J.R. Youngs NMR tube at —78 °C.
The NMR probe was pre-cooled at -5 °C. 'H NMR (toluene-ds, 399.79 MHz, -5
°C) & 1.36 (broad, 4H, CH.PMe;), 0.92 (broad, 12H, PMe,), 0.53 (broad, 6H, ax-
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CH,SiMe3 and eq-CH,SiMe3), 0.32 (s, 9H, =CSiMe3), 0.31 (s, 27H, ax-CH,SiMe3
and eq-CH,SiMes); ™C{'H} (toluene-ds, 100.54 MHz, -5 °C) & 355.4 (broad,
=CSiMe3), 80.94 (broad, ax-CH,SiMe3), 50.53 (broad, eq-CH,SiMes), 25.89 (s,
CH,PMey), 13.82 (s, PMe»), 3.27 (s, ax-CH,SiMes and eqg-CH,SiMes), 3.20 (s,
=CSiMes); *'P{'H} (toluene-ds, 161.84 MHz, -5 °C) & 1.33 (broad, W-

PCH2CH2PMey), —47.17 (broad, W-PCH2CH2PMey).

2.4.3. Preparation of W(CH,SiMe3),(=CHSiMe3),(DMPE-P) (4b)
W(CH,SiMe3)3(=CSiMes) (1, 43.8 mg, 0.083 mmol) and 4,4-
dimethylbiphenyl (an internal standard) were dissolved in toluene-ds. DMPE
(~16 uL, 0.094 mmol) was added via a syringe to a J.R. Youngs NMR tube. The
sample was kept at room temperature for 5 h to ensure the conversion of 4a to
4b. NMR probe was the pre-cooled at —20 °C. 'H NMR (toluene-dg, 399.79
MHz, —20 °C, J in Hz) & 8.01 (d, 1H, =CHSiMes *Jpy = 5.6), 7.23 (d, 1H,
=CHSiMes °Jp.y = 4.6), 1.64 (broad, 2H, CH,PMe;), 1.24 (overlapping free
DMPE, 2H, CH,PMe,), 1.06 (d, 3H, PMe,, “Jp.4 = 6.6), 1.04 (d, 3H, PMey, *Jp.y =
6.6), 0.94 (dd, 1H, eq-CHa.Hy-SiMes, >Jp.y = 33.0, 2Jun = 11.0; overlapped with
eq-CH.Hy,-SiMe; peak), 0.93 (dd, 1H, eq-CHaHy-SiMes, *Jp = 33.0, 2Juy = 11.8;
overlapped with eq-CH.H,-SiMe3 peak and PMe;), 0.81 (overlapping free DMPE,
6H, PMe,), 0.40 (s, 9H, eq-CH,SiMes), 0.37 (s, 9H, ax-CH,SiMes), 0.34 (d, 2H,
ax-CH,SiMes, 3Jp.y = 7.2, overlapped with ax-CH.SiMes peak), 0.30 (s, 9H,

=CHSiMes), 0.15 (s, 9H, =CHSiMes); "*C{'H} (toluene-ds, 100.54 MHz, —20 °C, J

48



in Hz) & 256.66 (d, =CHSiMes, 'Jh.c = 109.00, %Jpc = 12.5), 254.68 (d,
=CHSiMes, "Ju.c = 102.5, 2Up.c = 12.5), 51.16 (d, ax-CH,SiMes, 'Jh.c = 113.3, 2Jp.
c = 4.6), 37.78 (d, eg-CH,SiMes, °Jp.c = 30.8, "Jn.c = 111.0), 28.10 (dd,
CHoPMey, 'Uh.c = 124.8, "Up.c = 12.3), 25.11 (dd, CH.PMey, 'Uhc = 123.3, TUpc =
6.2), 14.93 (d, PMey, "Juc = 1271, "Up.c = 23.8), 14.64 (d, PMe,, 'Jh.c = 1271,
'Up.c = 23.8), 13.49 (d, PMey, "Jhc = 129.5, "Up.c = 15.4), 4.88 (s, ax-CH,SiMes,
"Uhc = 118.7), 2.99 (s, eq-CH,SiMes, "Jhc = 117.9), 1.81 (s, =CHSiMes, "Juc =
119.5), 1.77 (s, =CHSiMes, "Jn.c = 119.5); *'P{'H} (toluene-ds, 161.97 MHz, —20
°C, J in Hz) & 11.10 (d, W-PCH,CH,PMe,, *Jpp = 20.7), —47.77 (d, W-
PCH,CH,PMe;y, °Jp.p = 20.7). "H and *C NMR assignments were confirmed by

low-temperature HSQC and "H-gated-decoupled *C NMR experiments.

