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Abstract

The n®-CsH4/Pr ligand imparts unprecedented effects on the physical and chemical
properties of (n>-CsH4'Pr)W(NO)(CH2CMes)(n3-CH2.CHCMe,) (2.3) and its precursors.
Specifically, the reaction of (n>-CsH4'Pr)W(NO)(CO): (2.1) with PCls results in the formation of
the PCls adduct of the (n°-CsH4'Pr)W(NO)CI. complex. Moreover, the subsequent metathesis
reaction with the Mg(CH.CH=CMe>), binary reagent occurs at the P-CI bond of the adduct
affording (n>-CsH4'Pr)W(NO)(PCIl.CMe2CH=CH,)Cl (2.4). The investigation of the unique
effects of the n°-CsH4'Pr ligand on the chemistry of tungsten-nitrosyl complexes has been
extended to encompass (1>-CsH4'Pr)W(NO)(H)(n*-CH2CHCMe) (3.1), (n°-
CsH4'Pr)W(NO)(CH2CMes): (3.7), and trans-(m>-CsH4Pr)W(NO)(H)(k?-PPh2CsH4) (3.9).
Results of these studies are summarized in following paragraphs.

Trapping reactions of the coordinatively unsaturated reactive intermediates, formed via
intramolecular isomerization of 3.1, using PMes show a preferential isomerization to the n!
intermediate (1n°-CsH4'Pr)W(NO)(H)(n'-CH.CH=CMe,), isolable as its PMes adduct. Increasing
the temperature facilitates the intramolecular rearrangement to the desired n?-alkene
intermediate, but due to the thermal instability of the starting material, the C-H activation of
alkanes cannot be carried out at very high temperatures.

The reaction of 3.7 with Hz and PPhs shows instantaneous cis to trans isomerization of the
generated ortho-metallated complex to form an inert trans-(n>-CsH4'Pr)W(NO)(H)(k?-PPh2CsHa)
(3.9). Inthis case, the faster rate of cis to trans isomerization hinders the C-H activation

potential of the ortho-metallated product.



In addition, results of the investigation of the multiple C-H activation chemistry of (n°-
CsMes)W(NO)(CH2CMez)2 (4.1) are presented. Thermolysis of 4.1 in neat hydrocarbons results
in elimination of neopentane and formation of the transient (n°>-CsMes)W(NO)(=CHCMej)
complex, which subsequently effects the multiple C-H activations of linear n-alkanes. The
corresponding (n°-CsMes)W(NO)(H)(n3-allyl) complexes obtained from the reactions with
various n-alkanes have been isolated and characterized. These thermolysis reactions are
accompanied by the generation of alkenes. Attempts to improve the production of olefins by
varying different experimental factors have been investigated.

The preliminary results of the investigation of the C-C coupling reactivity of (n°-
CsMes)W(NO)(H)(n3-allyl) complexes with aldehydes and phenylacetylene are presented.
Thermolysis reactions of (n°-CsMes)W(NO)(H)(n3-allyl) complexes with aldehydes under
aerobic conditions result in the formation of the corresponding coupled alcohol product. Also,
thermolysis reactions of (>-CsMes)W(NO)(H)(n*-CH2CHCMez) with phenylacetylene reveal
incorporation of phenylacetylene molecules into the (n°-CsMes)W(NO) and (n°-

CsMes)W(NO)(H)(n3-CH2CHCMe,) fragments.
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Chapter 1: Introduction



1.1 Hydrocarbons

Alkanes are among the major components of natural gas and petroleum, yet they are not
utilized to their full potential in synthesis as raw materials.! Instead, they are extensively
exploited for their energy content by combustion.? The difficulty of expanding the range of
alkane applications in the chemical industry is based on the inherent inertness of these
compounds. The C-C and C-H bonds of alkanes are very strong with dissociation energies of
377-460 kJ mol™, they have low polarity and lack nucleophilic or electrophilic reactive sites,
which makes them relatively unreactive.® Their old name “paraffins”, from the Latin parum
affinis (without affinity), describes perfectly the complications associated with exploiting alkanes
as starting materials for synthesis of other valuable chemicals.* Addition of other functional
groups to alkanes would offer essential reactive sites for their further transformation. One
particularly appealing method of functionalization of alkanes is a conversion to olefins, which
are traditionally produced from steam cracking of naphtha, light diesel and other oil by-
products.>® However, these processes are highly energy demanding, showing low selectivity to
production of terminal olefins.

The use of transition metals for the activation and functionalization of alkanes is a
fundamental area of research which explores potential applications of these molecules as starting
materials. Additionally, utilization of transition metals can provide better control of selectivity

that otherwise is hard to achieve under more forcing conditions.



1.2 C-H activation

The C-H bond activation by organometallic complexes is the first step toward the more
ambitious goal of functionalization of unsaturated hydrocarbons. Labinger and Bercaw have
divided C-H activation reactions into five different subtypes.? First is the oxidative addition
process which involves electron donation from the C-H o bond to the empty dz2 orbital, and the
reinforcing back-donation interaction during which electron density from the tungsten dyx; or dy;
orbital is donated into the C-H o* anti-bonding orbital (Figure 1.1). Both of these interactions
weaken the C-H bond, resulting in its cleavage. This mode of reactivity is typical for complexes
containing electron-rich transition metal centres. Both the hydrogen atom and the alkyl group in
this reaction are incorporated on the metal resulting in an increase in the metal oxidation state by

two.

Figure 1.1. Orbital interactions involved in the oxidative addition of a C-H bond at the metal

centre.

In 1982 two research groups reported the intramolecular C-H activation of saturated
hydrocarbons by iridium complexes (Scheme 1.1).”® Once irradiated with UV light, Bergman’s

iridium dihydride complex (n°-CsMes)Ir(H)2(PMes) in cyclohexane loses Hz and generates the



reactive 16e intermediate. Subsequently this complex effects the C-H activation of the substrate,
and forms the corresponding (n°>-CsMes)Ir(PMes)(H)(CeH11).” Similarly, Graham’s (n°-
CsMes)Ir(CO)2 complex in neopentane loses CO upon UV light irradiation, and effects C-H

activation of the substrate.®

Scheme 1.1. Examples of intramolecular C-H activation reported by a) Bergman and b)

Graham

H

Ir -CO velr
/N oc,
OC C H

c-bond metathesis is another type of C-H activation reaction typically exhibited by the
electron-poor transition metals in groups 3-5 with d° electron configurations. These reactions
proceed via a four-centred, four-electron transition state without any changes in the oxidation
state of the metal centre in the overall transformation.® Metalloradical C-H activations are
catalyzed by rhodium(I1) porphyrin complexes which exist in a monomer-dimer equilibrium.
The C-H activation of a substrate results in the attachment of two fragments of the bond to two

separate monomeric complexes.? In 1,2-addition reactions the alkane is added across a metal-



heteroatom double bond.? Lastly, in electrophilic activations products of the C-H activation

reaction are functionalized alkanes rather than new organometallic complexes.?

1.3 Alkane Functionalization: Dehydrogenation

Olefins are among the most important key building blocks in synthesis.>® They have a
broad spectrum of derivatives composing a vast majority of valuable chemicals used in different
industries. Notably, ethylene is the most produced petrochemical in the world. It is also a
starting material for 1,2-dichlorethane, ethylene oxide, and styrene which are used in the
production of polymers valuable in the packaging, textile, and construction industries.>®

The first stoichiometric homogeneous transfer dehydrogenation of cyclic alkanes was
reported by Crabtree in 1979. In the presence of tert-butylethylene (TBE), which functions as a
hydrogen acceptor, [IrH2(acetone)2(PPhs)2][BF4] dehydrogenates cyclopentane and cyclooctane
(COA) to cyclopentadienyl (Cp) and cyclooctadienyl (COD) complexes, respectively (Scheme
1.2).1° Similar iridium bis(trialkylphosphine) complexes have demonstrated catalytic
acceptorless dehydrogenation of COA with turnover numbers (TON) below 100 due to thermal

instability of the catalyst.

Scheme 1.2. Stoichiometric transfer dehydrogenation of cyclic alkanes initiated by

[IrH2(acetone)2(PPhs)2][BF4]

| IrH,(acetone),(PPh;), ]+ [ CpIrH(PPh3)2]+
+ / \‘ > or
Q or O 3=\ 3\ | (COD)Ir(PPhy), |
Bu Bu



Dehydrogenation is inherently a highly endothermic reaction, and requires thermal
stability of the catalyst to effect the desired transformation.> Pincer-ligated complexes have
demonstrated good thermal stability due to the rigid tridentate binding mode of the ligand
resulting in a strong M-C o bond.

The first iridium pincer-ligated catalyst precursor for alkane dehydrogenation
(BYPCP)IrH, [RPCP = «*-CsH3-2,6-(CH2PR2),] was introduced by Jensen and Kaska in 1996.%
This complex has demonstrated a great thermal stability. It can effectively mediate
homogeneous transfer dehydrogenation of COA in the presence of a small amount of TBE
affording 82 turnovers per hour at 150 °C.*112 The mechanism of transfer dehydrogenation by

pincer-ligated iridium catalysts has been studied extensively by Goldman and coworkers.!



Scheme 1.3. Proposed mechanism of n-alkane/TBE transfer dehydrogenation by

(BUPCP)IrH2
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The mechanism of n-alkane/TBE transfer dehydrogenation is outlined in Scheme 1.3.

The reactive 14e reactive species (B““PCP)Ir is generated upon insertion of TBE into the Ir-H



bond of (B“*PCP)IrH (step 1), and the subsequent reductive elimination of tert-butylethane
(TBA) (step 2). Afterwards, (®“*PCP)Ir undergoes oxidative addition of the substrate (step 3)
followed by the B-H elimination (step 4), which results in alkene release and the regeneration of
the dihydride complex. The reactivity of the catalyst can be inhibited by the olefin binding to the
coordinatively unsaturated (B““PCP)Ir complex either by n-coordination (dehydrogenated
product) or by C-H addition (TBE).!!

A series of effective solid-phase catalysts with different (PCP)Ir motifs have been
developed for heterogeneous transfer dehydrogenation of gas-phase alkanes in the presence of
ethylene or propene as a hydrogen acceptor (Scheme 1.4).2 Unlike other heterogeneous systems
utilizing metal oxides on various support systems (e. g. dehydrogenation of propane over WOx-
VO,/SiO, with TOF of 8.3 mmol/s/mol VOx)#, pincer-ligated iridium complexes are the first
purely molecular solid-phase catalysts utilized for transfer dehydrogenation.> (P“PCP)Ir(C2Ha),
in particular, demonstrates extremely high rates of dehydrogenation of n-pentane (over 1000
turnovers after 180 min per 1 mM of catalyst). These results are unprecedented even for
solution-phase transfer dehydrogenation. These systems also show great selectivity for

formation of terminal alkenes.

Scheme 1.4. Dehydrogenation of n-pentane by solid-phase molecular (P*PCP)Ir(C2H4)
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Alkylidene complexes have been also considered in dehydrogenation studies. Generation
of transition metal alkylidene complexes via intramolecular elimination of neopentane was first
reported by Schrock in 1974. Reaction of Ta(CH2'Bu)sCl, with 2 equivalents of LiCH,'Bu
generates an alkylidene complex namely Ta=CH'Bu(CH,'Bu)s.2> The first reported example of
intermolecular C-H activation of alkanes via addition across a metal-carbon bond of an
alkylidene ligand has been demonstrated in our group using a reactive (1°-
CsMes)W(NO)(CH2CMes), complex.’® The chemistry of this system will be discussed in great

detail later in the text.

Scheme 1.5. Synthesis and reactivity of (PNP)Ti=CH'Bu(CH-'Bu)
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Mindiola and coworkers have utilized titanium complexes containing pincer and
alkylidene moieties to effect C-H activation (Scheme 1.5).1 Under mild conditions
(PNP)Ti=CH'Bu(CH2'Bu) (PNP" = N[2-P(CHMe2).-4-methylphenyl]>") undergoes elimination of
neopentane generating the transient reactive titanium alkylidyne intermediate (PNP)Ti=C'Bu.
This complex undergoes subsequent 1,2-CH bond addition of benzene across a triple bond

forming (PNP)Ti=C'Bu(CsHs). Based on kinetic, mechanistic, and theoretical studies, the C-H



activation of the substrate is a pseudo-first order reaction with respect to the organometallic

reactant. The a-H abstraction from the neopentylidene complex is the rate-determining step.'®

Scheme 1.6. Dehydrogenation of ethane by transient (PNP)Ti=C'Bu complex
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The C-H activation chemistry of this complex has been extended to sp® C-H activation of
various substrates including methane.*® The reaction of the titanium alkylidyne complex with
ethane results in stepwise a-C-H bond activation followed by metal-mediated 3-H migration
forming the n-ethylene complex (PNP)Ti(n2-H2C=CH,)(CH,'Bu) (Scheme 1.6). In reactions of
titanium-olefin complexes with C,-Cg alkanes, dehydrogenation of the substrate is observed
along with the formation of (PNP)Ti(n?-H.C=CHR)(CH.'Bu) type complexes with R = H, CH,
CH.CHpg, n-propyl, n-butyl, n-pentyl, and n-hexyl. Release of the dehydrogenated product
occurs under thermolytic conditions with decomposition of the organometallic product or by
exposing the n?-olefin complex to oxidants (e.g. N2O, N3P, and N2Ctolyl,). At the present time

this dehydrogenation of n-alkanes is stoichiometric.?°
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1.4 Legzdins Group C-H Activation Chemistry

1.4.1 Thermal C-H Activation of (n°-CsMes)W(NO)(n3-allyl)(CH2CMes) Complexes

C-H activation reactivity of the family of the 18-electron (n°-
CsMes)W(NO)(CH2CMes)(n-allyl) complexes (n3-allyl = n3-CH2.CHCMez, n*-CH,CHCHME,
and n*-CH2CHCHPh) has been extensively investigated in the Legzdins group.?1:222
Thermolysis of the reaction mixtures of these complexes in excess hydrocarbon substrate results
in the formation of the 16-electron n?-diene or/and n?-allene intermediate complexes upon the
loss of neopentane. The neopentyl ligand has been utilized as an alkyl group due to its
propensity to undergo intramolecular a-H abstraction reactions. The intermediate complexes
have never been detected using classic spectroscopic techniques, but their 18-electron PMe3
adducts have been isolated and characterized. Another piece of evidence for this reaction
pathway has been obtained using deuterium labelling studies, which reveal that upon activation
of a C-D bond of the substrate, deuterium is incorporated into the n2-allene or n>-diene ligand

(Scheme 1.7).%

11



Scheme 1.7. Thermal generation of the n?-allene and n?-diene intermediates and

subsequent C-H activation of benzene-ds

|

=

oNllmnW

Cj/

ON\uu-‘W d5
D

7N

d

Dg

65%

50 °C,6 h
'CMe4

: | '
ON\IH:‘W_%
\CGDG
=%
| |
ONm-"-W\®d5 ON“““'W\©d5
cHzD #

X
CH,D

35%

The n?-allene and n2-diene intermediates can effect C-H activations of R-H (R = alkyl,

aryl) substrates in three different ways depending on the nature of the allyl ligand, the

hydrocarbon substrate, the substituents on the cyclopentadienyl ligand, and the employed

experimental conditions.?* The first one is the single C-H bond activation, which affords n}-

hydrocarbyl- or n!-aryl-n3-allyl complexes. Thus, under ambient conditions (1°-

CsMes)W(NO)(CH2CMes)(m3-CH2CHCHMe) loses neopentane and forms the n?-diene

12



intermediate complexes, which then effects the terminal C-H activation of n-pentane (Scheme

1.8).24

Scheme 1.8. Generation of the n-diene intermediate under ambient conditions, and
subsequent multiple C-H activation of n-pentane

== = ==

n-pentane ON“'W

ON''W 24 °C ON"'W
L e T T LT

Alternatively, when this complex is exposed to arenes, the second mode of reactivity is
observed. Following the single C-H bond activation of the substrate, an intramolecular exchange
of the n*-aryl ligand with the hydrogen on the n3-allyl ligand occurs resulting in formation of the
metal hydride complex (Scheme 1.9).2* The last reaction pathway of thermal reactivity of the
(n°-CsMes)W(NO)(CH2CMes)(n-allyl) complexes involves multiple C-H bond activations of
the substrate. For example, thermolysis of (n°-CsMes)W(NO)(CH2CMes)(n®-CH2CHCMe,) in
n-pentane at 55 °C for 6 h leads to the formation of the new (11°-CsMes)W(NO)(H)(n3-CsHo)

complex and loss of the original allyl ligand (Scheme 1.10).2?

13



Scheme 1.9. C-H activation of benzene effected by the n2-diene intermediate, and the

subsequent aryl-hydrogen exchange
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Scheme 1.10. Multiple C-H activation of n-pentane by (n°-CsMes)W(NO)(CH2CMes)(n-

CH2CHCMe)
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The C-D activation of CsDg by (°-CsH4'Pr)W(NO)(CH2CMes)(n3-CH2CHCMe,) has
also been investigated and compared to that exhibited by its n°-CsMes, n°-CsMesH, and n°-
CsMe4"Pr analogues.? Kinetic analyses of the analogous C-D activations have established that
the presence of the #°-CsH4'Pr ligand significantly increases the rate of the reaction, an outcome
that can be attributed primarily to electronic factors.?® In addition, mechanistic studies have
established that in solution this complex loses neopentane under ambient conditions to generate

exclusively the 16e n?-diene intermediate complex, (1°-CsH4'Pr)W(NO)(n?>-CH2=CMeCH=CHy),

14



which then effects the subsequent C-D activations. The 18e PMes adducts of the #%-diene
intermediate have been isolated (Scheme 1.11).%

Nitric oxide is a strong w-acceptor ligand that contributes to the stabilization of metal
centres in low oxidation states.?* The strength of the N-O bond, reflected in its IR-stretching
frequency, has been utilized for the comparison of electronic environments at the metal centres

in complexes containing different cyclopentadienyl ligands.?

Scheme 1.11. Thermolysis of (n°-CsH4'Pr)W(NO)(CH2CMes)(n3-CH2CHCMe?) in CsDs in

the presence of PMes
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To put these results into perspective, it may be noted that the analogous (#°-
CsMes)W(NO)(CH2CMes)(73-CH.CHCMe;) complex forms both 16e »2-allene and ;2-diene
intermediates upon thermolysis.??> Formation of the #?-diene intermediate complex via loss of
neopentane has a calculated activation barrier of 168.0 kJ mol™ that is higher in energy than the
activation barrier for the alternative allene pathway (147.8 kJ mol).%8 Consistently, the 16e (#°-
CsMes)W(NO)(52-CH,=C=CMe) complex is the dominant intermediate for subsequent C-H
activation reactions initiated by the 7°-CsMes system, and it has also been isolated as its 18e
PMes adduct.?* Results of the trapping reaction involving (3°-CsH4'Pr)W(NO)(CH2CMes) (-

CH2CHCMey) as well as the labeling studies with benzene-ds suggest that the #°-CsH4'Pr ligand

15



inverts the energy levels of the intermediate complexes such that the #2-diene intermediate is

now the principal species that effects the subsequent C-H activations.

1.4.2 Thermal C-H Activation Chemistry of (n°>-CsMes)W(NO)(CH2CMes):

Thermolysis of (n°-CsMes)W(NO)(CH2CMes), in neat hydrocarbons results in
elimination of neopentane and formation of the transient (n°-CsMes)W(NO)(=CHCMes)
intermediate complex, which subsequently effects C-H activations of substrates. This
intermediate is inferred based on trapping reactions with a Lewis base affording the (n°-
CsMes)W(NO)(=CHCMes)(PMes), and labelling reactions utilizing benzene-ds as a substrate.*®
This neopentylidene complex effects single C-H activations of tetramethylsilane, benzene, and
substituted arenes; also multiple C-H activations of cyclohexane even in the presence of PMes
have been reported (Scheme 1.12). Interestingly, thermolysis of (n°-CsMes)W(NO)(CH2CMes),
in neat methylcyclohexane results in multiple C-H activations of the substrate and formation of
the (n°-CsMes)W(NO)(H)(n3-C7H11) hydride complex. Similarly, thermolysis of (n®-

CsMes)W(NO)(CH2CMes), in neat ethylcyclohexane affords (n°-CsMes)W(NO)(H)(n3-CgH1s).?’