2.4.4. Preparation of W(CH,SiMe3)(=CHSiMe3z)(=CSiMe3)(Me,PCH,CH,PMey)
(7a-b)

W(CH,SiMes3)3(=CSiMes) (1, 47.9 mg, 0.09 mmol) was dissolved in
benzene-ds in a J.R. Young’'s NMR tube. DMPE (ca. 1.3 equiv, 0.114 mmol) was
added via a syringe to the room temperature solution. The mixture was kept at
room temperature for 24 h, followed by heating at 65 °C for 48 h. All volatiles
(SiMe4, unreacted DMPE, and solvent) were removed in vacuo at room
temperature for 8 h to give a brown solid of 7a-b (21.1 mg, 40% vyield). 7a: 'H
NMR (toluene-dg, 399.97, 23 °C, J in Hz) § 7.95 (dd, 1H, =CHSiMe3, *Jp.yy = 6.1,

3Jp.ti = 5.3), 1.52 (d, 3H, PMe, 2Jp.y = 10.5), 1.43 (m, 1H, CH,PMe,), 1.34 (m, 2H,
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CH,PMe;,; overlapping PMe), 1.32 (d, 3H, PMe, 2Jpp = 7.6), 1.08 (m, 1H,
CH,PMe,), 0.88 (d, 3H, PMe, ?Jp.4 = 7.6), 0.71 (d, 3H, PMe, 2Jp.y; = 7.3), 0.49 (m,
1H, ax-CHaH,SiMes), 0.43 (s, 9H, =CSiMe3), 0.34 (s, 9H, =CHSiMes), 0.15 (s,
9H, ax-CH,SiMes), —0.44 (m, 1H, ax-CH.HpSiMes); *C{'H} (toluene-ds, 100.54
MHz, 23 °C, J in Hz) & 326.56 (dd, =CSiMes, Jp.c = 10.7, 2p.c = 2.94), 241.14
(dd, =CHSiMes, "dw.c = 115.5, "p.c = 97.6, %Jp.c = 26.5, 2Jp.c = 12.6), 31.76 (dd,
CH2PMey, "Jn.c = 134.5, 2Jp.c = 13.9), 29.05 (dd, CH,PMey, "Jh.c = 132.5, 2p.c =
10.8), 25.26 (dd, PMe, "Jhc = 135.6, 'Upc = 36.7, 3Jpc = 5.4), 19.72 (ax-
CH,SiMe3), 19.64 (d, PMe, "Juc = 123.3, "Up.c = 24.7), 18.63 (dd, PMe, "Jh.c =
134.1, "Up.c = 17.0, ?Jpc = 6.2), 12.64 (d, PMe, "Jn.c = 130.2, "p.c = 17.0), 3.91
(s, =CSiMes, 'ync = 117.1), 3.36 (s, =CHSiMes, 'Juc = 117.1), 2.72 (s, ax-
CH,SiMes, "Jhc = 117.1); *'P{'H} (toluene-ds, 161.84 MHz, 23 °C, J in Hz) &
40.21 (d, 2Jpp = 59.3), 23.16 (d, *Jpp = 69.1). 'H and "*C NMR assignments
were confirmed by room temperature HSQC and 'H-gated-decoupled *C NMR
experiments. 7b: "H NMR (toluene-ds, 399.97, 23 °C, J in Hz) § 11.14 (dd, 1H,
=CHSiMes, 3Jp.t = 5.2, *Jp.y = 4.5), 1.71 (m, CH.PMey), 1.51 (d, 3H, PMe, 2Jp.y =
10.5; overlapping with 7a), 1.32 (d, 3H, PMe, %Jp.q = 7.6; overlapping with 7a)
1.36 (m, CH.PMe;; overlapping with 7a), 0.96 (d, 3H, PMe, %Jp.s = 6.9), 0.94 (m,
CH,PMe,, overlapping with 7a), 0.76 (d, 3H, PMe, Jp.; = 5.8), 0.17 (s, 9H,
—SiMe3), 0.16 (s, 9H, -SiMe3), 0.11 (m, ax-CH,H,SiMe3), 0.09 (s, 9H, -SiMe3),
—0.01 (m, ax-CH.H,SiMes, overlapping with 7a); "*C{'H} (toluene-ds, 100.54

MHz, 23 °C, J in Hz) & 329.35 (dd, =CSiMes, *Jp.c = 10.4, 2Jp.c = 5.0), 237.46
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(dd, =CHSiMes, %Jp.c = 19.8, %Jp.c = 12.1), 34.92 (dd, CH,PMe;,, 'Jp.c = 32.8, %Up.
¢ = 17.0), 27.05 (dd, CHoPMey, "Jp.c = 22.0, %Jp.c = 10.8), 24.58 (d, PMe, "Jp.c =
5.3), 20.9 (ax-CH,SiMes. overlapping with the internal standard and solvent),
19.28 (d, PMe, "Jp.c = 5.2), 18.00 (d, PMe, "Jp.c = 21.5), 12.58 (d, PMe, "Jpc =
17.0), 4.33 (s, =CSiMes, "Jn.c = 124.1), 2.85 (s, =CHSiMes, "Ju.c = 115.6), 2.64
(s, ax-CHySiMes, "Jn.c = 115.6); *'"P{'H} (toluene-ds, 161.84 MHz, 23 °C, J in Hz)
8 38.84 (d, 2Up.p = 59.3), 22.41 (d, %Jp.p = 59.3). Anal. Calcd: C, 36.48; H, 7.82.

Found: C, 36.27; H, 7.85.

2.4.5 Kinetic Study of the Inter-conversion between 4a and 4b

At least two experiments for each temperature were conducted. A mixture
of W(CH,SiMe3)3(=CSiMe3s) (1), 4,4’-dimethylbiphenyl (an internal standard), and
toluene-ds in J. R. Youngs NMR tubes in liquid nitrogen were added ca. 3-10
equiv of DMPE through cannula transfer. The samples were kept below —78 °C
before insertion into the NMR probe. The NMR probe was pre-cooled 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
4b, relative to those of the internal standard, were used as /l,p0 at t = 0. Once the
equilibrium between 4a and 4b was reached, the integration of 4b was used as

I4b-e-
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2.4.6 Thermodynamic Study of the Equilibrium between 4a and 4b

Two samples of 4a-b were prepared with at least 5 equiv of DMPE, and
kept at room temperature for 3 h to ensure equilibrium was established. The
samples were then placed in a circulation bath at 258.0(1), 263.0(1), 268.0(1),
273.0(1), 278.0(1), or 283.0(1) K for at least 6 h. *'"P NMR spectra were taken at
-50 °C with a relaxation delay of 10 s. Keq = [4b] / [4a] = lap-e /| lsae Were

calculated from the integrations of the two tautomers.

2.4.7 Kinetic Study of the Formation of 7a-b

At least two experiments for each temperature were conducted. A mixture
of W(CH.SiMej3)3(=CSiMe3) (1), 4,4’-dimethylbiphenyl (an internal standard), and
toluene-ds in J. R. Youngs NMR tubes were added ca. 4-8 equiv of DMPE. The
sample was then kept at 23 °C for 3 h to establish the 4a = 4b equilibrium. The
sample was next placed into the pre-heated NMR spectrometer at the set
temperature. After the NMR tubes were inserted into the probe, '"H NMR spectra
were taken after the temperature was stabilized, and the integration of 7a at time
t, I7a4, relative to those of the internal standard, was recorded. Once the reaction
comes to completion, integration of 7a at the end of the reaction /7, is used to

substitute the integration of 4b at the start of the reaction /..
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2.4.8 Molecular Modeling Structure of 4b