16



Scheme 1.12. Thermal chemistry of (n°-CsMes)W(NO)(=CHCMes) generated by

thermolysis of (n°-CsMes)W(NO)(CH2CMez)2
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1.5 Scope of This Thesis

The first question addressed in this thesis is the effect of the n°>-CsH4'Pr ligand on the
chemical reactivity of various tungsten-nitrosyl complexes. Can the n°-CsH4'Pr ligand exert

similar beneficial kinetic effects on the C-H activation reactivity in other tungsten-nitrosyl

17



systems? What other chemical differences can result from the substitution of n°>-CsMes with the
n°-CsH4'Pr ligand? Is there a better, more efficient methodology for synthesis of (n°-
CsH4'Pr)W(NO)(CH2CMes)(n3-CH2CHCMey), which has been shown to be outstanding in
effecting the C-H activation of arenes??®

The second question addressed in this thesis is related to the thermal chemistry of the (n°-
CsMes)W(NO)(CH.CMes), complex. Since thermolyses of (n°-CsMes)W(NO)(CH2CMes)2 in
neat methylcyclohexane or ethylcyclohexane result in multiple C-H activations of the substrates
and formation of the (n>-CsMes)W(NO)(H)(n3-C7H11) and (n°-CsMes)W(NO)(H)(1n*-CsHas)
hydride complexes, respectively, is it possible to extend these reactions to linear n-alkanes??’
Would a new allyl-hydride complex, obtained from the multiple C-H activations of alkanes, be
prone to effect subsequent multiple C-H activation of substrate (releasing the original allyl ligand
as an olefin)? Is there a possibility of obtaining an acceptorless dehydrogenation catalyst?

Chapter 2 presents an improved synthetic methodology for obtaining (1°-
CsH4'Pr)W(NO)(CH2CMes)(n3-CH2CHCMe,), and exceptional effects of the n°-CsH4'Pr ligand
on the reactivity of its precursors. Unprecedented reactivity of the (n°-CsH4'Pr)W(NO)(CO).
with PCls is outlined. Interesting features of complexes both in solution and in the solid state are
also discussed.

Chapter 3 discusses synthesis of the novel (1°-CsHaPr)W(NO)(H)(n*-CH2CHCMey)
complex and considers its thermal reactivity in comparison to its n°-CsMes analogue. Insights
into thermally-generated intermediates are provided via trapping reactions of the unsaturated
reactive intermediates with PMes. In addition, the synthesis and thermal chemistry of trans-(n°-
CsH4"Pr)W(NO)(H)(x2-PPh2CgH4) are presented and compared to the corresponding n°-CsMes

analogue.

18



Chapter 4 presents results of multiple C-H activations of linear alkanes by (n°-
CsMes)W(NO)(CH2CMez)2. Investigation of alkene formation in this reaction is discussed.
Detailed analysis and characterization of the organometallic products obtained in the reaction are
summarized. Studies of multiple C-H activations are also extended to encompass the (n°-
CsH4'Pr)W(NO)(CH2CMejs), analogue.

Chapter 5 presents the preliminary investigation of the chemistry of allyl-hydride
complexes with aldehydes and phenylacetylene in hopes of synthesizing C-C coupled organic
products.

Chapter 6 presents the overall summary and conclusion of the research results discussed

in this thesis along with suggestions for potential future research directions.
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Chapter 2: Unique Effects of the n°-CsH4'Pr Ligand-

T A version of this chapter has been published. Fabulyak, D.; Baillie, R. A.; Patrick, B. O.;
Legzdins, P.; Rosenfeld, D. C. Inorg. Chem. 2016, 55, 1883-1893. Reprinted with permission

from Inorganic Chemistry. Copyright (2016) American Chemical Society.
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2.1 Introduction

The n°-CsH4'Pr ligand imparts distinctive physical and chemical properties to (n°-
CsH4'Pr)W(NO)(CH2CMes)(n*-CH2CHCMey) and its precursors. The C-H activations of
aromatic substrates initiated by (n°-CsH4'Pr)W(NO)(CH2CMes)(n*-CH2CHCMez) occur at a
markedly faster rate than those initiated by the analogous systems having a cyclopentadienyl
ligand with different substituents.?® Based on the beneficial kinetic effects on the C-H
activations imparted by the n°-CsH4'Pr ligand, a more efficient methodology for synthesis of (1°-

CsH4'Pr)W(NO)(CH2CMes)(n3-CH2CHCMe,) has been developed.

2.2 Results and Discussion

2.2.1  Synthesis of (n°-CsH4Pr)W(NO)(CO)2 (2.1)

(n°-CsH4'Pr)W(NO)(CO)2 (2.1) can be synthesized on a large scale and in good yields by
starting with the reaction of W(CO)s with Na[CsH4'Pr]. Thermolysis of this mixture in THF
affords Na[(n°-CsH4'Pr)W(CO)s] which is then nitrosylated at ambient temperatures using an
equimolar amount of N-methyl-N-nitroso-p-toluenesulfonamide in THF for one day (Scheme
2.1). The analogous nitrosylation of Na[(n®-CsHs)W(CO)s] is complete within 30 minutes under
identical experimental conditions.?® Attempts to isolate 2.1 by recrystallization or sublimation
have to date been unsuccessful. Ultimately, column chromatography on a silica column support

has been utilized to isolate this complex as an analytically pure orange oil in 61% yield.
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Scheme 2.1. Synthesis of 2.1
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The fact that 2.1 is a liquid at ambient temperatures is the most surprising physical property
of the complex. However, there is no obvious steric effect to explain why it is a liquid at room
temperature. The analogous complex with the sterically smaller n°-CsHs ligand, and complexes
with the more sterically demanding cyclopentadienyl ligands (n°-CsMesH, n°-CsMes, n°-
CsMe4"Pr) are all solids under ambient conditions. In other words, 2.1 with its 1>-CsH4'Pr ligand

IS unique in this family of compounds.

2.2.2  Synthesis of (n°>-CsH4Pr)W(NO)I2 (2.2)

(n°-CsH4'Pr)W(NO)I2 (2.2) can be prepared by treatment of 2.1 in toluene with an
equimolar amount of I, (Scheme 2.2). The final product is recrystallized from a 1:1 mixture of
toluene and pentane at -30 °C overnight to obtain a dark brown solid. The final product is

purified via pentane washes, and 2.2 is isolated in excellent yield.
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Scheme 2.2. Synthesis of 2.2

G _'Pr G _Pr
1 equiv. |, V|V
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21 2.2

The solution IR spectrum of 2.2 in CHzCl> exhibits a strong absorption band at 1650 cm"
1 which is higher than the corresponding NO-stretching frequency of the analogous (n°-
CsMes)W(NO)I2 complex (1630 cm™).2° Interestingly, the IR spectrum of solid 2.2 as a Nujol
mull exhibits two strong absorptions at 1610 cm™ and 1637 cm that can be assigned to
symmetric and asymmetric NO-stretching frequencies of the iodo-bridged dimeric form of the
complex. The solid-state molecular structure of the similar [(n>-CsMes)Mo(NO)Cl.], dimer has

been previously reported.*

2.2.3  Synthesis of (n°-CsHaPr)W(NO)(CH2CMes)(n?-CH2CHCMey) (2.3)

The synthesis of (1n°-CsH4'Pr)W(NO)(CH2CMes)(n3-CH2CHCMe,) (2.3) from 2.2 can be
effected reliably by the sequential addition of stoichiometric amounts of Mg(CH2CMes). and
Mg(CH.CH=CMe). (Scheme 2.3). Thermally sensitive 2.3 is isolable as an analytically pure
yellow liquid (again a unique property for a member of this family of compounds) from the final
reaction mixture by column chromatography on basic alumina using Et.O as the eluant. Its
infrared nitrosyl-stretching frequency is 1599 cm, which is considerably higher in energy than

the 1546 cm™ exhibited by the analogous (n>-CsMes)W(NO)(CH2CMez)(n?-CH2CHCMe,) 2
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This feature is again a manifestation of the presence of the less electron-donating n>-CsH4'Pr
ligand in 2.3. *H NMR spectroscopy indicates that 2.3 exists as a single isomer in solution, the
meso H signal of the allyl ligand having a relatively upfield chemical shift of 3.93 ppm which is

characteristic of the allyl ligand being in an exo orientation.3!

Scheme 2.3. Synthesis of 2.3

Pr Pr Pr
@ 0.5 equiv. ©|/ 0.5 equiv. ©|/
| Mg(CH,CMe;), Mg(CH,CH=CMe,),
e > WL » ONW
ON™ /W\| .78 °C to rt., ON / .78 °C to r.t., /
i THF, 20 min | Et,0,1h //\w/
2.2 2.3

During the undergraduate thesis project, kinetic analyses of the C-H activations effected
by various alkyl-allyl systems have established that the presence of the n°>-CsH4'Pr ligand
significantly increases the rate of the reaction (k = 1.21(5) x 10°) s1.% In comparison, the
analogous systems with more electron-donating ligands 1°-CsMesH, n°-CsMes, and 1°-CsMe4"Pr
have reaction rate constants of 1.876(8) x 10 s, 2.2(1) x 10* s, and 1.864(6) x 10* s
respectively.?2?® Such outcomes can be attributed to a combination of steric and electronic
factors.

Complex 2.3 can also be prepared from 2.1 via an initial reaction with PCls followed by
sequential salt metatheses reactions with Mg(CH>CMez)2 and Mg(CH2CH=CMe)> following a
similar procedure used in the synthesis of the analogous n°-CsMes complex.3> However, for this
methodology to be even slightly successful, the first and final reactions must be effected in Et,O

and the second step must be performed in THF, with the solvent being removed in vacuo after
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each step. Nevertheless, this synthetic route has proven to be very inconsistent and affords the
desired alkyl-allyl product only in very low yields. As outlined in the next section, the problem
appears to be that the initial reaction with PCls with 2.1 does not produce the expected (n°-

CsH4'Pr)W(NO)CI; but rather its PCl3 adduct.

2.2.4  Unprecedented Formation of the PClz Adduct of the (n°-CsH4'Pr)W(NO)CI2

Treatment of Cp”W(NO)(CO)2 [Cp’ = 1n°-CsMes or n°-CsHs] compounds with PCls in
Et20 is generally a convenient way to prepare Cp’W(NO)CI2 complexes since the desired
organometallic products precipitate from the final reaction mixtures.®® However, the reaction of
2.1 with an equimolar amount of PCls affords a teal solution in Et,O from which no tractable
solid product can be isolated.

(n°-CsMes)W(NO)(CH2CMes)(n3-CH,CHCMe,) can be prepared from (n°-
CsMes)W(NO)CI. via sequential salt metatheses reactions with 0.5 equivalents of
Mg(CH2CMes)2 and Mg(CH2.CH=CMe). binary reagents. This synthetic route generates an
unstable 16e intermediate (n°-CsMes)W(NO)(CH.CMes)Cl, which is typically not isolated
before proceeding with the second metathesis reaction. Due to difficulties encountered during
synthesis of the analogous (1>-CsH4'Pr) complex, 0.5 equivalents of Mg(CH2CH=CMe,). have
been added directly to the reaction mixture obtained after the reaction of 2.1 with PCls in order to
generate a more stable 18e intermediate, namely (n°-CsH4'Pr)W(NO)(n*-CH2CHCMey)CI.

Surprisingly, addition of the Mg(CH2CH=CMe?>). binary reagent results in the formation
of (°>-CsH4'Pr)W(NO)(PCI,CMe,CH=CH>)Cl. (2.4), an observation that suggests that the initial

product formed in the reaction of 2.1 and PCls is (1>-CsH4'Pr)W(NO)(PCI3)Cl; (Scheme 2.4).
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Scheme 2.4. Synthesis of 2.4
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Complex 2.4 has been characterized both in solution and in the solid state.

Cl
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Recrystallization of 2.4 from 1:1 THF:pentane at -33 °C for one week affords yellow crystals

suitable for a single-crystal X-ray diffraction analysis. In the solid state 2.4 exists as the two

positional isomers, 2.4a and 2.4b, whose molecular structures are shown in Figures 2.1 and 2.2,

respectively. Both isomers are four-legged piano-stool molecules capped by 1n°-CsH4'Pr ligands

in which the two chloro ligands are situated cis to each other, as are the nitrosyl and

phosphine

ligands. The nitrosyl ligands are linear and the W-P bond lengths are similar to those extant in

analogous four-legged piano-stool molecules.?®3! As expected, the W-CI bonds in 2.4a and 2.4b

trans to the o-donating PCI.CMe>CH=CH> ligands are longer than the W-CI linkages trans to the

nitrosyl ligands. This observation is the manifestation of the m-accepting nature of the nitrosyl

ligand, which results in a stronger W-Cl bond. Both positional isomers have an alkyl substituent

on the phosphorus atom positioned away from the n°-CsH4'Pr ligand, minimizing steric

interactions between the bulky ligands. In addition, the isopropyl substituent on the

cyclopentadienyl ligand is pointing away from the PCI.CMe,CH=CH ligand creating a more

sterically favoured conformation of the complex.

26



Figure 2.1. Solid-state molecular structure of 2.4a with 50% probability thermal ellipsoids.
Some hydrogen atoms have been omitted for clarity. Selected bond lengths (A) and angles
(deg): W(1)-CI(1) = 2.437(5), W(1)-CI(2) = 2.356(14), W(1)-P(1) = 2.498(6), P(1)-CI(3) =
2.039(8), P(1)-CI(4) = 2.003(8), P(1)-C(11) = 1.90(2), C(11)-C(12) = 1.47(3), C(11)-C(13) =
1.52(3), C(10)-C(11) = 1.57(4), C(9)-C(10) = 1.28(4), W(1)-N(1) = 1.81(4), N(1)-O(1) =
1.26(6), W(1)-N(1)-O(1) = 176(3), N(1)-W(1)-P(1) = 83.9(19), CI(2)-W(1)-P(1) = 77.9(3),

CI(1)-W(1)-CI(2) = 82.7(3), CI(1)-W(1)-N(1) = 82.7(12).
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Figure 2.2. Solid-state molecular structure of 2.4b with 50% probability thermal ellipsoids.
Some hydrogen atoms have been omitted for clarity. Selected bond lengths (A) and angles (deg):
W(1)-N(1A) = 1.88(5), W(1)-CI(2A) = 2.340(15), C(11)-C(10A) = 1.57(4), C(9A)-C(10A) =
1.28(4), N(1A)-O(1A) = 1.17(7),W(1)-N(1A)-O(1A) = 177(4), N(1A)-W(1)-P(1) = 79.4(16),

CI(2A)-W(1)-P(1) = 77.3(4), CI(1)-W(1)-CI(2A) = 86.0(3), CI(1)-W(1)-N(1A) = 85.2(16).

In solution complex 2.4 exists as a single isomer. Interestingly, its *H NMR spectrum in
CeDs exhibits unusual long-range coupling of the alkene protons to phosphorus. Thus, the
signals due to the PCI,CMe>CH=CH: protons are doublets of doublets at 5.26 ppm and 5.35 ppm
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with 4Jup being 4.2 Hz and 4.3 Hz, respectively (Figure 2.3b). Also, the *H NMR signal assigned
to PCl,CMe,CH=CH. is a doublet of doublets of doublets at 5.91 ppm with a 3Jup of 4.5 Hz
(Figure 2.3b). The solid-state molecular structures of 2.4a and 2.4b reveal that the orientations
of the CMe>CH=CH> fragments with respect to the P(1)-C(11) bonds are such that there could
possibly be hyperconjugation from op(1)-c(11) to T*c(9)=c(10), an interaction that could explain the
long-range coupling to phosphorus detected in the *H and 3C NMR spectra of 2.4. Non-bonded
coupling can occur via “through-space” interactions resulting in the orbital overlap between two

elements® even with the long distance between P(1) and C(19) of 3.629 A.

H NMR
H {3'P} NMR
3Jup =4.5Hz 4Uup = 4.3 Hz 4Uup = 4.2 Hz
594 592 590 5.87 5.36  5.33 5.27 5.22

‘ ‘ (b)

596 595 594 593 592 591 590 589 5.88 587 586 5.85 5.37 5.36 5.35 5.34 5.33 5.32 5.31 530 529 52 5.27 526 5.25 5.24 5.23 5.22 5.21
Chemical Shift (ppm) Chemical shift (ppm)

Figure 2.3. (a) Expansion of the overlaid *H (blue) and *H{?*'P} (pink) NMR spectra (& 5.85 to
5.97 ppm) of 2.4 in CsDg (400 MHz). (b) Expansion of the overlaid *H (blue) and *H{3'P} (pink)

NMR spectra (8 5.21 to 5.38 ppm) of 2.4 in CeDe (400 MHZ).

As shown in Scheme 2.4, the unexpected formation of 2.4 can be explained by invoking
the intermediate adduct, (n°-CsH4'Pr)W(NO)(PCIs)Cl,, with the subsequent metathesis reaction

occurring between the binary magnesium reagent and a P-Cl bond of the adduct. This mode of
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reactivity evidently has not been observed previously with analogous systems. Evidence
consistent with the presence of (n°-CsH4'Pr)W(NO)(PCls)Cl. has been obtained by carrying out
the reaction of 2.1 with PCls in THF-dg and analyzing the mixture in situ by NMR spectroscopy.
The *H NMR spectrum of the mixture contains only signals attributable to the n1°>-CsH4'Pr ligand,
and the 3P{*H} NMR spectrum contains only a single broad resonance at 218.8 ppm. A dark
brown residue can be obtained by removing the solvent in vacuo, an operation that presumably
removes some of the PCls and allows for the formation of some of the [(1>-CsH4'Pr)W(NO)Cl2]2
dimer. In ethers this dimer would exist as a solvated monomer that can be converted into 2.3 via
sequential metatheses reactions with appropriate binary magnesium reagents. Consistent with
this point of view is the fact that the analogous (n°-CsMes)W(NO)CI; is a brown solid as a dimer
and a green solvated monomer in coordinating solvents.

In an attempt to displace the PCl,.CMe,CH=CHz ligand with PMez in 2.4, a small scale
reaction of the organometallic complex with excess PMes in THF-dg has been carried out
(Scheme 2.5.). Upon addition of the Lewis base to the solution of 2.4 in THF-ds, the colour of
the reaction mixture changes from green to yellow instantaneously. After 3 days at room
temperature, red and green crystals have deposited in the J. Young NMR tube, with the red ones
being suitable for a single-crystal X-ray diffraction analysis (Figure 2.4). Based on the analysis
of the solid-state molecular structure of the green crystals, the product appears to be a phosphite
complex whose identity remains uncertain due to a poor quality of the sample.

The solid-state molecular structure of the W(NO)(PMez)sCls (2.5) has a capped trigonal
antiprismatic coordination geometry with the chloro and PMez ligands in a staggered
conformation with respect to each other, and a linear NO ligand at the crown of the structure

(W(1)-N(1)-O(1) = 179.5(5)). The bond lengths between the tungsten metal centre and the three
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phosphorus atoms are the same. Similarly, the tungsten-chlorine linkages are also identical. The
W(1)-P(1) bond (2.5139(18) A) and W(1)-CI(1) bond (2.5259(16) A) appear to be identical, even
though PMes is a good ¢ donor ligand and chlorine is a 6 and © donor. The angle between P(1)-
W(1)-P(2) is 111.25(6), which is significantly larger than the angle between the chloro ligands
(CI(1)-W(1)-CI(2) = 92.07(5)) (Figure 2.4). The PMes ligands are more spread out in the metal’s
coordination sphere possibly due to the bulkiness introduced by the methyl groups on the

phosphine ligand.
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Cl2 » Cl1li

Cl3

Figure 2.4. Solid-state molecular structure of 2.5 with 50% probability thermal ellipsoids.
Some hydrogen atoms have been omitted for clarity. Selected bond lengths (&) and angles
(deg): W(1)-N(1) = 1.789(6), W(1)-P(1) = 2.5139(18), W(1)-P(2) = 2.5138(18), W(1)-P(3) =
2.5099(17), W(1)-CI(1) = 2.5259(16), W(1)-CI(2) = 2.5083(16), W(1)-CI(3) = 2.4837(16), N(1)-
0(1) = 1.213(8), W(1)-N(1)-O(1) = 179.5(5), P(1)-W(1)-N(1) = 77.23(19), P(2)-W(1)-N(1) =
76.37(19), P(3)-W(1)-N(1) = 75.05(19), CI(1)-W(1)-CI(2) = 92.07(5), CI(2)-W(1)-CI(3) =
85.92(6), CI(1)-W(1)-CI(3) = 86.42(6), P(1)-W(1)-P(2) = 111.25(6), P(2)-W(1)-P(3) =

115.68(6), P(1)-W(1)-P(3) = 116.53(6).
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Scheme 2.5. Reaction of 2.4 with PMe3
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The solid-state molecular structure of the product has revealed an unexpected mode of
reactivity of 2.4 with PMes. Upon addition of the Lewis base, complex 2.4 loses the
cyclopentadienyl ligand along with PCI,CMe>CH=CH,. Since 2.5 contains three chloro ligands,
it is possible that the loss of the isopropyl cyclopentadienyl and PCI,CMe,CH=CHj ligands is
accompanied by a dimerization following asymmetric disproportionation and coordination of
new phosphine ligands. Unfortunately, other products of this reaction could not be identified to

obtain a better understanding of the reaction mechanism.

2.3 Summary

The n°-CsH4'Pr ligand imparts distinctive physical and chemical properties to 2.3 and its
precursors. Reaction of 2.1 with PCls results in the formation of an unprecedented PCls adduct
of the (n>-CsH4'Pr)W(NO)CI, complex. Moreover, the subsequent metathesis reaction occurs
between the binary magnesium reagent and a P-Cl bond of the adduct forming 2.4. Therefore,
synthesis of 2.3 is best effected via a different di-halogen complex, namely 2.2, which can be

obtained by the reaction of 2.1 with iodine.
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2.4 Experimental Section

2.4.1 General Experimental Procedures

All reactions and subsequent manipulations involving organometallic reagents were
performed under anhydrous and anaerobic conditions except where noted. All inert gases were
purified by passing them through a column containing MnO and then through a column of
activated 4 A molecular sieves. Vacuum and inert atmosphere techniques were performed either
using double-manifold Schlenk lines or in Innovative Technologies LabMaster 100 and MS-130
BG glove boxes equipped with freezers maintained at —30 °C. THF and Et.O were dried over
sodium/benzophenone ketyl and freshly distilled prior to use; pentane was dried over calcium
hydride and freshly distilled prior to use; solvents such as hexanes, and EtOAc were not dried
prior to use; all other solvents were dried according to standard procedures.®* All binary
magnesium reagents used were prepared from the corresponding Grignard reagents.®® (n°-
CsMes)W(NO)Cly, and (n°-CsMes)W(NO)(CH2CMes), were prepared according to the
published procedures.®*% Pentamethylcyclopentadiene was obtained from the Boulder Scientific
Company. All other chemicals and reagents were ordered from commercial suppliers and used
as received.

Unless otherwise specified, all IR samples were prepared as Nujol mulls sandwiched
between NaCl plates, and their spectra were recorded on a Thermo Nicolet Model 4700 FT-IR
spectrometer. Except where noted, all NMR spectra were recorded at room temperature on
Bruker AV-400 (direct and indirect probes), and all chemical shifts are reported in ppm and

coupling constants are reported in Hz. *H NMR spectra were referenced to the residual protio
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isotopomer present in CeDs (7.16 ppm), CeD12 (1.38 ppm), THF-dg (1.73 and 3.58 ppm), or
CDCls3 (7.27 ppm). 3C NMR spectra were referenced to CsDs (128.39 ppm), CsD12 (26.43
ppm), THF-ds (25.37 and 67.57 ppm), or CDCls (77.0). 3P NMR spectra were externally
referenced to 85% HsPOs. For the characterization of most complexes 2-dimensional NMR
experiments, {*H-H} COSY, {*H-'3C} HSQC, and {*H-'3C} HMBC, were performed to
correlate and assign *H and 3C NMR signals and establish atom connectivity. GC analyses (FID
detection) were performed on an Agilent 7890A GC equipped with a HP-5ms (30m x 0.25mm x
0.25 pm) capillary column. Low- and high-resolution mass spectra (El, 70 eV) and MALDI-TOF
spectra were recorded by Mr. Marshall Lapawa of the UBC mass spectrometry facility using a
Kratos MS-50 spectrometer, and elemental analyses were performed by Mr. Derek Smith of the
UBC microanalytical facility. X-ray crystallographic data collection, solution, and refinement

were performed at the UBC X-ray crystallography facility by Dr. Brian Patrick.

2.4.2  Synthesis of (n°>-CsH4Pr)W(NO)(CO)2 (2.1)

In a glove box, a 1-L round-bottom flask was charged with Na(CsH4'Pr) (14.720 g, 0.113
mol) and a magnetic stir bar. On a Schlenk line, THF (ca. 300 mL) was cannulated into the
reaction flask to obtain a clear yellow solution. Under a flow of N2 gas, W(CO)s (39.700 g,
0.113 mol) was added to the solution in the reaction flask. The mixture was then heated to 78 °C
while being stirred. After five days, a dark brown solution of Na[(n>-CsH4'Pr)W(CO)s] had been
produced, and the reaction mixture was cooled to room temperature. A second 0.5-L round-
bottom flask was charged with N-methyl-N-nitroso-p-toluenesulfonamide (24.000 g, 0.112 mol)

that was then dissolved in THF (ca. 250 mL) affording a light yellow solution. The solution in
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the 0.5-L round-bottom flask was added to the 1-L reaction flask dropwise by cannula. Upon
addition, CO gas was evolved, and the reaction mixture changed colour from dark brown to dark
orange. After the addition had been completed, the reaction mixture was stirred at room
temperature for one day, and then the THF was removed in vacuo. The resulting residue was
dissolved in CH2ClI> (ca. 300 mL) and washed with H>O (6 x 100 mL). The organic layer was
dried over anhydrous MgSQOs, and the solvent was removed in vacuo to obtain a concentrated
solution of the final products as a dark orange oil. This oil was then extracted with hexanes (ca.
400 mL). Solvent was removed from the extracts under reduced pressure to obtain impure 2.1 as
an orange liquid (31.428 g). Purification of 2.1 was performed by column chromatography using
a flash silica support. An orange band was eluted from the column with hexanes, and solvent
removal in vacuo from the eluate afforded 2.1 as an analytically pure, bright orange oil (25.608

g, 0.068 mol, 61% yield).

G _iPr
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Characterization data for 2.1. IR (cm™): 1666 (s, vno), 2005 (s, vco), 1926 (s, vco). MS
(LREI, m/z, probe temperature 150 °C): 377 [M*, 184W], 349 [M* — CO, #W], 319 [M* - CO,
NO, 18*W]. *H NMR (400 MHz, CsDg): & 0.81 (d, 3Jun = 6.85, 6H, 'Pr CHs), 2.21 (sept, 3Jun =
6.85, 1H, 'Pr CH), 4.62 (t, 3Jun = 2.35, 2H, CsH4'Pr), 4.85 (t, 3Jun = 2.35, 2H, CsH4'Pr). °C APT
NMR (100 MHz, CeDs): 5 24.2 (Pr CHs), 27.8 (Pr CH), 90.2 (CsH4'Pr), 90.6 (CsH4'Pr), 125.2
(ipso-CsH4'Pr), 219.6 (CO). *H NMR (400 MHz, THF-ds): 5 1.18 (d, 3Jun = 6.85, 6H, 'Pr CHa),

2.75 (sept, *Jun = 6.85, 1H, 'Pr CH), 5.62 (t, 3Jun = 2.35, 2H, CsH4Pr), 5.83 (t, 3Jun = 2.35, 2H,
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CsH4'Pr). Anal. Calcd. for C1o0H11NOsW: C, 31.86; H, 2.94; N, 3.71. Found: C, 32.16; H, 3.00;
N, 3.77.

For synthetic manipulations involving 2.1, a standard solution of this complex in Et.O was
prepared under anaerobic conditions. The concentration of 2.1 in this solution was established
by adding a known amount of ferrocene to a measured aliquot of the solution in CsDe and
recording its 'H NMR spectrum. The ratio of the CpzFe singlet at 4.00 ppm to the signals due to
the ring protons on the CsH4'Pr ligand at 4.62 and 4.85 ppm then permitted the calculation of the

amount of 2.1 in the 'H NMR sample and thus its concentration in the standard solution.

2.4.3 Reaction of 2.1 with PCls

In a glove box, a vial was charged with 2.1 (0.1905 mmol) and THF-dg (ca. 2 mL). In
another vial, an equimolar amount of PCls (40 mg, 0.1905 mmol) was dissolved in THF-ds (ca. 1
mL). The solution of PCls was then added dropwise to the vial containing 2.1 with vigorous
stirring. Upon addition, the reaction mixture changed colour from orange to green. The final

reaction mixture was analyzed by *H NMR and IR spectroscopies.

Characterization data for the product. IR (cm™): 1640 (m, vno). MS (LREI, m/z, probe
temperature 150 °C): 391 [M* — PCls , W], 361 [M* — NO, PCls, 3*W]. *H NMR (400 MHz,
THF-dg): 8 1.23 (d, 3Jun = 6.9, 6H, 'Pr CHs), 3.00 (sept, 3Jun = 6.9, 1H, 'Pr CH), 6.03 (t, 3Jun =
2.3, 2H, CsH4'Pr), 6.26 (t, 3Jun = 2.3, 2H, CsH4'Pr). S'P{*H} NMR (162 MHz, THF-ds): 5 218.8

OF
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2.4.4  Synthesis of (0°-CsH4Pr)W(NO)I2 (2.2)

While connected to a double manifold, a large Schlenk reaction flask was charged with 2.1
(3.50 mL, 19.0 mmol), a magnetic stir bar, and toluene (ca. 100 mL) to produce a bright orange
solution. A second Schlenk flask was similarly charged with 1> (4.800 g, 18.9 mmol), a magnetic
stir bar, and toluene (ca. 100 mL) to produce a dark red-purple solution. The toluene solution of
2.1 was slowly cannulated into the reaction flask containing the I> solution while it was being
stirred whereupon the reaction mixture turned dark green. After the addition had been
completed, the stirred mixture was heated at 40 °C for 3 h. The volume of the final reaction
mixture was reduced in vacuo to ca. 50 mL. An equal volume of pentane was added, and the
mixture was maintained at -33 °C for 2 d to induce the deposition of 2.2 as a dark brown solid
that was collected by filtration (10.260 g, 17.9 mmol, 94% yield).

G _IPr
|
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Characterization data for 2.2. IR (cm™): 1610, 1637 (s, vno), IR (CH2Clz, cm™) 1649 (s,
vno). MS (LREI, m/z, probe temperature 150 °C): 575 [M*, ®¥W]. 'H NMR (400 MHz, CsDe):
8 0.79 (d, 3Jun = 6.9, 6H, 'Pr CHg), 2.45 (sept, *Jun = 6.9, 1H, 'Pr CH), 5.11 (t, 3Jun = 2.4, 2H,
CsH4'Pr), 5.17 (t, 3Jun = 2.4, 2H, CsH4'Pr). 3C APT NMR (100 MHz, CgDs): & 23.2 (‘Pr CHa),
28.5 ('Pr CH), 103.7 (CsH4'Pr), 104.7 (CsH4 'Pr), 129.6 (ipso-CsH4 'Pr). Anal. Calcd. for

CoHul2NOW: C, 16.72; H, 1.93; N, 2.44. Found: C, 17.49; H, 2.74; N, 2.39.
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2.45  Synthesis of (1°-CsHaPr)W(NO)(CH2CMes)(n*-CH2CHCMey) (2.3)

Method 1. In the glove box a Schlenk reaction flask was charged with 2.2 (0.640 g, 1.11
mmol) and Et,O (ca. 100 mL), and it was placed into a dry ice/acetone bath at -78 °C. A second
Schlenk flask was charged with Mg(CH2CMes): (titre: 156 g/mol, 0.155 g, 0.994 mmol) and
Et>O (ca. 50 mL), and the resulting solution was then slowly cannulated into the Schlenk flask
containing 2.2. After the addition had been completed, the reaction mixture that had changed
colour from light brown to dark burgundy was removed from the dry ice/acetone bath and was
left to warm to room temperature for 15 min while being stirred. The reaction flask containing
this mixture was then placed back into a dry ice/acetone bath. In the glove box, another Schlenk
flask was charged with Mg(CH2.CH=CMe)2 (titre: 144 g/mol, 0.841 g, 5.84 mmol) and Et.O (ca.
30 mL), and the resulting solution was then slowly cannulated into the original reaction flask.
After this addition had been completed, the Schlenk flask containing the reaction mixture was
removed from the dry ice/acetone bath and was left to warm to room temperature for 30 min
while its contents were stirred. The volume of the final reaction mixture, a dark brown solution,
was reduced in vacuo and was transferred to the top of a basic alumina column (4 x 2 cm).
Elution of the column with Et>O developed a yellow band that was collected. Removal of
solvent from the eluate under reduced pressure afforded 2.3 as a yellow liquid (0.123 g, 0.267

mmol, 27% yield). The thermal instability of 2.3 markedly affects its isolated yields.

Method 2. A Schlenk reaction flask charged with 2.1 (4.66 mmol), PCls (0.970 g, 4.66

mmol) and THF (ca. 100 mL) was placed into a dry ice/acetone bath at -78 °C. Its contents were

39



then left to warm up to room temperature and react for 1 h. Afterwards, the product mixture was
first reacted with Mg(CH>CMejz)2 (titre: 124 g/mol, 0.587 g, 4.73 mmol,) in THF (ca. 50 mL) and
then with Mg(CH>CH=CMe>). (titre: 159 g/mol, 0.749 g, 4.71 mmol) in Et.O (ca. 30 mL) in a
manner described in the preceding paragraph. Similar work-up of the final mixture by
chromatography on basic alumina with Et,O as eluant again afforded 2.3 as a yellow liquid

(0.316 g, 0.685 mmol, 15% yield).
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Characterization data for 2.3. IR (cm™): 1599 (s, vno). MS (LREI, m/z, probe temperature
150 °C): 461 [M*, ***W]. *H NMR (400 MHz, C¢Ds): 6 1.09 (d, 2Jun = 6.9, 6H, 'Pr CH3), 1.13
(s, 3H, CH2,CHCMey), 1.14 (s, 3H, CH.CHCMey), 1.37 (s, 9H, CH2CMes), 1.43 (s, 1H,
CH2CMes), 1.50 (s, 1H, CH2CMes), 2.22 (dd, 3Jnn = 9.5, 2JuH = 4.6, 1H, CH2.CHCMey), 2.46
(dd, 3Jun = 9.8, 2Jun = 4.6, 1H, CH2.CHCMe), 2.69 (sept, 3Jun = 6.9, 1H, 'Pr CH), 3.94 (dd, 3Jnn
=9.8, 1H, CH,CHCMey), 4.42 (dd, 3Jun = 4.9, 3Jun = 2.9, 1H, CsH4'Pr), 4.96 (m, 1H, CsH4'Pr),
5.08 (M, 1H, CsH4Pr), 5.14 (m, 1H, CsH4Pr). 3C APT NMR (100 MHz, C¢Ds): 5 21.4
(CH2CHCMey), 24.1 (‘Pr CHs), 27.8 ('Pr CH), 29.2 (CH,CHCMey), 29.6 (CH2.CHCMey), 30.8
(CH2CMes), 35.5 (CH2CMes), 38.8 (CH2CMes), 93.0 (CsH4Pr), 97.2 (CH.CHCMey), 98.5
(CsH4'Pr), 99.7 (CsH4'Pr), 104.3 (CsH4'Pr), 121.9 (ipso-CsH4'Pr). Anal. Calcd. for C1sHziNOW:

C, 46.87; H, 6.77; N, 3.04. Found: C, 46.52; H, 6.85; N, 2.81.
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2.4.6  Synthesis of (n°-CsHaPr)W(NO)(CI)2(PCl2.CH2CH=CMez) (2.4)

A Schlenk reaction flask charged with 2.1 (6.86 mmol), PCls (1.429 g, 6.86 mmol) and
Et>O (ca. 100 mL) was placed into a dry ice/acetone bath at -78 °C. A second Schlenk flask was
charged with Mg(CH2CH=CMe)2 (titre: 144 g/mol, 1.000 g, 6.94 mmol) and Et>0 (ca. 50 mL),
and the resulting solution was then slowly cannulated into the first Schlenk flask containing the
tungsten reactant. Upon addition, the colour of the solution changed from green to dark yellow.
After the addition had been completed, the flask containing the reaction mixture was removed
from the dry ice/acetone bath and was left to warm to room temperature for 45 min while its
contents were being stirred. The final mixture was filtered through a 1.5 by 2.5 cm Celite plug
supported on a porous frit, and removal of the solvent from the green filtrate under reduced
pressure afforded 2.4 as a brown solid (1.252 g, 2.22 mmol, 32% yield). Recrystallization of 2.4
from 1:1 THF:pentane at -33 °C for one week produced yellow crystals suitable for a single-

crystal X-ray diffraction analysis.
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Characterization data for 2.4. IR (CH2Cl,, cm™): 1645 (s, vno). MS (LREI, m/z, probe
temperature 150 °C): 461 [M*, *¥*W]. *H NMR (400 MHz, C¢D¢): 5 1.24 (d,2Jun = 7.0, 6H, 'Pr
CHa), 1.36 (d, 3Jpn = 14.9, 6H, PCl>CMe,CHCHy>), 3.01 (sept, 3Jun= 7.0, 1H, 'Pr CH), 5.26 (dd,

3Jhr=17.4, Jp=4.2, 1H, PCl>,CMe,CHCHy>), 5.35 (dd, 3Jun = 10.8, “Jup= 4.3, 1H,
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PCI,CMe2CHCH?y), 5.91 (ddd, 3Jnn = 17.4, 3Jun = 10.8, 3Jwp = 4.5, 1H, PCI.CMe2CHCHy), 6.04
(s, 2H, CsH4'Pr), 6.25 (2H, CsH4'Pr). *C APT NMR (100 MHz, CeDe¢): & 14.9
(PCI,CMe2CHCHy), 23.2 (Pr CHs), 28.6 (‘Pr CH), 46.0 (PCl.CMe2CHCHy), 106.3 (CsH4'Pr),
108.6 (CsH4'Pr), 118.6 (d, 3Jcp = 10.1, PCI2.CMe;CHCH,), 133.5 (ipso-CsH4'Pr), 139.9 (d, 2Jcp =

12). 3P{*H} NMR (162 MHz, C¢Dg): 5 188.9 (s, PCl,CMe2CHCHy).

2.4.7 Preparation of W(NO)(Cl)3(PMez3)s3 (2.5)

A J. Young NMR tube was loaded with 2.4 (30 mg, 0.051 mmol), THF-ds (1 mL) and 5
drops of PMes. Upon addition of the Lewis base to the solution of 2.4 in THF-dg, the colour of
the reaction mixture changed from green to yellow instantaneously. Red and green crystals
deposited in the J. Young NMR tube after 3 days at room temperature. The red ones were

suitable for a single-crystal X-ray diffraction analysis.

2.4.8 X-ray Crystallography

Data collection was carried out at —173.0 = 2 °C on a Bruker X8 APEX Il diffractometer
with graphite-monochromated Mo Ko radiation or at —183.0 + 1 °C on a Bruker APEX DUO
diffractometer with cross-coupled multilayer optics using Cu-Ka radiation.

Data for 2.4 were collected to a maximum 26 value of 115.9° in 0.5° oscillations using
45.0-second exposures. The crystal-to-detector distance was 49.84 mm. The structure was
solved by direct methods®” and expanded using Fourier techniques. The material crystallized as

a four-component ‘split-crystal’. Integrations were carried out on only the first three components,
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including both overlapped and non-overlapped reflections, since the fourth component was too
weak to integrate properly. The nitrosyl and one chloro ligand were positionally disordered.
Also, the C=C was disordered and was modeled in two different orientations (C(9)-C(10) and
C(9A)-C(10A)). All non-hydrogen atoms were refined anisotropically. All hydrogen atoms
were included in calculated positions. The final cycle of full-matrix least-squares analysis was
based on 2358 observed reflections and 241 variable parameters.

Data for 2.5 were collected to a maximum 268 value of 55.02° in 0.5° oscillations. The
structure was solved by direct methods®® and expanded using Fourier techniques. All non-
hydrogen atoms were refined anisotropically, and all other hydrogen atoms were placed in
calculated positions. The final cycle of full-matrix least-squares refinement was based on 18857
observed reflections and 4371 variable parameters.