Molecular mechanics (MM) calculations were utilized to give molecular
modeling structure of 4b. The initial MM structure was built on the PMe; analog
(Me3SiCH,),W(=CHSiMes),(PMes) (2b).2 In the SYBYL v. 8.0 program,*' the
third methyl group in PMe3; was replaced with —-CH,CH,PMe; that was generated
by the program. Bond constraint was implemented on the W-P bond, and the
bond length was assigned 2.515 A, similar to the value in 2b.? A Tripos force
field constant of 60,000 kcalemol A was applied to constraint the bond length.
For the W-C bonds, a Tripos force field constant of 40,000 kcalemol'eA? was
applied to constrain the bond lengths to the reported alkyl and bis-alkylidene W-C
bond values in 2b.? Because the SYBYL program does not recognize tungsten,
tungsten atom was substituted with molybdenum atom, which has similar metal
radius (Mo: 1.36 A; W: 1.37 A) and bond lengths. The energy minimization was

achieved using the Powell method.*'
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CHAPTER 3
Thermodynamic Studies of the Reactions of

W(CH,SiMe;3)3;(=CSiMe;3) and Mono-dentate Phosphines

3.1. Introduction

Complexes containing a trimethylsilylmethyl ligand (-CH,SiMe3) with a -
Si atom often show properties different from those containing its analog
neopentyl ligand (-CH2CMe3). For  example, reactions of
W(CH2CMes)3(=CCMes) with phosphines PMe3 and Me,PCH,CH,PMe, (DMPE)
give, through o—H abstraction, bis-phosphine/chelating phosphine products
W(CH,CMe3)(=CHCMes)(=CCMes)(PMes), and
W(CH2CMes)(=CHCMe;3)(=CCMes)(DMPE).**?**  W(CH,SiMe3)3(=CSiMes) (1)
reacts with PMes;, PMe,Ph and DMPE, forming phosphine adducts
W(CH,SiMe3)3(=CSiMes)(PR3) (PR3 = PMes, 2a; PMesPh, 3a) (Scheme 3.1) and
W(CH,SiMe3)3(=CSiMe3)(DMPE-P) (4a) (Scheme 3.2) containing one free PMe;

group.>*

These adducts undergo a—H migration to form their bis-alkylidene
tautomers W(CH2SiMe3)2(=CHSiMes)2(PR3) (2b, 3b) and
W(CH,SiMes3)2(=CHSiMe3)2(DMPE-P) (4b). The tautomeric mixtures are in
equilibria, and the mixtures undergo a—H abstraction to eliminate SiMe4 and to

form, by reacting with free PR3 and the free PMe, group in DMPE-P ligand,

W(CH,SiMe3)(=CHSiMe3)(=CSiMes)(PRs). (5a-b, 6a-b) (Scheme 3.1) and
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A —~— . = | e —~— = ..
Mes3Si \/ SsiMe, 3 Me;Si—' ¥k Messi—? f SiMeg
MesSI™ PR, PRs
2a/3a heat 2b/3b
+PR3 k
-SiMe4
PR; =PMe;, 2a-b; 5a-b PR,
-b; 6a- SiMe SiMe
PMe,Ph, 3a-b; 6a-b ¢/SM3 ) \fv//H 3
e
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PR, PR, SiMes
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Scheme 3.1. Reaction of mono-dentate phosphines with an alkyl alkylidyne
complex.
SIMe3 SiMe3 Keq S|Me3
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Scheme 3.2. Reaction of a bidentate phosphine with an alkyl alkylidyne complex.
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W(CHSiMe;)(=CHSiMe3)(=CSiMe3)(DMPE) (7a-b) (Scheme 3.2)
respectively.?*31#44% Another example of the reactivity difference between

—CH,SiMe3; and —CH,CMe; ligands is the reactions shown in Scheme 3.3.1¢:394¢
Ta(=CHR),(CH,SiMe3)(PMe3), (R = SiMes;, CMe3) reacts with silanes to give
metallocyclic products. Its neopentyl analog Ta(=CHCMe3),(CH.CMe3)(PMes),,
in comparison, forms unknown species with the silanes. The reversible addition
of PMe; a