Neutral atom scattering factors were taken from Cromer and Waber.3® Anomalous
dispersion effects were included in Fcalc®’; the values for Af' and Af" were those of Creagh and
McAuley.*! The values for the mass attenuation coefficients are those of Creagh and Hubbell.*2

All refinements were performed using the SHELXL-2014* via the OLEX2* interface.
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Table 2.1. X-ray Crystallographic Data for Complexes 2.4 and 2.5.

Compound 2.4 2.5
Empirical formula C13H20ClsNOPW CoH27CIsNOPsW
Crystal Habit, color yellow, irregular orange, irregular
Crystal size (mm) 0.01x0.05x0.14 0.18 x0.12 x 0.11
Crystal system triclinic monoclinic
Space group P-1 P2i/c
Volume (A3 906.54(12) 1913.8(4)
a(A) 7.4339(5) 14.6014(18)
b (A) 9.7509(8) 11.4698(14)
c(A) 13.2354(10) 11.4362(14)
a(°) 104.013(6) 90
B(°) 93.085(5) 92.239(2)
v () 101.594(6) 90
Z 2 4
Density, 2.062 1.9033
p (calculated) (g/cm?®) ' '
Absorption
coefficient,pﬂ (mm1) 18.046 6.6%
Fooo 540 1065
Measured 19048 18857
Reflections: Total
Measured 2358 4371
Reflections: Unique
Final R Indices? R1=0.0794, R1 =0.0356,
WR2 =0.1924 wR2 = 0.0945
Goodness-of-fit on F? 1.050 0.986
b
Largest diff. 1.70/-1.86 4.82/-1.66
peak/hole (e~ A3

aR1 onF =3 |(|Fo| - |Fe|) |/ Z |Fo|; WR2 =[ (Z (Fo* - F2 )? ) / Z W(Fo? )*]V%;, w=[ 6?F2 1Y

®GOF =[ X (W (|[Fo| - |[Fe| )* ) / degrees of freedom 1"



Chapter 3: Investigation of the Effects of the n°-
CsH4'Pr Ligand on Different Tungsten-Nitrosyl

Systems

A version of this chapter has been published. Fabulyak, D.; Handford, R. C.; Holmes, A. S.;
Levesque, T. M.; Wakeham, R. J.; Patrick, B. O.; Legzdins, P.; Rosenfeld, D. C. Inorg. Chem.
2017, 56, 573-582. Reprinted with permission from Inorganic Chemistry. Copyright (2017)

American Chemical Society.
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3.1 Introduction

Recent investigations of the chemistry of the family of (°-CsMes)W(NO)(H)(n3-allyl)
complexes, where n3-allyl = n3-CH,CHCHMe, n3-CH,CHCMe,, and n3-CH,CHCHPh, have
shown the rich and varied chemistry of this class of compounds.*® Upon thermolysis, a reactive
n?-alkene intermediate is formed which then initiates the C-H activation of n-alkanes (Scheme
3.1).% Functionalization of the activated substrate can be achieved via carbonylation reactions
with the organometallic products of the C-H activation.®® In light of these results, an
investigation of the effects of the n°-CsH4'Pr ligand on the C-H activation chemistry of the allyl-

hydride systems has been conducted.

Scheme 3.1. Proposed mechanism for the C-H activation of n-pentane effected by (n°-

CsMes)W(NO)(H)( n?-CH2CHCMez)
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Treatment of (n°-CsMes)W(NO)(CH2CMes). in n-pentane with H, (ca. 1 atm) in presence
of a Lewis base (L) results in formation of (n>-CsMes)W(NO)(CH2.CMes)(H)(L). The thermal

behaviour of these complexes is highly dependent on the nature of L. Thus some can be isolated
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at ambient temperatures (L = P(OMe)s; P(OPh)3; or P(OCH2)3sCMe), while others undergo
reductive elimination of neopentane and form a (>-CsMes)W(NO)(L) reactive intermediate
which then can effect intermolecular C-H activation of CeHs (L = P(OMe)s; P(OPh)s; and PPhsz),
or intramolecular C-H activation of L in benzene (L = PPhs). Cis-(1°>-CsMes)W(NO)(H)(k?-
PPh2CsHs) is the product of the intramolecular activation of the PPhs ligand. The designation of
this geometrical isomer as cis indicates the relative positions of the W-C bond of the
intramolecularly activated phenyl group of the PPhs and the hydrido ligands in the base of a four-
legged piano-stool molecular structure. While thermolysis of cis-(1>-CsMes)W(NO)(H)(k?-
PPh2CgsHa) in benzene at 50 °C for 24 h affords the hydrido phenyl complex cis-(n?’-
CsMes)W(NO)(H)(Ph)(PPhs)*’; thermolysis in n-pentane at 80 °C for 18 h affords trans-(n°-
CsMes)W(NO)(H)(k2-PPh2CsHa), which probably occurs via the (°-CsMes)W(NO)(H)(o-

CsHs(PPhy)) intermediate (Scheme 3.2).%8

Scheme 3.2. Thermolysis of cis-(n°-CsMes)W(NO)(H)(k?-PPh2CsH4) in benzene and n-

pentane
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The beneficial kinetic effects on the C-H activation chemistry of the alkyl-allyl system
imparted by n°-CsH4Pr ligand have inspired further investigation of the effects of this ligand on

the reactivity of this system. Results of these investigations are summarized in this chapter.

3.2 Results and Discussion

3.2.1 Synthesis and Thermal Chemistry of (n°>-CsH4'Pr)W(NO)(H)(n3-CH2CHCMey)

3.2.1.1  Synthesis of (°-CsH4Pr)W(NO)(H)(n3-CH2CHCMe) (3.1)

(n°-CsH4'Pr)W(NO)(H)(n3-CH.CHCMey) (3.1) is obtained via sequential salt metathesis
reactions of 2.2 with 0.5 equivalents of Mg(CH.CH=CMe). followed by a reaction with two
equivalents of lithium borohydride (Scheme 3.3). This synthesis is completed within two hours,
and the final product is isolated as an air- and moisture-stable yellow oil in good yield after
purification via column chromatography on a silica column support. Synthesis of this complex
cannot be effected in a manner similar to the (n°-CsMes) analogue®! due to the unexpected mode

of reactivity described in the previous section.
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Scheme 3.3. Synthesis of 3.1

iPr Pr Pr
e 1) 0.5 equiv. Mg(CH,CH=CMe,), " "

2) 2 equiv. LiBH, |

~W ONwW— ONuu---W\H + Isomers

ON““/ ~ -78°Ctor. t.,, THF,2h - /
2.2 3.1a 3.1b

Complex 3.1 exists as four coordination isomers in CsDe that differ in the orientation of
the allyl ligand. The ratio of isomers has been determined using hydride signals in the *H NMR
spectrum (Figure 3.1a). The major isomer 3.1a (73.4%) has the 1,1-dimethylallyl ligand in the
exo orientation with methyl groups proximal to the hydride ligand. The meso signal is a doublet
of doublets at 3.08 ppm in the *H NMR spectrum with 3Jun coupling constants of 7.8 and 13.1
Hz (Figure 3.1b). The larger coupling constant is due to coupling to the proton trans to the meso

H, a trend that is consistent with other systems, 3146
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Figure 3.1. (a) Expansion of the 'H NMR spectrum (& -1.63 to -0.40 ppm) of 3.1 in C¢Ds
displaying the W-H signal of four isomer of 3.1 (400 MHz). (b) Expansion of the *H NMR
spectrum (6 4.34 to 4.44 ppm) of 3.1 in CeDs displaying the meso H signal of the endo isomer
(400 MHz). (c) Expansion of the 'H NMR spectrum (5 3.01 to 3.12 ppm) of 3.1 in C¢Ds

displaying the meso H signal of the exo isomer (400 MHz).

The orientation of the allyl ligand is deduced from the chemical shift of the meso signal

in the 'H NMR spectrum. Previously the molecular structures in solution of the analogous (1°-
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CsMes)W(NO)(H)(n3-CH2CHCMe2) complex have been determined using Sel NOE and NOESY
NMR spectroscopy.®! There is a correlation between the meso H signal in the *H NMR spectra
and the endo/exo orientation of the allyl ligand such that endo isomers have a more downfield
signal compared to the exo isomer: 4.71 ppm vs 2.68 ppm respectively.®* The same trend is also
observed in similar complexes with different allyl ligands. 23.9 % of the final product mixture
of 3.1 in CeDs is the endo isomer 3.1b with the meso H signal having a more downfield chemical
shift, as expected, at & 4.40 ppm in the *H NMR spectrum (Figure 3.1b). The other two isomers
with the 1,1-dimethylallyl ligand proximal to the nitrosyl ligand comprise the rest of the final
product mixture. This trend in the isomer distribution in solution is consistent with the
analogous (n°-CsMes) system, and it is attributable primarily to steric factors.3!

The IR-stretching frequency of the nitrosyl ligand of 3.1 as a Nujol mull is 1614 cm™,
which is higher than the 1601 cm® exhibited by its n°-CsMes analogue. This feature is again due
to a less inductively donating n°-CsH4'Pr ligand, and as a result a smaller degree of tungsten-
nitrosyl back-bonding.

Recrystallization of 3.1 from Et2O at -33 °C for one week affords yellow crystals suitable
for a single-crystal X-ray diffraction analysis. The solid-state molecular structure of this
complex has a three-legged piano stool geometry capped with the cyclopentadienyl ligand
(Figure 3.2). Only one coordination isomer is observed in the solid state, namely 3.1a. It has the
1,1-dimethyl allyl ligand in the exo orientation with methyl groups proximal to the hydride
ligand. This coordination isomer is the major product in solution based on the NMR
spectroscopic analysis. The o-rt distortion of the allyl ligand is evident with C(9)-C(10) and
C(10)-C(11) bond lengths of 1.460(10) and 1.388(10) A accordingly. The shorter bond is trans

to the w-acceptor nitrosyl ligand. This arrangement results in a strong backbonding interaction
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leaving less electron density at the metal centre for back-donation to the allyl C(10)-C(11) bond.
This phenomenon is also evident in the 3C APT NMR spectrum with the C(9) signal having a
significantly more upfield shift at 33.0 ppm compared to C(10) and C(11) signals at 100.5 and

98.1 ppm accordingly.
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Figure 3.2. Solid-state molecular structure of 3.1 with 50% probability thermal ellipsoids.

Some hydrogen atoms have been omitted for clarity. Selected bond lengths (A) and angles (deg):
W(1)-N(1) = 1.723(7), N(1)-O(1) = 1.205(9), C(9)-C(10) = 1.460(10), C(10)-C(11) = 1.388(10),
C(11)-C(12) = 1.509(10), C(11)-C(13) = 1.519(7), W(1)-C(9) = 2.286(7), W(1)-C(10) =
2.338(7), W(1)-C(11) = 2.531(7), W(L)-N(1)-O(1) = 174.8(6), C(9)-C(10)-C(11) = 123.1(6),
C(12)-C(11)-C(13) = 114.3(6).
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3.2.1.2 Trapping Reactions with a Lewis Base

Previous investigations of the family of (n°-CsMes)W(NO)(H)(n3-allyl) complexes [n3-
allyl = n3-CH,CHCMez; n3-CH2CHCHMe; n*-CH,CHCHPh] have shown that upon thermolysis
the lowest-energy thermal-decomposition pathway involves the formation of the (n°-
CsMes)W(NO)(n2-alkene) intermediate which then effects intermolecular C-H activations of
substrates.®¢ In order to investigate the thermal behaviour of 3.1, it has been thermalized in the
presence of PMes to trap any coordinatively unsaturated intermediates generated. Thermolysis
of the reaction mixture of 3.1 in PMes at 60 °C for 16 h results in a complete conversion of the
starting material to (n>-CsHa'Pr)W(NO)(H)(n'-CH2CH=CMe,)(PMe3) (3.2) (Scheme 3.4). This
complex exists as a single coordination isomer in solution. The IR nitrosyl-stretching frequency
of 3.2 is 1552 cm™, which is significantly lower than in 3.1 with a vno = 1614 cm™. This
observation is indicative of a weaker NO bond in 3.2 resulting from a greater degree of tungsten-
nitrosyl backbonding. In comparison to the starting material, the PMes adduct of the n*-
intermediate has more electron density at the metal centre due to the presence of the Lewis basic

phosphine ligand in the metal’s coordination sphere.

Scheme 3.4. Thermolysis of 3.1 in PMes at 60 °C
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Interestingly, there is no evidence for the formation of the n?-alkene intermediate even
after three days at this temperature. The reaction conditions employed in the trapping reaction of
the n-alkene unsaturated intermediate in the (n°-CsMes)W(NO)(H)(n3-CH.CHCMe,) system
have been replicated in the thermolysis of 3.1 in PMes.®! Nevertheless, the desired PMes adducts
of the n?-alkene intermediates have not been detected even after maintaining the reaction mixture
at 80 °C for 18 h. Only after three days does the thermolysis reaction at 80 °C yield the desired

adducts (Scheme 3.5).

Scheme 3.5. Thermolysis of 3.1 in PMes at 80 °C for 3 days
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In the case of the 1°-CsMes system, three isomers of the PMes adduct of the n?-alkene
intermediate comprise 37% of the final reaction mixture by *H NMR spectroscopy, while the rest
is (°-CsMes)W(NO)(PMes)2 (63%).3! In contrast, in the case of 3.1, even after three days the
PMejs adduct of the nl-intermediate persists in the reaction mixture. Six products can be

identified in the final reaction mixture via *H and 3'P{*H} NMR spectroscopies (Figure 3.3),
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including 3.2, (>-CsH4'Pr)W(NO)(PMes)2 (3.3), two coordination isomers of (n°-
CsH4'Pr)W(NO)(n?>-CH2=CHCHMe2)(PMes) (3.4), and two coordination isomers of (n°-
CsH4'Pr)W(NO)(n>-MeCH=CMe)(PMes) (3.5). The orientation of the n?-ligand in 3.4 and 3.5
is proposed to be such that the steric interactions between the ligand and the methyl groups of the
PMejs are minimized. These complexes can be differentiated by their 'H NMR spectra. Thus,
the *'H NMR spectrum of 3.5 has three singlets due to the three methyl groups of the n?2-
MeCH=CMe; ligand at 1.47, 1.81 and 2.33 ppm; while the *H NMR spectrum of 3.4 has only
two singlets due to the two methyl groups of the n?-CH,=CHCHMe; ligand at 1.50 and 1.57
ppm. All products have been partially separated by column chromatography prior to their

characterization by NMR spectroscopy.
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Figure 3.3. (a) Expansion of the *H NMR spectrum (8 2.55 to 3.05 ppm) of the product mixture

resulting from the thermolysis reaction of 3.1 in PMes at 80 °C for 3 days displaying the signals

due to n°-CsH4CHMe; protons (CsDs, 400 MHz). (b) Expansion of the 3!P{*H} NMR spectrum

(6 -25 to -10 ppm) of the final product mixture resulting from the thermolysis reaction of 3.1 in

PMejs at 80 °C for 3 days displaying phosphorus resonances (C¢Ds, 162 MHz).



The 3P{*H} NMR spectrum of the final reaction mixture (Figure 3.3) displays six
resonances due to W-PMez phosphorus nuclei. The singlet at -20.9 ppm with tungsten-183
satellites having 1Jpw = 217 Hz is due to the phosphorus atom of 3.3. The resonances due to
phosphorus nuclei in the trapped n?-alkene intermediates have more downfield shifts (-18.35 to -
11.23 ppm) with much larger coupling constants (}Jew = 358 Hz), which are in the range typical
for (n°-CsMes)W(NO)(n?-alkene)(PMes) complexes.®!

Two signals at -17.97 and -18.35 ppm in the 3P{*H} NMR spectrum of the product
mixture are proposed to be due to PMes ligands of the minor coordination isomers of 3.4 and 3.5.
The large number of products prevented further analysis via NOESY NMR spectroscopy to
determine the exact coordination of the n2-ligands in 3.4, 3.5, and their coordination isomers in

solution.

3.2.1.3  Thermolysis of 3.1 in Hydrocarbons

Thermolyses of 3.1 in n-pentane at 60 °C and at 80 °C for various durations do not yield
any tractable organometallic products, namely the expected (1n°-CsH4'Pr)W(NO)(H)(n?3-
CH2CHCHEY), (n>-CsH4'Pr)W(NO)(H)(n*-MeCHCHCHMe) and their coordination isomers.
Upon thermolysis the reaction mixture changes colour from yellow to dark brown with a brown
residue forming at the bottom of the reaction flask. The starting material appears to decompose
at higher temperatures in the absence of a Lewis base to capture any coordinatively unsaturated
complexes that form along the way. In contrast, the analogous (°-CsMes) system when

thermolized in the presence of a n-alkane undergoes intramolecular isomerization to the n?-
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alkene intermediate followed by the multiple C-H activation of the substrate accompanied by the
loss of the original allyl ligand and formation of the new allyl-hydride complex.*°

Trapping experiments involving (n°-CsH4'Pr)W(NO)(H)(13-CH.CHCMey) have
demonstrated that it is resistant to the formation of the n?-alkene intermediate under typical
reaction conditions. Increasing the temperature helps the intramolecular rearrangement of 3.1 to
the desired intermediate, but unfortunately C-H activation cannot be carried out at very high

temperatures due to the thermal instability of the starting material and the possible product.

3.2.2  Synthesis and Thermal Chemistry of (n°-CsH4'Pr)W(NO)(H)[x?-(CsH4)PPh2]

3.2.2.1  Synthesis of trans-(n>-CsMes)W(NO)(H)[x3-(CsH2)PPh2] (3.6)

The overnight reaction at ambient temperatures of (°-CsMes)W(NO)(CH2CMejs) in n-
pentane with PPh3z under 1 atm of Ha results in a complete conversion of the starting material to
Cis-(°>-CsMes)W(NO)(H)(k?-PPh2CsHa).*® This complex is formed from the (1°-
CsMes)W(NO)(PPhs) intermediate via intramolecular C-H activation of the phenyl substituent on
the PPhs ligand at the ortho position. Thermolysis of cis-(n°-CsMes)W(NO)(H)(x>-PPh2CgHs) in
benzene at 50 °C for 24 h results in the C-H activation of the substrate yielding the cis-(n°-
CsMes)W(NO)(H)(Ph)(PPhs) complex.*” In contrast, thermolysis of the cis-(n°-
CsMes)W(NO)(H)(?>-PPh2CsHa) in n-pentane at 80 °C results in it isomerizing to trans-(n°-
CsMes)W(NO)(H)(k2-PPh2CsH.) (3.6).#¢ Unfortunately, the isolation of the product of the

intramolecular isomerization obtained via this route has not been successful.
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Scheme 3.6. Reaction of (1°-CsMes)W(NO)(n3-CH2CHCMez)(Ph) with PPhs

X O e
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8% yield 7% yield

The alternative way of preparation of 3.6 involves the reaction of (1n°-CsMes)W(NO)(n*-
CH.CHCMe)(Ph) with excess PPhs in benzene-de, in an attempt to isolate the coupled product,
namely (1°-CsMes)W(NO)(n2-H2C=CHCMe.Ph)(PPhs) (Scheme 3.6).2% After maintaining the
reaction mixture at 70 °C for 8 days, 3.6 can be extracted with pentane from the crude reaction
mixture. Then it can be recrystallized from pentane, affording a light yellow solid in 7% yield.
Formation of this complex results from the displacement of the coupled allyl-phenyl product and
subsequent intramolecular C-H activation of the PPh3 ligand followed by the intramolecular

isomerization from the cis to the trans isomer.

3.2.2.2  Synthesis of (n°-CsH4'Pr)W(NO)(CH2CMes)2 (3.7) and its Reactivity with Oxygen

(n®-CsH4'Pr)W(NO)(CH2CMes): (3.7) can be synthesized from 2.2 via a metathesis
reaction with one equivalent of Mg(CH2CMes), binary reagent affording a burgundy red solid.
Similar to 2.3, this complex effects C-H activations of aryl substituents at a much faster rate than
its n°-CsMes analogue (k = 1.2(1) x 10 st vs k = 4.6(1) x 10° s1).2750 This trend is also

attributable to the less electron-donating nature of the n°>-CsH4'Pr ligand and the resulting
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electron-poor metal centre reflected by the nitrosyl stretching-frequency of 1594 cm™ comparing
to 1557 cm™ in the n°-CsMes analogue.®

The family of 16e complexes Cp’M(NO)(R)2 [M = Mo, W, R = CH>SiMe3, CH.CMeg,
CH2CMe2Ph, or CH2Ph) when treated with molecular oxygen under ambient conditions produce
dioxo alkyl complexes Cp’M(O)2(R).>! Similarly, when exposed to oxygen 3.7 converts to (n°-
CsH4'Pr)W(0)2(CH2CMes) (3.8). The *H NMR spectrum of this complex displays a resonance at
2.17 ppm with tungsten-183 satellites having Juw = 11.2 Hz assigned to CH,CMe;s (Figure 3.4).
The two protons appear anisotropically equivalent unlike the methylene protons of the neopentyl
ligands in the starting material, which have a large chemical shift difference in the *H NMR
spectrum. In the spectrum of 3.7 one resonance appears at -1.43 ppm indicating a strong a-
agostic interaction, while the second chemically inequivalent methylene proton signal occurs at
3.58 ppm and is assigned to the hydrogens on the neopentyl ligand that are not involved in an

agostic interaction with the tungsten metal centre.

2.18
I
c B
| Twh =11.2 Hz
O¢W§Q
E 2.200 2.180 2.160
A
0.98
0.96
7.16
| E
P 5‘;0 2.18
- |
5.45 B
S 2.59
A "

Figure 3.4. Expansion of the 'H NMR spectrum (5 0.80 to 7.50 ppm) of 3.8 (CsDs, 400 MHz).
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3.2.2.3  Synthesis of trans-(n°-CsH4'Pr)W(NO)(H)(k?-PPh2CsHa) (3.9)

The overnight reaction of 3.7 with PPhz in n-pentane under 1 atm Hy results in a complete
conversion of the starting material to trans-(n>-CsH4'Pr)W(NO)(H)(x?-PPh2CsHa) (3.9). (Scheme
3.7) This complex has been fully characterized in solution and in the solid state. The signal due
to the hydride ligand in the *H NMR spectrum of this complex has an almost identical chemical

shift and coupling constants to the analogous signal exhibited by 3.6 (Figure 3.5).

Scheme 3.7. Synthesis of 3.9
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While the isomerization from the cis to trans isomer in the n°>-CsMes system occurs upon
thermolysis, in the n°-CsH4'Pr complex this transformation occurs instantaneously and there is no
evidence for the cis isomer being present in the reaction mixture. In other words, replacement of
n°-CsMes with the n>-CsH4'Pr ligand in this system enhances the rate of cis to trans
isomerization rather than simply facilitating intramolecular C-H activation and formation of the

reactive cis isomer.
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Figure 3.5. (a) Expansion of the overlaid *H (blue) and *H{3'P} (pink) NMR spectra (& 2.10 to
2.45 ppm) of 3.9 in CsDs (400 MHz). (b) Expansion of the overlaid *H (blue) and *H{3'P} (pink)
NMR spectra (& 2.05 to 2.45 ppm) of trans-(n°-CsMes)W(NO)(H)(x?-PPh2CgHa) in CsDg (400

MHz).

The infrared nitrosyl stretching-frequency of 3.9 is 1579 cm®, which is significantly
higher than that of the analogous 3.6 (1552 cm™). This fact is again typical when comparing
complexes with such substituents on the cyclopentadienyl ligand.

Recrystallization of 3.9 from CH.Cl./hexanes at -33 °C affords yellow crystals suitable
for a single-crystal X-ray diffraction analysis (Figure 3.6). This complex is a four-legged piano-
stool molecule capped by a n°-CsH4'Pr ligand with the hydride ligand situated cis to the
phosphorus atom. The nitrosyl ligand is linear and the W(1)-P(1) bond length is similar to those

found in previously investigated four-legged piano stool molecules.?>26:3
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Figure 3.6. Solid-state molecular structure of 3.9 with 50% probability thermal ellipsoid.
Some hydrogen atoms have been omitted for clarity. Selected bond lengths (A) and angles
(deg): W(1)-H(1A) = 1.64(2), W(1)-P(1) = 2.4892(5), W(1)-C(9) = 2.2134(18), P(1)-C(14) =
1.7870(19), P(1)-C(15) = 1.823(2), P(1)-C(21) = 1.8124(19), W(1)-N(1) = 1.7837(17), N(1)-
O(1) = 1.226(2), C(9)-C(14) = 1.406(3), W(1)-N(1)-O(1) = 173.21(14), C(9)-W(1)-P(1) =
62.34(5), W(1)-C(9)-C(14) = 110.52(13), P(1)-C(14)-C(9) = 99.27(13), W(1)-P(1)-C(14) =

87.87(6).
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3.2.2.4  Thermolysis of 3.9 in Hydrocarbons

Complex 3.9 is an air- and moisture-stable solid that is also quite thermally stable. For
instance, heating of a Ce¢Ds solution of this complex at 80 °C for several days results in only
minimal decomposition of the organometallic complex and no activation of the solvent as
determined by NMR spectroscopy. Thermolysis at higher temperatures has also been attempted
yielding similar results.

The proposed mechanism of the intermolecular C-H activation of benzene by cis-(n°-
CsMes)W(NO)(H)(k2-PPh2CsHa) is based on the formation of the (11°-CsMes)W(NO)(PPhs)
intermediate, which then effects the desired transformation (Scheme 3.2).4” Nevertheless, the
trans isomer of this complex also appears to be inert. This observation can be explained by the
possible difficulty of intramolecular reductive elimination of the phenyl group of the PPhs ligand
and formation of the reactive 16e intermediate. This kind of transformation is only possible
when the hydride ligand is located cis to the phenyl end of the ?-PPh,CgH4 ligand.

Again the n°-CsH4'Pr ligand has imparted distinctive chemical properties to another
tungsten-nitrosyl system. In this case, increasing the rate of isomerization from the cis to trans

isomer hinders the C-H activation chemistry of the complex.

3.3  Summary

Complex 3.1 shows preferential isomerization to the ! intermediate (n°-
CsH4'Pr)W(NO)(H)(n*-CH2CH=CMe,), isolable as its PMesz adduct 3.2, rather than the

formation of the reactive 12 intermediates (n°-CsH4'Pr)W(NO)(H)(n2-CH,=CHCHMe;) and (n°-
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CsH4'Pr)W(NO)(H)(n?>-MeCH=CMe,), isolable as their PMes adducts 3.4 and 3.5, under typical
thermal conditions. Increasing the temperature helps the intramolecular rearrangement to the
desired intermediate, but unfortunately C-H activation cannot be carried out at very high
temperatures due to the thermal instability of the starting material or of any products formed. In
the absence of a Lewis base to trap the coordinatively unsaturated species formed upon
isomerization of the hydride, decomposition of the starting material occurs.

Alternatively, replacement of n°-CsMes with the n°-CsH4'Pr ligand in the reaction of 3.7
with hydrogen gas and PPhs enhances the rate of cis to trans isomerization of the ortho-
metallated complex to form 3.9, rather than simply facilitating the intramolecular C-H activation
and formation of the reactive cis isomer. In this case, the complex is very reactive thereby

hindering the C-H activation mode of reactivity.

3.4 Experimental Section

Reactions described in this section were performed following the general experimental

procedures outline in section 2.4.1.

3.4.1 Synthesis of (m°-CsH4Pr)W(NO)(H)(n3-CH2CHCMe?) (3.1)

In a glove box, a Schlenk flask was charged with 2.2 (2.209 g, 3.843 mmol) and a stir
bar. A second reaction flask was charged with Mg(CH.CH=CMey). (titre:144 g/mol, 0.579 g,
4.021 mmol) and a magnetic stir bar. Once connected to the double manifold, THF was

cannulated into each flask (ca. 100 mL each), and the reaction flasks were placed into a dry
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ice/acetone bath. Afterwards, the contents of the second flask were slowly cannulated into the
Schlenk flask containing the organometallic reagent dissolved in THF. Following the addition,
the reaction mixture was allowed to warm to room temperature and was then stirred for 1 h to
obtain a brown mixture. The Schlenk flask was then placed into a dry ice/acetone bath, and 2
equivalents of LiBH4 (3.8 mL, 7.6 mmol, 2.0 M in THF) were slowly added via syringe. Then
the reaction flask was removed from the dry ice/ acetone bath, and its contents were warmed to
room temperature and stirred for two hours affording a dark brown reaction mixture. The
solvent was then removed in vacuo, and the resulting residue was dissolved in Et,O (ca. 150
mL). Liquid-liquid extractions with distilled water (3 x 50 mL) were carried out, and the organic
layer was dried over anhydrous MgSOas. After removing the solvents in vacuo from the organic
layer, a dark brown residue has been obtained and purified by flash chromatography on silica. A
yellow band was eluted with a gradient of 0-20% EtOAc in hexanes affording a yellow eluate.
Solvent was removed from the eluate in vacuo to obtain 3.1 as a dark yellow oil (0.365 g, 0.993
mmol, 24% yield). Recrystallization of 3.1 from Et2O at -33 °C for one week afforded yellow

crystals suitable for a single-crystal X-ray diffraction analysis.
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Characterization data for 3.1a (73.4%). IR (cm™): 1614 (s, vno). MS (LREI, m/z, probe
temperature 150 °C): 391 [M*, ¥ W]. 'H NMR (400 MHz, CsD¢): & -1.08 (s, *Juw = 121.0, 1H,
W-H), 1.07 (d, 33 = 6.9, 3H, i-Pr CH3), 1.07 (d, 3Jun = 6.9, 3H, i-Pr CHa), 1.85 (s, 3H,
CH,CHCMey), 2.10 (dd, 3Jun = 13.1, 3Jun = 3.0, 1H, CH2CHCMe), 2.35 (s, 3H, CH,CHCMey) ,
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2.58 (sept, 3Jun = 6.9, 1H, i-Pr CH), 2.75 (dd, *Jun = 7.8, 3Jnn = 3.0, 1H, CH2,CHCMey), 3.08 (dd,
3Jun=13.1, 3Jun = 7.8, 1H, CH2CHCMe), 4.59 (m, 1H, CsHa(i-Pr)), 4.71 (m, 1H, CsHa(i-Pr)),
4.85 (M, 1H, CsHa(i-Pr)), 5.09 (m, 1H, CsHa(i-Pr)). *3C APT NMR (100 MHz, C¢Ds): & 24.0
(1C, CH2CHCMey), 24.0 (i-Pr CHs), 28.4 (i-Pr CH), 30.2 (1C, CH,CHCMe3), 32.0 (1C,
CH2CHCMe;), 88.5 (CH.CHCMey), 90.2 (CsHa(i-Pr)), 90.6 (CsHa(i-Pr)), 92.5 (CsHa(i-Pr)), 93.5
(CsHa(i-Pr)), 101.9 (CH2CHCMe2), 122.4 (ipso-CsHa(i-Pr)). Anal. Calcd. for C13H21NOW: C,

39.92; H, 5.41; N, 3.58. Found: C, 40.15; H, 5.58; N, 3.53.

Characterization data for 3.1b (23.9%). *H NMR (400 MHz, CsDs): & -0.63 (S, 1Juw =
119.0, 1H, W-H), 0.82 (s, 3H, CH2.CHCMey), 1.14 (d, 3Jun = 6.9, 3H, i-Pr CHs), 1.15 (d, 3Jun =
6.9, 3H, i-Pr CHs), 1.30 (dd, 3Jur = 11.7, 3Jun = 3.6, 1H, CH2CHCMey), 2.45 (s, 3H,
CH2CHCMey) , 2.71 (sept, 3Jun = 6.9, 1H, i-Pr CH), 3.08 (dd, 3Jun = 7.2, 3Jun = 3.6, 1H,
CH,CHCMey), 4.40 (dd, Jun = 11.7, 3Jun = 7.2, 1H, CH,CHCMey), 4.59 (M, 1H, CsHa(i-Pr)),
4.77 (m, 1H, CsHa(i-Pr)), 5.16 (m, 1H, CsHa(i-Pr)), 5.20 (m, 1H, CsHa(i-Pr)). 13C APT NMR
(100 MHz, CsDe): 6 23.9 (1C, CH2CHCMey), 24.1 (i-Pr CHs), 28.2 (i-Pr CH), 31.4 (1C,
CH2CHCMey), 33.0 (1C, CH2CHCMe3), 92.0 (CsHa(i-Pr)), 92.6 (CsHa(i-Pr)), 96.5 (CsHa(i-Pr)),
96.97 (CsHa(i-Pr)), 98.1 (CH2CHCMey), 100.5 (CH2CHCMey), 122.4 (ipso-CsHa(i-Pr)).

Characterization data for the remaining coordination isomers. (2.5%): & -1.29 (s, XJnw =

126.8, 1H, W-H). (0.2%): & -1.55 (s, 2Jnw = 116.0, 1H, W-H).
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3.4.2 Preparation of (n°-CsH4'Pr)W(NO)(H)(n!-CH2CH=CMe2)(PMes) (3.2)

In a glove box, a small reaction flask was charged with 3.1 (0.067 g, 0.171 mmol) and
excess PMes (ca. 3 mL). The reaction mixture was placed in an ethylene-glycol bath maintained
at 60 °C for 16 h. After thermolysis, the colour of the solution changed from light yellow to a
darker shade of yellow. Removal of the solvent in vacuo afforded the product as a yellow solid
(0.076 g, 0.163 mmol, 95% yield). The same product was obtained when the reaction was

carried out under an inert atmosphere at room temperature.

Characterization data for 3.2. IR (cm™): 1552 (s, vno). MS (LREI, m/z, probe
temperature 150 °C): 467 [M*, 1#*W/]. 'H NMR (400 MHz, CeDs): & -1.44 (d, 2Jup = 83.5,
134w=58.6, 1H, W-H), 1.04 (d, 2Jup = 8.6, 9H, PMe3), 1.17 (d, 3Jun = 6.9, 3H, i-Pr CH3), 1.17 (d,
3Jun= 6.9, 3H, i-Pr CHs3), 1.86 (dd, 3Jup = 18.8, 33 = 10.2, 1H, CH2CH=CMey), 1.98 (s, 3H,
CH2CH=CMe,), 1.99 (s, 3H, CH,CH=CMe), 2.30 (m, 1H, CH,CH=CMey), 2.74 (sept, 3Jun =
6.9, 1H, i-Pr CH), 4.74 (dd, Jun = 4.9, 3Jun = 2.8, 1H, CsHa(i-Pr)), 5.05 (dd, 3Jun = 4.9, 3Jun =
2.8, 1H, CsHa(i-Pr)), 5.23 (m, 1H, CsHa(i-Pr)), 5.33 (m, 1H, CsHa(i-Pr)), 6.03 (m, 1H,
CH>CH=CMe). C APT NMR (100 MHz, CsDg): & 9.6 (d, 2Jcp = 12.8, CH2CH=CMey), 18.5
(1C, CH2CH=CMe), 19.1 (d, “pc = 31.5, PMe3), 23.8 (i-Pr CHs), 24.6 (i-Pr CH3), 26.4 (1C,

CH.CH=CMey), 28.4 (i-Pr CH), 90.4 (CsHa(i-Pr)), 93.5 (CsHa(i-Pr)), 93.5 (CsHa(i-Pr)), 99.4
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(CsHa(i-Pr)), 121.1 (CH2CHCMey), 122.0 (ipso-CsHa(i-Pr)), 136.1 (d, 3Jpc = 11.8, 1C,

CH2CH=CMe). 3:P{*H} NMR (162 MHz, CeDe) & -24.3 (}Jpw = 217.0 Hz, PMes).

3.4.3 Trapping Reaction of 3.1 with PMes at 80°C

In a glove box, a small reaction flask was charged with 3.1 (0.042 g, 0.107 mmol) and
excess PMes (3 mL). The reaction mixture was placed in an ethylene-glycol bath maintained at
80 °C for 3 d. After thermolysis, the colour of the solution had changed from light yellow to a
dark yellow. Removal of the solvent in vacuo, afforded the mixture of products as a yellow solid

(39 mg).

Characterization data for 3.3 (40%). ‘H NMR (400 MHz, CsDs): 6 1.23 (d, 3Jun=6.9,
6H, i-Pr CHs), 1.32 (d, 2J1p=7.82, 18H, PMes), 2.72 (sept, 3Jun = 6.9, 1H, i-Pr CH), 4.26 (m, 2H,
CsHa(i-Pr)), 5.14 (m, 2H, CsHa(i-Pr)). 3C APT NMR (100 MHz, CeDs): & 23.8 (i-Pr CHa), 24.6
(i-Pr CHs), 29.0 (i-Pr CH), 90.4 (CsHa(i-Pr)), 93.5 (CsHa(i-Pr)), 115.1 (ipso-CsHa(i-Pr)).

31p{IH} NMR (162 MHz, CeDe): & -20.9 (*Jpw = 217, PMes).
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Characterization data for 3.4 (24%). *H NMR (400 MHz, CsD¢): 6 0.67 (ddd, 3Jun = 9.8,
3Jun=7.4,%2un=5.3,1H, CH,=CHCHMey), 0.87 (d, 2Jup = 12.7, 9H, PMe3), 0.90 (d, 3Jun = 6.9,
3H, i-Pr CHs), 1.21 (d, 3Jun = 6.9, 3H, i-Pr CH3), 1.26 (obscured m, 1H, CH,=CHCHMe), 1.50
(d, *Jun= 6.3, 3H, CH,=CHCHMe), 1.57 (d, 3Jun = 6.3, 3H, CH2=CHCHMe), 1.85 (M, 3Jun =
6.3, 1H, CH,=CHCHMe), 1.90 (m, 1H, CH,=CHCHMe), 2.61 (sept, Jun = 6.9, 1H, i-Pr CH),
4.11 (dd, 3Jum = 2.6, 1H, CsHa(i-Pr)), 4.67 (m, 1H, CsHa(i-Pr)), 5.10 (s, 1H, CsHa(i-Pr)), 5.41 (s,
1H, CsHa(i-Pr)). 3C APT NMR (100 MHz, C¢Ds): & 17.9 (d, *Jcp = 32.5, PMes), 22.8
(CH,=CHCHMe), 24.0 (i-Pr CHg), 24.1 (i-Pr CH3), 25.6 (CH,=CHCHMe), 28.4 (i-Pr CH),
30.6 (CH2=CHCHMe), 39.0 (CH,=CHCHMe), 44.9 (CH,=CHCHMe), 86.9 (CsHa(i-Pr)), 92.5
(CsHa(i-Pr)),94.5 (CsHa(i-Pr)), 95.1 (CsHa(i-Pr)), 123.6 (ipso-CsHa(i-Pr)). 3*P{*H} NMR (162

MHz, CsDs): 6 -11.4 (1Jpw = 358.0, PMe3).
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Characterization data for 3.5 (19%). 'H NMR (400 MHz, CsDs): & 0.87 (d, 2Jup =12.7,
9H, PMes), 1.31 (obscured, 6H, i-Pr CH3), 1.47 (m, 3H, MeCH=CMe), 1.81 (s, 3H,
MeCH=CMey), 1.94 (m, 1H, MeCH=CMe,), 2.33 (s, 3H, MeCH=CMe), 2.94 (sept, 3Jun = 6.9,
1H, i-Pr CH), 3.93 (dd, 3Jun = 2.6, 1H, CsHa(i-Pr)), 4.69 (m, 1H, CsHa(i-Pr)), 4.88 (m, 1H,
CsHa(i-Pr)), 5.54 (m, 1H, CsHa(i-Pr)). 3C APT NMR (100 MHz, CsDe): & 18.7 (PMes), 21.4
(MeCH=CMey), 23.1 (i-Pr CHs), 28.3 (i-Pr CH), 29.3 (d, 3Jcp = 1.5, MeCH=CMey), 37.5 (d, 3Jcp
= 1.5, MeCH=CMe), 41.6 (d, 3Jcp = 10.8, MeCH=CMe), 84.3 (CsHa(i-Pr)), 95.5 (CsHa(i-Pr)),
97.0 (CsHa(i-Pr)), 97.9 (CsHa(i-Pr)), 125.7 (ipso-CsHa(i-Pr)). 3P{*H} NMR (162 MHz, CsDs): &

-11.2 (*Jpw = 358.0 Hz, PMe3).
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Partial characterization data for another coordination isomer (7%). H NMR (400 MHz,
CoDe): 6 1.17 (d, 2Jnp = 7.4, 9H, PMes), 1.28 (obscured, 6H, i-Pr CHs), 2.90 (sept, *Jun = 6.9,
1H, i-Pr CH), 3.97 (m, 2H, CsHa(i-Pr)), 4.84 (m, 1H, CsHa(i-Pr)), 5.49 (m, 1H, CsHa(i-Pr)). 3C
APT NMR (100 MHz, CsDe): & 19.3 (d, 3cp = 29.5, PMes), 28.3 (i-Pr CH), 82.6 (CsHa(i-Pr)),
92.5 (CsHa(i-Pr)), 95.9 (CsHa(i-Pr)), 96.6 (CsHa(i-Pr)), 124.6 (ipso-CsHa(i-Pr)). 3P{"H} NMR
(162 MHz, CsDe): 6 -18.0 (PMes).

Partial characterization of coordination isomer (4%). *H NMR (400 MHz, CsDe): 6 3.01

(sept, 334 = 6.9, 1H, i-Pr CH). 3P{*H} NMR (162 MHz, C¢De): & -18.0 (PMes).

3.4.4 Preparation of trans-(n°-CsMes)W(NO)(H)(x?>-PPh2CsHa4) (3.6)

In a glove box a thick-walled flask equipped with a Kontes stopcock was loaded with (n°-
CsMes)W(NO)(n*-CH2CHCMe)(Ph) (0.095 g, 0.192 mmol), benzene-ds (ca. 5 mL), and an
excess of PPhs (0.059g, 0.225 mmol) to obtain a yellow mixture. The reaction flask was sealed,
and its contents were heated for 8 d in an ethylene-glycol bath at 70 °C during which time the
colour of the solution changed to dark brown. Removal of the solvent in vacuo produced a dark
brown oil that was dissolved in a 1:1 mixture of EtoO and n-pentane, and the solution was
maintained at -30 °C for 14 h to induce the deposition of a light orange precipitate (0.046 g).

The precipitate was removed by filtration, and the brown filtrate was left at room temperature for
10 min whereupon a light yellow precipitate deposited. This product was identified as 3.6 (0.008

g, 0.013 mmol, 7% yield).
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Characterization data for 3.7. IR (cm™): 1552 (s, vno). MS (LREI, m/z, probe
temperature 150 °C): 611 [M*, ¥ W]. HR-MALDI-TOF (LDI) m/z: [M*, $34W] Calcd for
C2sH30NOP™*W 611.15746. Found 611.15796. *H NMR (400 MHz, CsDs): & 1.75 (s, 15H,
CsMes), 2.29 (d, 2Jup = 70.4, Wnw =61.1, 1H, WH), 6.88 (m, 1H, aryl H), 6.93 (m, 1H, m-aryl
H), 6.98-7.04 (m, 5H, aryl H), 7.01 (m, 1H, m-aryl H), 7.31 (t, 1H, 3Jun = 7.4, p-aryl H), 7.39
(m, 2H, aryl H), 7.79 (dd, 1H, 3Jun = 7.8, 3Jnp = 3.1, 0-aryl H), 7.94 (m, 2H, aryl H). 3C
NMR(100 MHz, C¢De): § 11.1 (s, CsMes), 106.1 (s, CsMes), 125.4 (d, Jcp = 8.3, aryl C), 129.9
(d, Jep = 9.2, aryl C), 129.2 (aryl C), 130.0 (d, *Jcp = 1.8, m-aryl C), 131.2 (d, ®Jcp = 2.8, m-aryl
C), 132.2 (d, “Jcp = 4.6, p-aryl C), 132.7 (d, Jcp = 10.1, aryl C), 134.2 (d, *Jcp = 41.4, ipso-aryl
C), 135.2 (d, Jep = 11.9, aryl C), 139.1 (d, 2Jcp = 27.6, 0-aryl C), 151.5 (s, ipso-aryl C), 167.8 (d,

1ep = 14.7, ipso-aryl C). %P NMR (162 MHz, CsDe): & -39.5 ({Jpw = 148.5, CsHaPPhy).
3.4.5 Synthesis of (0°-CsH4Pr)W(NO)(CH2CMes)2 (3.7).

In a glove box two Schlenk flasks were charged with 2.2 (5.062 g, 8.806 mmol) and
Mg(CH2CMes): (titer: 179 g/mol, 3.158 g, 17.64 mmol), respectively. Et,O (150 mL) was
cannulated into both flasks which were then placed into a dry ice/acetone bath at -78 °C. The
contents of the second Schlenk flask containing the binary magnesium reagent were slowly
cannulated into the Schlenk flask containing 2.2. Upon addition the reaction mixture changed

colour from dark green to light red. The reaction flask was removed from the dry ice/acetone
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bath and left to warm to room temperature for 20 min while its contents were being stirred. The
volume of the reaction mixture was then reduced in vacuo and transferred to the top of a basic
alumina column (4 x 2 cm). Elution of the column with Et2O as eluant developed a bright red
band that was collected. Removal of solvent from the eluate in vacuo afforded 3.7 as a red solid

(0.985 g, 2.127 mmol, 24% yield).

@JPr
|
W

Characterization data for 3.7. IR (cm™): 1594 (s, vno). MS (LREI, m/z, probe
temperature 150 °C): 463 [M*, 184W]. HRMS-EI m/z: [M", ¥2W/] Calcd for C1sHasNO®2W
461.20444 Found 461.20414. *H NMR (400 MHz, CsDs): & -1.43 (d, 2Jun = 11.9, 2H,
CH2CMes), 0.97 (d, 3Jun = 6.9, 6H, 'Pr CHs), 1.34 (s, 18H, CH2CMes), 2.49 (sept, 3Jun = 6.9,
1H, 'Pr CH), 3.80 (d, 2Jun = 11.9, 2H, CH2CMes), 5.08 (s, 4H, CsHa(*Pr)). 3C APT NMR (100
MHz, CeDsg): & 23.7 (‘Pr CHs), 27.6 ('Pr CH), 34.7 (CH2CMes), 39.8 (CH2CMes), 92.8

(CH2CMes), 100.5 (CsHa('Pr)), 102.3 (CsHa('Pr)), 122.9 (ipso-CsHa('Pr)).

3.4.6 Preparation of (n°-CsH4'Pr)W(0)2(CH2CMes) (3.8).

A small amount of 3.7 was exposed to oxygen for 30 min resulting in a colour change

from a burgundy red solid to a golden yellow solid.
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Characterization data for 3.8. IR (cm™): 912, 954 (s, vw=0). MS (LREI, m/z, probe
temperature 150 °C): 394 [M*, ¥*W]. *H NMR (400 MHz, C¢Ds): 5 0.96 (d, 3Jun = 6.9, 6H, 'Pr
CHs), 1.29 (s, 9H, CHCMes ), 2.17 (s, YJnw = 11.2, W-H), 2.59 (sept, 3Jun = 6.9, 1H, 'Pr CH),
5.39 (t, 3Jun = 2.5, 2H, CsH4'Pr), 5.44 (t, 3Jun = 2.5, 2H, CsH4'Pr). 3C APT NMR (100 MHz,
CsDs): 8 22.8 ('Pr CHg), 28.1 (‘Pr CH), 33.2 (CH2.CMes), 33.6 (CH.CMes), 51.1 (CH2.CMes),

106.4 (CsH4'Pr), 110.4 (CsH4'Pr), 134.5 (ipso-CsHa4'Pr).

3.4.7 Preparation of trans-(n°-CsH4Pr)W(NO)(H)(k?-PPh2CsH4) (3.9)

In a glove box a small reaction flask equipped with a Kontes stopcock was loaded with
3.7 (0.200 g, 0.432 mmol), PPhz (0.118 g, 0.450 mmol), and pentane (20 mL) to obtain a
burgundy-coloured solution. The reaction vessel was then charged with H; (1 atm), and the
contents were stirred for 16 h. The colour of the reaction mixture changed to brown, and a light
yellow precipitate formed. The solvent was removed from the final mixture in vacuo to obtain a
yellow solid. Purification of this solid was performed by column chromatography using a flash
silica support. A yellow band was eluted from the column with 20:80 mixture of EtOAc and
hexanes, and solvent removal from the eluate in vacuo afforded 3.9 as an analytically pure,

bright yellow solid (0.081 g, 0.139 mmol, 32% yield). Recrystallization from a 50:50 mixture of
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DCM:hexanes at -33 °C for one week produced yellow crystals suitable for a single-crystal X-

ray diffraction analysis.

="
|
H\\--W""PPh2
N

(0]

Characterization data for 3.9. IR (cm™): 1880 (w, vww), 1579 (s, vno). MS (LREI, m/z,
probe temperature 150 °C): 583 [M*, $34W], 553 [M*-NO, #W]. 'H NMR (400 MHz, C¢D¢): &
1.07 (d, 3Jun = 6.9, 3H, 'Pr CHs), 1.05 (d, 3Jun = 6.9, 3H, 'Pr CH3), 2.27 (d, 2Jup = 70.6, JJuw =
58.3, WH), 2.64 (sept, 3Jun = 6.9, 1H, 'Pr CH), 4.80 (dd, 3Jun = 2.9, 1H, CsH4Pr), 5.06 (dd, 2Jun
= 2.9, 1H, CsH4'Pr), 5.26 (m, 1H, CsH4'Pr), 5.44 (m, 1H, CsH4Pr), 6.94 (m, 1H, aryl H), 6.94 (m,
1H, m-aryl H), 7.01 (m, 5H, aryl H), 7.01 (m, 1H, m-aryl H), 7.27 (t, 3Jun = 7.4, p-aryl H), 7.52
(m, 2H, aryl H), 7.69 (dd, 3Jun = 7.4, 3Jup = 2.7, 0-aryl H), 7.94 (dd, 3Jun = 7.0, 3Jpe = 1.37, 2H,
aryl H). 3C APT NMR (100 MHz, C¢D¢): & 23.9 (‘Pr CHs), 24.3 (‘Pr CHs), 28.2 ('Pr CH), 91.3
(CsH4'Pr), 91.7 (CsH4'Pr), 95.3 (CsH4"Pr), 97.9 (CsH4'Pr), 123.8 (ipso-CsH4'Pr), 129.1 (d, Jcp =
9.6, aryl C), 129.2 (d, Jcp = 9.6, aryl C), 129.4 (aryl C), 130.5 (d, 3Jcp = 2.02, m-aryl C), 131.2
(m-aryl C), 132.1 (d, “Jcp = 4.6, p-aryl C), 132.8 (d, Jcp = 10.6, aryl C), 133.7 (d, XJcp = 41.9,
ipso-aryl C), 134.4 (d, Jcp = 11.6, aryl C), 134.7 (d, YJcp = 39.4, ipso-aryl C), 140.1 (d, 2Jcp =
27.3, o-aryl C), 152.5 (d, 1Jcp = 50.0, ipso-aryl C), 160.4 (d, 2Jcp = 17.7, ipso-aryl C). *P{'H}
NMR (162 MHz, CeDs): & -41.7 ({Jpw = 157.5, PPh2CsH4). 3P NMR (162 MHz, CsDe): & -41.7
(d, 2Jpny = 71.9, PPh2CsHa). Anal. Calcd for C2sH2sNOPW: C, 53.54; H, 4.49; N, 2.40. Found: C,

53.66; H, 4.50; N, 2.30. Melting point (reversible): 142.0-144.0 °C.
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3.4.8 X-ray Crystallography

Data collection was carried out at —173.0 = 2 °C on a Bruker X8 APEX Il diffractometer
with graphite-monochromated Mo Ko radiation or at —183.0 + 1 °C on a Bruker APEX DUO
diffractometer with cross-coupled multilayer optics using Cu-Ka radiation.

Data for 3.1 were collected to a maximum 26 value of 60.1° in 0.5° oscillations using
3.0-second exposures. The crystal-to-detector distance was 59.89 mm. The structure was solved
by direct methods*® and expanded using Fourier techniques. All non-hydrogen atoms were
refined anisotropically. All other hydrogen atoms were placed in calculated positions. The
material crystallizes as a two-component ‘split crystal’ with components one and two related by
a 175.5° rotation about the (0.039 1.00 0.036) real axis. Data were integrated for both
components, including both overlapped and non-overlapped reflections. The final cycle of full-
matrix least-squares refinement was based on 29911 reflections (14640 from component one
only, 14449 from component two only, 822 overlapped).

Data for 3.9 were collected to a maximum 28 value of 60.2° in 0.5° oscillations using
3.0-second exposures. The crystal-to-detector distance was 39.81 mm. The structure was solved
by direct methods*® and expanded using Fourier techniques. All non-hydrogen atoms were
refined anisotropically. H1A was located in a difference map and refined isotropically, and all
other hydrogen atoms were placed in calculated positions. The final cycle of full-matrix least-
squares refinement was based on 6516 observed reflections and 277 variable parameters.

Neutral atom scattering factors were taken from Cromer and Waber.*® Anomalous

dispersion effects were included in Fcalc®; the values for Af' and Af" were those of Creagh and
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McAuley.*! The values for the mass attenuation coefficients are those of Creagh and Hubbell.#2

All refinements were performed using the SHELXL-2014* via the OLEX2* interface.
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Table 3.1. X-ray Crystallographic Data for Complexes 3.1 and 3.9.

Compound 3.1 3.9
Empirical formula C13H21NOW C26H26NOPW
Crystal Habit, color yellow, irregular yellow, irregular
Crystal size (mm) 0.12 x 0.12 x 0.05 0.4x0.14x0.11
Crystal system monoclinic triclinic
Space group P21/m P-1
Volume (A%) 648.4(2) 1110.34(9)
a(A) 8.9137(16) 10.4607(5)
b (A) 7.5202(14) 10.9054(5)
c(A) 10.3328(19) 11.9258(6)
a(°) 90 104.2990(10)
B(°) 110.582(3) 105.5530(10)
v (°) 90 112.7670(10)
Z 2 2
Density,
p (calculated)y(g/cm3) 2.003 1.745
Absorption
coefficient, x (mm1) 8.888 5292
Fooo 376 572
Measured 2037 29890
Reflections: Total
Measured 2037 6516
Reflections: Unique
Final R Indices? R1=0.0293, R: =0.0169,
wRz = 0.0767 WR2 = 0.0365
Goodness-of-fit on F? 1.080 1.036
b
Largest diff. 3.76/-2.58 0.84/-1.11
peak/hole (e~ A3

aR1 onF =3 |(|Fo| - |Fe|) |/ Z |Fo|; WR2 =[ (Z (Fo* - F2 )? ) / Z W(Fo? )*]V%;, w=[ 6?F2 1Y

®GOF =[ X (W (|[Fo| - |[Fe| )* ) / degrees of freedom 1"



Chapter 4. Multiple C-H Activations of Linear
Alkanes by (n°-CsMes) and (n°-CsH4'Pr) Tungsten

Nitrosyl Bis-alkyl Complexes
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4.1 Introduction

Thermolyses of (n°-CsMes)W(NO)(CH2CMes)2 (4.1) in neat hydrocarbons result in
elimination of neopentane and formation of the transient (n°-CsMes)W(NO)(=CHCMes)
complex, which subsequently effects C-H activations of substrates (Scheme 1.12). Interestingly,
thermolysis of (n°-CsMes)W(NO)(CH2CMes). in neat methylcyclohexane or ethylcyclohexane
results in multiple C-H activations of the substrates and formation of the (n®-
CsMes)W(NO)(H)(m3-C7H11) and (n°-CsMes)W(NO)(H)(n3-CsHas) hydride complexes
respectively.?” In light of these results, the thermal chemistry of the bis-alkyl complex has been

extended to encompass n-alkanes as substrates.

4.2 Results and Discussion

4.2.1 Reactions of 4.1 with Short-Chain n-Alkanes

Thermolysis of 4.1 at 100 °C in neat n-butane at 250 psig results in three successive C-H
activations of the alkane substrate and formation of four isomers of (1n°-CsMes)W(NO)(H)(n°-
C4H7) which differ in the exo/endo orientation of the allyl ligands with the methyl groups being
either proximal or distal to the nitrosyl ligand. (Scheme 4.1). The ratio of different isomers has
been determined via integration of the meso signal of the allyl ligands in the *H NMR spectrum
of the final product mixture. The relative abundance of different isomers is a manifestation of

steric factors, with the most abundant isomer having the allyl ligand in the endo orientation with
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the methyl group distal to the nitrosyl ligand. The solid-state molecular structure of this isomer

has been previously reported.3!

Scheme 4.1. Reaction of 4.1 with n-butane

: | : n-C4H10, 250 pSIg : | : : | : : | :

|
ON"''W N+W + ON'W + ON''W + ON"''W
100°C,250 O l\L\H ~H { H v{\H
-2CMe, \/\ RE N X
(58%) (24%) (16%) (2%)

(n°-CsMes)W(NO)(H)(n3-C4Hy7) is isolable in 49% yield after purification via column
chromatography on silica support under aerobic conditions. The evident moisture- and air-
stability of (n°-CsMes)W(NO) allyl-hydride complexes is due to the lack of a strong negative
charge on the hydrido ligand.3! Albeit in lower yields (19%), all isomers of this tungsten-
hydride complex have been previously synthesized in similar ratios via a metathesis route by the
sequential treatment of (n°-CsMes)W(NO)CI, with 0.5 equivalents of Mg(CH.CH=CHMe).
followed by 2 equivalents of LiBH4.%!

The similar reaction of 4.1 with propane affords two isomers of (1°-
CsMes)W(NO)(H)(n3-CsHs) complex which differ in the exo and endo orientation of the allyl

ligand.>?

4.2.2 Thermolysis of 4.1 with Longer-Chain Alkanes

The reactions of 4.1 with longer-chain alkanes have all been performed in a similar

manner. Deep burgundy red reaction solutions of the organometallic reactant in the neat
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degassed n-alkanes have been maintained at 80 °C for 17 h to produce golden-brown final
reaction mixtures. The corresponding allyl-hydride products have been separated via column
chromatography on silica column supports using a gradient of 0-20% EtOAc in hexanes. This
method of purification affords the tungsten-hydride complexes as yellow solids in good yields.
They have been characterized by conventional spectroscopic techniques. The isomers of (n°-
CsMes)W(NO)(H)(n3-CsHo) and (n°-CsMes)W(NO)(H)(13-C7H13) resulting from the reactions
with n-pentane and n-heptane, respectively, have been previously synthesized by thermolysis of
(n°-CsMes)W(NO)(H)(n3-allyl) [n3-allyl = n3-CH.CHCMe;, n3-CHCHCHMe, or n?*-
CH,CHCHPh] in the corresponding n-alkanes.*®

Thermolysis of 4.1 in neat n-hexane leads to the formation of (n°-CsMes)W(NO)(H)(n?*-
CeHu1) that is isolable in a 44% yield. The *H NMR spectrum of this complex in CeDs displays
typical hydride signals ranging from -0.77 to -1.67 ppm with 8w satellites (*Jnw = 120 to 123
Hz) (Figure 4.1). In solution six isomers of (n°-CsMes)W(NO)(H)(n3-CsH11) have been
identified, but only three of them have been spectroscopically characterized. Two isomers with a
monosubstituted allyl ligand constitute 67% of the final product mixture, and they have been
fully characterized. Partially characterized 1,3-disubstituted isomers of the product comprise
27% of the mixture, while the remaining isomers make up 6% of the product mixture. The IR
spectrum of (n°-CsMes)W(NO)(H)(n3-CsH11) displays a nitrosyl stretching frequency at 1590

cm™t and a W-H stretching frequency at 1908 cm™, which is typical for such bonds.*6->3
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Figure 4.1. Expansion of the 'H NMR spectrum (5 -1.67 to -0.77 ppm) of (n°-
CsMes)W(NO)(H)(n3-CsH11) in CsDs (400 MHz) displaying the resonances due to the W-H

proton in different isomers.

The major isomer of (n°-CsMes)W(NO)(H)(m3-CeH11) exhibits the customary c-n
distortion of the allyl ligand.3! The C(2)-C(3) bond located trans to the nitrosyl ligand has more
sp?-character than the C(1)-C(2) bond. This feature is apparent in the *C APT NMR spectrum
of the complex (Figure 4.2) in which signals due to C(3) and C(2) are at 85.6 ppm and 102.7
ppm respectively, and the C(1) signal is at 39.3 ppm with 8w satellites (*Jcw = 30.2 Hz). The
allyl ligand coordination to the metal centre can be described as the C(2)=C(3) bond coordinating
in a n-fashion to the tungsten centre accompanied by a W-C(1) single bond. The coordination of
the double bond to the metal centre is stabilized by the electron withdrawing nitrosyl ligand

located trans to the bond.

84



f 39.28
|

..nIIWIluu,
o </3\H/\ / 1ch —-"
1 / L,\J\:\_w
2 c1

100 95 90 85 80 75 70 65 60 55 50 45 40
Chemical Shift (ppm)

Figure 4.2. Expansion of the *C APT NMR spectrum (8 38 to -104 ppm) of (n°-
CsMes)W(NO)(H)(n3-CsH11) in CsDg (100 MHz) with the emphasis on the allyl ligand signals of

the major product isomer.

Similar to the n-hexane example, the neopentylidene intermediate also effects multiple C-
H activations of n-octane. In this case there are significantly more isomers of the (n°-
CsMes)W(NO)(H)(n3-CsH1s) complex detectable in the final product mixture, which is not
surprising since the longer carbon chain allows for the formation of more isomers having
disubstituted allyl ligands. (Figure 4.3). The spectroscopic features of this complex are similar to

those of the previously discussed allyl-hydride complexes.
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Figure 4.3. Expansion of the 'H NMR spectrum (5 - 1.76 to -0.76 ppm) of (n°-
CsMes)W(NO)(H)(n3-CsHis) in CsDs (400 MHz) displaying the resonances due to the W-H

proton of different isomers.

4.2.3 Isomer Distribution of the Various (n°>-CsMes)W(NO) Allyl-Hydride Products

The relative abundance of (n°-CsMes)W(NO)(H)(n3-allyl) isomers with the
monosubstituted allyl ligand decreases with increasing length of the n-alkane chain (Table 4.1).
Thus, thermolysis of 4.1 in n-pentane yields predominantly the terminal allyl coordination
isomers of (n°-CsMes)W(NO)(H)(n3-CH2.CHCHCH:Me) complex, while the analogous reaction
with n-octane affords approximately equal amounts of (n°-CsMes)W(NO)(H)(n3-CsHis) isomers

with mono- and disubstituted allyl ligands.
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Table 4.1. Relative abundance of (n°-CsMes)W(NO)(H)(n?-allyl) isomers with monosubstituted

and disubstituted allyl ligands

n-alkane
oNl.-w3T T s0oc ONl\H + ON:'[/\H
¢ L 2
Isomers containing a Isomers containing a 1,3- Unassigned
n-alkane monosubstituted allyl disubstituted allyl ligand allyl-hydride
ligand isomers
R= Relative R’+R” = | Relative Relative
abundance abundance abundance
(%) (%) (%)
n-pentane CzHs 87 CoHe 13 0
n-hexane CsHy 67 CsHs 27 6
n-heptane CaHo 56 CaHi1o 35 9
n-octane CsHu 46 CsHp 46 8

Due to steric factors the most abundant isomer in all cases has a monosubstituted allyl
ligand in the endo orientation with the alkyl end distal to the nitrosyl ligand: 58% for (n®-
CsMes)W(NO)(H)(n*-CH2CHCHMe); 63% for (n°-CsMes)W(NO)(H)(n3-CH2CHCHCH:Me):;
52% for (n°-CsMes)W(NO)(H)(n3-CH2CHCH(CH2)2Me); 41% for (n°-CsMes)W(NO)(H)(n?*-

CH2CHCH(CH2)sMe); and 35% for (1°-CsMes)W(NO)(H)(13-CHCHCH(CHz)aMe).
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4.2.4 Formation of the Olefin

Interestingly, the *H NMR spectra of the in-situ reaction mixtures of 4.1 with various n-
alkanes reveal that alkenes begin to appear in the reaction mixtures after some of the (n°-
CsMes)W(NO)(H)(n-allyl) products have been formed. The organic components of the reaction
mixture can be separated from the crude mixture via distillation. The *H NMR spectra in CsDs
indicate that the ratio of internal vs terminal alkenes is similar to the isomer distribution of the
precursor allyl-hydride complexes summarized in Table 4.1. As illustrated in Figure 4.4, the H
NMR spectrum of the distilled organic products obtained from the reaction of 4.1 with n-octane
shows approximately equal amounts of internal and terminal octene isomers. This observation
mirrors the equal distribution of mono- and disubstituted isomers of (n°-CsMes)W(NO)(H)(n3-
CgHas) in the final product mixture (Table 4.1). The mixture of octenes has also been subjected
to GC-FID analysis using an experimental method developed by Joseph M. Clarkson (Figure

4.5).

M Ll e AW

5.8 5.7 5.6 5.5 5.4 5.3 5.2 5.1 5.0 4.9
Chemical Shift (ppm)

Figure 4.4. Expansion of the tH NMR spectrum (8 4.95 to 5.88 ppm) of the distilled organic
products obtained after thermolysis of 4.1 in n-octane (CsDg, 400 MHZ).
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Figure 4.5. Representative GC-FID chromatogram of the distilled organic products.

4.25 Mechanistic Investigation of the Reactivity

4.25.1 Theoretical Perspective on Reactivity

The theoretical investigation of the reactivity of this system and its molybdenum
analogue using n-pentane as a representative alkane substrate has been carried out by Dr.
Guillaume P. Lefévre. Complex 4.1 readily evolves neopentane forming a neopentylidene
complex which then effects the single terminal C-H activation of n-pentane. The emerging bis-
alkyl complex is stabilized via agostic interactions. This complex then undergoes p-H
elimination leading to the evolution of neopentane and formation of the unsaturated 16e n?-

alkene intermediate.
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This unsaturated complex can follow three different pathways (Scheme 4.2). The first
pathway involves isomerization to the corresponding 18e allyl-hydride complex. This reaction
occurs readily due to its innate exothermic nature; also, under thermal conditions the computed
energy barrier of 14.9 kJ mol™ can be easily overcome to form the hydride complex. The second
pathway is a symmetric ligand scrambling reaction in which the n2-alkene intermediate effects
single C-H activation of n-pentane forming the symmetric bis-pentyl complex stabilized by
agostic interactions. The computed energy barrier for this transformation is 58.6 kJ mol™.

The third pathway leads to a catalytic terminal dehydrogenation process of pentane to 1-
pentene. The first step is a terminal C-H activation of n-pentane with a computed activation
energy barrier of 113.2 kJ mol™ leading to the formation of (1°-CsMes)W(NO)(H)(n!-CsH11)(n?-
H>C=CH(CH2).CHz3). Then this complex undergoes an exothermic release of 1-pentene (32.9 kJ
mol™) affording (n°-CsMes)W(NO)(H)(n*-CsH11). Afterwards, the alkyl-hydride complex
undergoes dehydrogenation of a pentyl ligand (computed barrier 103.5 kJ mol™) and formation
of the 6-Hz complex. The release of H2 and regeneration of the 16e n?-alkene complex is a
slightly endothermic reaction (2.7 kJ mol™?).

The large energetic spans required for dehydrogenation and energetically readily
available alternative reaction pathways prevent effective catalytic activity. Indeed, analysis of
the organic products from the thermolysis of 4.1 in n-alkanes showed limited amounts of

alkenes.
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Scheme 4.2. The three different pathways of reactivity for the (n°-CsMes)M(NO)(n?-

H2C=CH(CH32)2CHs3) [M = W, or Mo] transient intermediate
; i
ON'" "\~
7)\_\}1 n-CgHy, ﬁl

ﬁ l CMe, /~ ™

[ Path B: Symmetric
Path A: Hydride ON"'‘M ﬁ ligand scrambling

isomerization \L\H ‘%

I
M
\/\/ ON' \
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dehydrogenation
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4.25.2  Sequential Thermolysis Reactions

Alkene formation can also be initiated by the (n°-CsMes)W(NO)(H)(n3-allyl) complexes
as illustrated by the sequential thermolyses reactions presented in Scheme 4.3. These
conversions can be effected in a reaction flask by removing the organic compounds from each

final reaction mixture in vacuo and then introducing a new neat n-alkane as the solvent for the
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next step. The organic and organometallic products formed after each step have been analyzed,
and the final brown reaction mixture has been purified by flash chromatography on silica using a
gradient of 0-20% EtOAc in hexanes as eluant to obtain the mixture of isomers of (n°-

CsMes)W(NO)(H)(n3-CgHi1s) as a dark yellow oil in 10% yield.

Scheme 4.3. Sequential thermolyses reactions involving (m°-CsMes)W(NO)(H)(n3-allyl)

complexes

= == == = ==

n-pentane n-hexane n-heptane n-octane

ll"W —_— e — ll"w — e — ll"W
ON\L\H 80°C,17 h ON "SH 80°C,18h ON "SH 80°C,18h ON SH 80°C,18h ON ~SH
+ isomers + isomers + isomers + isomers
+ alkenes + alkenes + alkenes + alkenes

The products obtained after each step have been identified using *H NMR spectroscopy
(Figure 4.6). Additionally, the product mixtures have been analyzed by low-resolution EI mass
spectrometry after each step to confirm the formation of the new (n°-CsMes)W(NO)(H)(n-allyl)

complexes.
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Figure 4.6. Overlaid 'H NMR spectra of the (n°-CsMes)W(NO)(H)(n3-allyl) complexes formed
in the thermolysis reactions in various n-alkanes (red), spectra of the final product mixtures
obtained after removing solvents in vacuo (blue), and spectra of the final reaction mixtures
(green): (a) Reaction of (n°-CsMes)W(NO)(H)(n3-C4H7) in n-pentane. (b) Reaction of (n°-
CsMes)W(NO)(H)(n3-CsHo) in n-hexane. (c) Reaction of (n°-CsMes)W(NO)(H)(n3-CsH11) in n-

heptane. (d) Reaction of (n°-CsMes)W(NO)(H)(n3-C7Hi3) in n-octane. (CsDs, 400 MHz).

In Figure 4.6, the *H NMR spectrum of the final reaction mixture (blue) is overlaid with

the typical hydride signals (red) of the (n°-CsMes)W(NO) allyl-hydride complexes expected to
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be formed upon thermolysis in each step. For example, in the reaction of (n°-
CsMes)W(NO)(H)(n3-CsH7) with n-pentane, different isomers of (n°-CsMes)W(NO)(H)(n°-
CsHo) are formed. The hydride signals of the final product mixture and of the actual spectrum of
the organometallic complex are comparable and can be used to identify the product. Similar *H
NMR spectra have been obtained for the other products. Figure 4.6 also shows the *H NMR
spectra of the in-situ reaction mixture (green) confirming the presence of alkenes. In these
spectra a signal around 5.3 ppm also appears, but attempts to isolate and identify the minor
product causing this signal have been unsuccessful. The final (n°-CsMes)W(NO)(H)(n3-CsH1s)
complex has been isolated in low yield confirming the dehydrogenation reactivity pathway of the
n?-alkene intermediate. After purification of the final product mixture via column
chromatography, the mixture of isomers of (n°>-CsMes)W(NO)(H)(n3-CsHis) has been isolated in
10% yield. Such a low yield and the presence of intractable organometallic products in the final
reaction mixtures also suggest alternative reaction pathways which are competing with the

dehydrogenation process.

4.2.6  Factors Influencing the Dehydrogenation Reactivity

4.2.6.1 lIsomerization of the n?-Alkene Reactive Intermediate to the Allyl-Hydride

Complex

There are several factors that need to be considered when analyzing the thermal
chemistry of the n?-alkene reactive intermediate. Based on theoretical investigations of this

system, elevated temperatures are required to effect the desired transformation of n-alkanes to

94



the corresponding alkenes, but under these conditions there are alternative less energy-
demanding reaction pathways available to the intermediate. Specifically, isomerization of the
nZ-alkene species to the corresponding allyl-hydride complex is favoured over the
dehydrogenation path. Nevertheless, this transformation is reversible.

Previously, the investigations of the thermal properties of the tungsten-hydride
complexes have shown that at elevated temperatures they undergo intramolecular isomerization
to form a 16e (n°-CsMes)W(NO)(n?-alkene) transient intermediate which then effects
intermolecular C-H activation of a substrate. Multiple C-H activation of linear alkanes results in
formation of a new allyl-hydride complex and the loss of the original allyl ligand.*® Based on
these observations, (n°-CsMes)W(NO)(H)(n*-CH2.CHCMe) has also been utilized as a starting
material for the dehydrogenation studies. This complex can undergo the desired intramolecular
isomerization to the active nZ-alkene transient intermediate, which then can follow the third

reaction pathway outlined in Scheme 4.2.

4.2.6.2 Effectsof H>

Based on the proposed mechanism of dehydrogenation, the possibility of catalyst
inhibition by released H, gas has been considered. Thermolyses reactions of (n°-
CsMes)W(NO)(H)(n3-CH2.CHCMe;) or 4.1 in neat n-alkane in an open system using a reflux set-
up (instead of the reaction flask sealed with a Kontes stopcock) have been conducted. No
significant changes in the reactivity have been observed. Thermolysis of the organometallic
reagent in n-alkane under H> atmosphere also shows no effect on the reactivity. In order to

determine if hydrogen gas can react with the n2-alkene intermediate, and if the overall reaction is
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reversible, a thermolysis reaction of (n°-CsMes)W(NO)(H)(n-CsHg) in 1-pentene with D gas
(ca. 1 atm) has been performed by Monica V. Shree. There is no evidence of deuterium
incorporation into the metal’s coordination sphere, thus H> gas appears to have no effect on the

reactivity of the system.

4.2.6.3 Dilution Effects

The final reaction mixtures, obtained after thermolysis at 80 °C for 17 h of bis-alkyl or
allyl-hydride complexes in a n-alkane substrate, contain a dark precipitate which appears to be a
multi-metallic tungsten cluster complex. The formation of this type of complex could occur
when two nZ-alkene complexes react with each other resulting in degradation of the catalyst.
Alternatively, two (n°-CsMes)W(NO)(n?-alkene)H, molecules could form a multi-metallic
complex. Changing dilution factors would then be beneficial to reduce the proximity of reactive
intermediates to one another. Nevertheless, decreasing the percent loading of (n°-
CsMes)W(NO)(H)(n3-CH2CHCMe;) (0.1% vs 0.4%) has not resulted in a significant
improvement of the reactivity. Another probable side reaction contributing to the catalyst
degradation could be associated with the symmetric ligand scrambling pathway. Attempts to
synthesize and isolate a symmetric bis-pentyl complex to investigate its reactivity have been to

date unsuccessful.
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4.2.6.4 Temperature Effects

The catalyst’s degradation due to thermal decomposition has also been investigated.
Thermolyses reactions at 80, 100, 150, and 200 °C show no difference in the formation of the
alkene products. The only difference is the rate of reaction, and all final product mixtures still
contain a dark precipitate. Decreasing the heating temperature of the reaction to 60 °C has also
been investigated using the (n°-CsMes)W(NO)(H)(1n3-CH2CHCMe;) system. The only
difference observed is a significantly slower rate of multiple C-H activations (5 days instead of

17 hours).
4.2.6.5 Effects of the Substitution of the Cyclopentadienyl Ligand

Complex 3.7 has been utilized to effect multiple C-H activations of linear alkanes in
hopes of eliminate the need for the high temperatures typically required for such transformations
due to the previously reported beneficial kinetic effects of the n°-CsH4'Pr ligand on the reactivity
of the alkyl-allyl systems.?> Activation of n-pentane by 3.7 is most effective at 60 °C for two
days (Scheme 4.4). Typical reaction conditions used for this kind of transformation with the n°-

CsMes analogue result in rapid decomposition of the starting material.

Scheme 4.4. Thermolysis of 3.7 in n-pentane

iPr < _iPr < _ipr
n- pentane | |

ON'W__ + ON'W
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(n°-CsH4'Pr)W(NO)(H)(n3-CsHo)(4.2) is isolable in 17% yield. The *H NMR spectrum
of this complex displays typical hydride signals with 8w satellites ranging from *Jpw = 115 to
121 Hz (Figure 4.7). In solution five isomers of 4.2 have been identified, and three of them have
been characterized. Two isomers with monosubstituted allyl ligand comprise 55% of the final
product mixture, and one isomer with a 1,3-disubstituted allyl ligand comprises 44% of the
mixture, with the remaining 1% due to other isomers in the product mixture. The ratio of
complexes with mono- and di-substituted allyl ligand is significantly different than that for the
analogous n°>-CsMes complex (Table 4.1). This could be due to a longer time of thermolysis of
4.2 allowing for isomerization to occur. The IR spectrum of this complex displays a nitrosyl
stretching frequency at 1610 cm™, which is higher than the corresponding signal in the 1°-CsMes
analogue (1596 cmt), as expected. There is no evidence suggesting that this system is more

effective in transforming alkanes to alkenes.
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Figure 4.7. Expansion of the *H NMR spectrum (& - 1.89 to -1.10 ppm) of 4.2 in CsDs (400

MHZz) displaying the resonances due to the W-H proton of different isomers.

The synthesis of the TpW(NO)(CH2CMes). complex [Tp = HB(3,5-Me2C3HN2)s] has
been attempted in hopes of improving the thermal stability of the system and preventing thermal
decomposition. TpW(NO)(CO). and TpW(NO)BTr2 have been synthesized following synthetic
methodology developed by the Harman group.>* Unfortunately, metathesis reactions of the bis-
halide species with the Mg(CH2CMes)> binary reagent have not yielded the desired

TpW(NO)(CH2CMez)2 complex, presumably due to the bulkiness of the Tp ligand.
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4.2.6.6 Effects of H2 Acceptor

The possibility that the n?-alkene intermediate partakes in the transfer dehydrogenation
of n-alkanes has also been considered based on extensive mechanistic investigations of the
(BYPCP)IrH, carried out by Goldman (Scheme 1.3).%° The biggest difference from the
previously proposed mechanism is the addition of TBE across a W-H bond of the dihydride
complex, affording (n°-CsMes)W(n2-alkene)(H)(CH2CH,CMes) which then undergoes reductive
elimination of TBA thereby regenerating the (1°-CsMes)W(n?-alkene) intermediate (Scheme
4.5). To test this hypothesis, various quantities of TBE have been added to the reaction mixtures
of bis-alkyl and allyl-hydride complexes in n-alkanes. Nevertheless, no significant changes in

alkane production result.

Scheme 4.5. Proposed mechanism of transfer dehydrogenation

M
|
:\_\ n-CsHqp

/\’< % ﬁ :\_\ 1-alkene
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4.3 Summary

Although thermolyses of 4.1 or (1>-CsMes)W(NO)(H)(n3-CH2CHCMe,) in linear alkane
substrates result in multiple C-H activations and the formation of the reactive n?-alkene
intermediate complexes, the fundamental problem appears to be the relatively slow C-H
activation of the alkanes and decomposition of the organometallic intermediates under thermal
conditions. Attempts to enhance the rate by implementing different experimental variations

described above have shown no significant improvements of the reactivity.

4.4 Experimental Section

Reactions described in this section were performed following the general experimental

procedures outline in section 2.4.1.

4.4.1 Reaction of 4.1 with n-Butane

In a glove box, a Parr 5500 pressure reactor was charged with 4.1 (1.092 g, 2.222 mmol).
The reactor was sealed and removed from the glove box and purged six times with n-butane.
Then the reactor was placed in a dry ice/acetone bath (-78 °C) and its contents cooled to -1 °C.
Butane gas was condensed into the pressure reactor by opening the reactor to the butane gas
cylinder for 1 min. Afterwards the reaction mixture was warmed to room temperature. The
contents of the reactor were then stirred and heated to 100 °C at which temperature the pressure

of n-butane was 250 psig. After 2.5 h the contents of the pressure reactor were allowed to cool
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to room temperature, and the gas was slowly vented. A dark brown solid residue was obtained

and purified by flash chromatography on silica. A yellow band was eluted with a gradient of O-
20% EtOAc in hexanes affording a golden yellow eluate. Solvent was removed from the eluate
in vacuo to obtain (n°-CsMes)W(NO)(H)(n3-C4Hv) as a dark yellow oil (0.440 g, 1.09 mmol,

49% yield). In solution four isomers of this complex have been identified.>¢>’

X
1
S

ON''W ON'W -
LF L L
58% 24% 16% 2%

Characterization data for (n°-CsMes)W(NO)(H)(n3-C4H7). IR (cm™): 1597 (s, vno). MS
(LREI, m/z, probe temperature 150 °C): 405 [M*, #W]. HRMS-EI m/z: [M*, 8W] Calcd for
C14H23NO W 407.13234. Found 407.13219. Anal. Calcd. for C14H23NOW: C, 41.50; H, 5.72;
N, 3.46. Found: C, 42.26; H, 5.70; N, 3.24. Complete characterization data for all four isomers

have been recently reported.®

4.4.2 Reaction of 4.1 with n-Pentane

In a glove box a reaction flask was charged with 4.1 (0.172 g, 0.350 mmol) and n-pentane
(ca. 20 mL) affording a burgundy red reaction mixture. The flask was sealed with a Kontes
greaseless stopcock, and then its contents were heated for 17 h at 80 °C to produce a brown
mixture. After removal of the solvent in vacuo, a dark brown solid residue was obtained and
purified by flash chromatography on silica. A yellow band was eluted with a gradient of 0-20%

EtOAc in hexanes affording golden yellow eluate. Solvent was removed from the eluate in
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vacuo to obtain (1°-CsMes)W(NO)(H)(n3-CsHo) as a dark yellow oil (0.074g, 0.177 mmol, 50%
yield). In solution four isomers of this complex have been identified.8>°

W W wW W isomers
63% 15% 10% 9%
Characterization data for (n°-CsMes)W(NO)(H)(n*-CsHo). IR (cm™): 1596 (s, vno). MS
(LREI, m/z, probe temperature 150 °C): 419 [M™, 8 W/]. Anal. Calcd. for C1sH2sNOW: C, 42.98;
H, 6.01; N, 3.34. Found: C, 42.94; H, 6.03; N, 2.95. Complete characterization data for all four

isomers have been recently reported.*®
4.4.3 Reaction of 4.1 with n-Hexane

This reaction was performed by employing the same procedure as used in the reaction of
4.1 with n-pentane. A reaction flask was charged with 4.1 (0.197 g, 0.401 mmol) and n-hexane
(ca. 20 mL), and then the solution was maintained at 80 °C for 17 h. Following the same
purification method, (n°-CsMes)W(NO)(H)(n3-CsH11) was isolated as a dark yellow oil (0.077 g,
0.178 mmol, 44% yield). In solution five isomers of this complex have been identified, and three
of these isomers have been characterized.5*6!

==
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Characterization data for (n°-CsMes)W(NO)(H)(n3-CsH11) containing an endo
monosubstituted allyl ligand (52%). IR (cm™): 1590 (s, vno), 1908 (w, vwn). MS (LREI, m/z,
probe temperature 150 °C): 433 [M*, 184W]. HRMS-EI m/z: [M*, 18%W] Calcd for
C1sH27NO¥ W 435.16364. Found 435.16361. *H NMR (400 MHz, CsDe): & -1.32 (S, Jpw =
120.8, 1H, WH), 0.19 (d, 3Jun = 10.2, 1H, allyl C1Hs), 0.90 (t, 3Ju+ = 7.4, 3H, allyl C6Hs), 1.37
—1.46 (m, 1H, allyl C5H>), 1.54 — 1.61 (m, 1H, allyl C5H>), 1.76 (s, 15H, CsMes), 1.84 — 1.90
(m, 1H, allyl C3H), 2.39 (m, 2H, allyl C4Hy), 2.80 (dt, 3Jun = 7.0, 23 = 2.8, 1H, allyl C1Hy),
4.59 (ddd, 3Jun = 13.1, 3Jpn = 10.2, 33wk = 7.0, 1H, allyl C2H). *C NMR (100 MHz, CeDs): &
11.03 (CsMes), 14.3 (allyl C6Hs), 27.1 (allyl C5Hy), 37.7 (allyl C4Hy), 39.3 ({Jcw = 30.2, allyl
C1H>), 85.6 (allyl C3H), 102.7 (allyl C2H), 104.9 (CsMes). Anal. Calcd for C16H27NOW: C,

44.36; H, 6.28; N, 3.23. Found: C, 45.08; H, 6.30; N, 3.25.

Characterization data for (n°-CsMes)W(NO)(H)(n3-CsH11) containing the endo 1,3-
disubstituted allyl ligand (16%). *H NMR (400 MHz, CDs): & -1.50 (s, LJnw = 122.4, 1H, WH),
0.76 — 0.84 (m, 1H, allyl CH), 1.12 (t, 3Jun = 7.3, 3H, allyl CH3), 1.59 — 1.63 (m, 1H, allyl CH),
1.75 (s, 15H, CsMes), 2.02 (d, 3Jum = 5.9, 3H, allyl CHs), 2.37 — 2.45 (m, 1H, allyl CHy), 2.48 —
2.59 (m, 1H, allyl CHy), 4.42 (dd, 3Jun = 12.7,%Jun = 9.4, 1H, allyl C2H). 3C NMR (100 MHz,
CsDs): & 10.8 (CsMes), 18.0 (allyl CHs), 18.9 (allyl CHs), 28.5 (allyl CHz), 53.0 (allyl CH), 84.0
(allyl CH), 104.8 (CsMes), 105.3 (allyl CH).

=
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Partial characterization data for (>-CsMes)W(NO)(H)(n-CsH11) containing the endo

H

monosubstituted allyl ligand (15%). *H NMR (400 MHz, C¢Ds): & -1.35 (s, 1Jnuw = 120.8, 1H,

104



WH), 0.63 (d, 3Jun = 13.5, 1H, allyl CHy), 1.75 (s, 15H, CsMes), 4.11 (d, 3Jun = 7.4, 1H, allyl
CHy), 4.32 (ddd, *Jun = 13.5, 3Jnn = 10.2, 3Jun = 7.4, 1H, allyl CH). 3C NMR (100 MHz,

CeDs): 6 52.4 (allyl CH2), 104.2 (allyl CH).
4.4.4 Reaction of 4.1 with n-Heptane

This reaction was performed by employing the same procedure as used in the reaction of
4.1 with n-pentane. A reaction flask was charged with 4.1 (0.142g, 0.289 mmol) and n-heptane
(ca. 20 mL), and then the solution was maintained at 80 °C for 17 h. Following the same
purification method, (n°-CsMes)W(NO)(H)(n3-C7H13) was isolated as a dark yellow oil (0.075g,

0.168 mmol, 58% yield). In solution six isomers of this complex have been identified.®%3

I
ON"W__ ONl + isomers

\L M P 9%
41% 35% 10% 5%

Characterization data for (n°-CsMes)W(NO)(H)(13-C7H13). IR (cm™): 1592 (s, vno),
1911 (w, own). MS (LREI, m/z, probe temperature 150 °C): 447 [M*, 8*W]. HRMS-EI m/z:
[M*, 188W] Calcd for C17H20NO™ W 449.17929. Found 449.17925. Anal. Calcd for
C17H20NOW: C, 45.65; H, 6.54; N, 3.13. Found: C, 45.38; H, 6.47; N, 3.04. Complete
spectroscopic characterization data for four isomers of this complex have recently been

reported.*
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4.45 Reaction of 4.1 with n-Octane

In a glove box a reaction flask was charged with 4.1 (0.185 g, 0.377 mmol) and n-octane
(ca. 20 mL) affording a burgundy red reaction mixture. Thermolysis of this reaction mixture for
17 h at 80 °C produced a brown mixture that was worked up in the manner described in the
preceding paragraphs to obtain (n°-CsMes)W(NO)(H)(n3-CsHas) as a dark yellow oil (0.090 g,

0.195 mmol, 52% yield).54%

Characterization data for (n°-CsMes)W(NO)(H)(n3-CsHis) containing the endo
monosubstituted allyl ligand (35%). IR (cm™): 1596 (s, vno). MS (LREI, m/z, probe
temperature 150 °C): 461 [M*, ¥W]. HRMS-EI m/z: [M*, 8W] Calcd for C1sH31NO W
463.19494. Found 463.19534. 'H NMR (400 MHz, CeDs): & -1.29 (s, *Jnw = 120.9, 1H, WH),
0.21 (d, 3Jum = 10.2, 1H, allyl C1Hy), 0.91 (m, 3H, allyl C8Hs), 1.77 (s, 15H, CsMes), 1.25 — 1.33
(m, 2H, allyl C6H2), 1.25 — 1.33 (m , 2H, allyl C7H5), 1.41 — 1.50 (m, 1H, allyl C5Hy), 1.55 —
1.65 (m, 1H, allyl C5Hy), 1.90 (m, 1H, allyl C3H), 2.44 (m, 2H, allyl C4H>), 2.83 (dt, *Jun = 7.0,
2Jnm = 2.5, 1H, allyl C1H,), 4.63 (ddd, 3Jun = 13.1, 3Jun = 10.0, 3Jnn = 7.0, 1H, allyl C2H). 13C
NMR (100 MHz, CgDe): 8 11.0 (CsMes), 14.7 (allyl C8Hs), 23.4 (allyl C7Hz), 32.2 (allyl C6H>),
33.8 (allyl C5Hy), 35.6 (allyl C4H>), 39.3 (allyl C1H,), 85.9 (allyl C3H), 102.6 (allyl C2H),
104.9 (CsMes). Anal. Calcd for C1gH3:NOW: C, 46.87; H, 6.77; N, 3.04. Found: C, 47.24; H,

6.89; N, 3.12.

106



Partial characterization data for (>-CsMes)W(NO)(H)(n3-CsHas) containing the endo
1,3-disubstitued allyl ligand (25%). *H NMR (400 MHz, C¢D¢): & -1.44 (s, Xnw = 121.2, 1H,
WH), 0.93 (m, 3H, allyl CHs), 1.76 (s, 15H, CsMes), 4.44 (dd, 3Jun = 12.5, 3Jun = 9.4, 1H, allyl
CH). 3C NMR (100 MHz, C¢Ds): & 10.8 (CsMes), 14.4 (allyl Me), 104.5 (allyl CH), 104.7

(CsMes).

Partial characterization data for (>-CsMes)W(NO)(H)(n*-CsHa1s) containing the endo
1,3-disubstitued allyl ligand (21%). *H NMR (400 MHz, C¢D¢): & -1.40 (s, XJnw = 122.8, 1H,
WH), 1.74 (s, 15H, CsMes), 4.45 (m, 1H, allyl CH). 3C NMR (100 MHz, CsDs): 5 104.5 (allyl
CH).

=

/\/\ﬂﬁ\H
Partial characterization data for (n°-CsMes)W(NO)(H)(n®-CsH1s) containing the endo
monosubstituted allyl ligand (11%). *H NMR (400 MHz, C¢Ds): & -1.32 (s, 1Jnuw = 122.0, 1H,
WH), 1.65 (s, 15H, CsMes), 4.36 (ddd, 3Jum = 17.2, 33un = 9.8, 33 = 7.0, LH, allyl CH). 3C

NMR (100 MHz, CeDe): & 104.1 (allyl CH).

4.4.6 Thermolysis of Allyl-Hydride Complexes in Various Saturated Hydrocarbons

= = == == ==

n-pentane n-hexane n-heptane n-octane

e P ——— e — e — W, —_— W,
ON\Z/\H so.c,17n ON “SH 80°C,18h ON "SH 80°C,18h ON “SH 80°C,18h ON ~H
+ isomers + isomers + isomers + isomers
+ alkenes + alkenes + alkenes + alkenes
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A reaction flask was charged with (n°-CsMes)W(NO)(H)(n3-C4H7) (0.215 g, 0.531
mmol) and degassed n-pentane (ca. 25 mL) to produce a yellow reaction mixture. The flask was
sealed with a Kontes greaseless stopcock, and then its stirred contents were maintained at 80 °C
for 17 h to obtain a brown mixture. The *H NMR spectra of the final reaction mixture and the
dark brown residue remaining after solvent removal were recorded in CsDe. Nn-Hexane (ca. 25
mL) was next added to the residue in the reaction vessel, and its stirred contents were heated at
80 °C for 18 h. The *H NMR spectra of the in situ and crude reaction mixtures were again
recorded. The same procedure was repeated with n-heptane and then n-octane. The final brown
reaction mixture was purified by flash chromatography on silica. A yellow band was eluted with
a gradient of 0-20% EtOAc in hexanes to obtain a golden yellow eluate. Solvent was removed
from the eluate in vacuo to obtain (n°-CsMes)W(NO)(H)(n3-CsHis) as a dark yellow oil (0.025 g,
0.054 mmol, 10% yield). EI-MS spectra of the unpurified product mixtures were also obtained
after each step to confirm the presence of the expected (1°-CsMes)W(NO)(H)(n3-allyl)

complexes.

4.4.7 Reaction of 3.7 with n-Pentane

In a glove box a reaction flask was charged with 3.7 (0.299 g, 0.645 mmol) and dried n-
pentane (ca. 40 mL). The flask was sealed with a Kontes greaseless stopcock, and then its stirred
contents were thermalized for 2 d at 60 °C to produce a brown mixture. Solvent removal in
vacuo yielded a dark brown residue that was purified by flash chromatography on silica. A
yellow band was eluted with a gradient of 0-20% EtOAc in hexanes, and solvent was removed

from the eluate in vacuo to obtain (1>-CsH4'Pr)W(NO)(H)(n3-CsHo) as a dark yellow oil (0.043g,
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0.11 mmol, 17% yield). In solution three isomers of (n3-CsH4'Pr)W(NO)(H)(n3-CsHo) (4.2) have
been identified by *H and 3C NMR spectroscopy.
< _ipr
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Characterization data for 4.2 containing the endo monosubstituted allyl ligand (44%). IR
(cm™): 1610 (s, vno). MS (LREI, m/z, probe temperature 150 °C): 391 [M*, ¥*W]. 'H NMR
(400 MHz, CsDg): & -1.54 (s, }Jnw = 115.6, 1H, WH), 0.78 (m, 1H, allyl C1H,), 1.08 (d, 3Jun =
6.9, 6H, 'Pr CHs), 1.13 (t, 3Jun = 3.7, 3H, allyl C5H3), 1.97 — 2.04 (m, 2H, allyl C4H,), 2.42 (m,
1H, allyl C3H), 2.61 (sept, 3Jun = 6.9, 1H, 'Pr CH), 2.84 (dt, 3Jun = 7.0, 2Jpn = 2.7, 1H, allyl
C1Hy), 4.44 (m, 1H, allyl C2H), 4.61 (m, 1H, CsH4'Pr), 4.83 (m, 1H, CsH4'Pr), 5.01 (m, 1H,
CsH4'Pr), 5.15 (m, 1H, CsH4'Pr). *C NMR (100 MHz, CsDs): & 17.6 (allyl C5H3), 24.0 (i-Pr
CH), 32.3 (allyl C1H), 80.5 (allyl C3H), 90.8 (CsHa(i-Pr)), 91.7 (CsHa(i-Pr)), 93.5 (CsHa(i-Pr)),
93.7 (CsHa(i-Pr)), 100.7 (allyl C2H), 125.0 (ipso-CsHa(i-Pr)).
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Characterization data for 4.2 containing the endo 1,3-disubstituted allyl ligand (44%). H
NMR (400 MHz, CgDe): & -1.49 (s, 1Jnw = 120.9, 1H, WH), 1.08 (d, 3Ju+ = 6.9, 6H, 'Pr CHa),
1.45 (m, 1H, allyl CH), 2.06 (d, 3Jun = 5.7, 3H, allyl Me), 2.19 (m, 1H, allyl CH), 2.34 (d, 3Jun =
5.8, 3H, allyl Me), 2.45 (sept, 3Jun = 6.9, 1H, 'Pr CH), 4.32 (dd, 3Jun = 12.5, 2Jun = 9.9, 1H, allyl
meso CH ), 4.55 (m, 1H, CsH4'Pr), 4.74 (m, 1H, CsH4Pr), 4.96 (m, 1H, CsH4Pr), 5.18 (m, 1H,

CsH4Pr). 3C NMR (100 MHz, CeDs): & 20.0 (allyl Me), 22.1 (allyl CHs), 24.1 (i-Pr CH), 47.7
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(allyl CH), 66.4 (allyl CH), 90.9 (CsHa(i-Pr)), 91.2 (CsHa(i-Pr)), 94.0 (CsHa(i-Pr)), 94.5 (CsHa(i-

Pr)), 107.2 (allyl meso CH).
Characterization data for 4.2 containing the endo monosubstituted allyl ligand (11%). 'H

NMR (400 MHz, CeDe): & -1.34 (s, Xnw = 122.0, 1H, WH), 4.21 (ddd, 334 = 13.1, 2Jnn = 10.4,

3Jnn = 7.4, 1H, allyl CH). 13C NMR (100 MHz, CsDg): § 104.1 (allyl CH).
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Chapter 5: C-C Coupling Reactions by (n°-

CsMes)W(NO)(H)(n3-allyl) Complexes

111



5.1 Introduction

Under ambient conditions (n°-CsMes)W(NO)(CH2CMes)(n*-CHCHCHMe) loses
neopentane, leading to formation of the n-diene intermediate.?® In the presence of acetone, 3-
pentanone, or 2-butyne, the coordination of the organic substrate to the metal centre occurs,
followed by the coupling of the diene ligand and the substrate at the site of unsaturation of the

organic molecule (Scheme 5.1).%

Scheme 5.1. C-C coupling reaction of (n°>-CsMes)W(NO)(CH2CMes)(n*>-CHCHCHMe)

with ketones and alkyne substrates

ﬁ / R = Me, Et

20 °C ON“
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\>T -CMe,
MeC=CMe o

The proposed mechanism of this transformation is based on the thermolysis reaction of

X

o
£
=2

o

e

9

(n°-CsMes)W(NO)(CH2CMes)(n3-CHCHCMe) in cyclohexene at 50 °C, and the analogous
reaction of (n°-CsMes)W(NO)(CH2CMes)(n3-CHCHCHMe).2® Thus the coupling reaction
proceeds through the following steps: (a) formation of the n2-diene intermediate upon

elimination of neopentane, (b) the coordination of cyclohexene to the metal centre of this
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coordinatively unsaturated intermediate, (c) coupling of the two olefin ligands at the sites of

unsaturation, (d) n*—mn? isomerization of the allylic portion of the ligand (Scheme 5.2).%

Scheme 5.2. C-C coupling reaction of (n°>-CsMes)W(NO)(CH2CMes)(n3-CHCHCHMe)
with cyclohexene

W-iNo

W.ung | SouPling W...Nyo | isomerization W.iNO

In light of these results the C-C coupling chemistry has been extended to the allyl-hydride

systems, which undergo formation of similar reactive n?-alkene intermediates.3

5.2 Results and Discussion

5.2.1 C-C Coupling Reactions of (n°>-CsMes)W(NO)(H)(n3-allyl) Complexes with

Aldehydes

5.2.1.1  Thermolysis of (n°>-CsMes)W(NO)(H)(n3-allyl) Complexes with Aldehydes

Thermolysis of the reaction mixture of (n°-CsMes)W(NO)(H)(n3-CHCHCHMe) and
benzaldehyde in deuterated chloroform at 100 °C for 25 min results in a full consumption of the
organometallic reagent and formation of the 2-methyl-1-phenylbut-3-en-1-ol and 1-phenylpent-
3-en-1-ol coupled organic products (Scheme 5.3). This reaction is carried out under aerobic

conditions which lead to the decomposition of the organometallic complex to an intractable
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compound, presumably some oxo complex, and the release of the coupled organic product.
Analogous reactions have been carried out with (n°-CsMes)W(NO)(H)(n3>-CHCHCMey)
affording a coupled organic product, namely 2,2-dimethyl-1-phenylbut-3-en-1-ol. The organic
products can be obtained from the final reaction mixture by flash column chromatography on
silica. These products have been previously obtained by the zinc-mediated crotylation of

benzaldehyde.%

Scheme 5.3. Thermolysis of (n°-CsMes)W(NO)(H)(n3-CHCHCHMe) with benzaldehyde in

CDCls
o
ﬁ 5 equiv. )j\ OH OH
| Ph” "H N ;
X T+ + Intractable Organometallic
ON' W~y 100 °C, CDCl,, Complex
/\\[// 25 min

This type of transformation represents a new and facile method for synthesizing
unsaturated unsymmetrical alcohols via C-C bond coupling of an allyl ligand and an aldehyde
substrate. This reaction is particularly appealing since an allyl ligand can be derived from
multiple C-H activations of n-alkanes by 4.1. For instance, (n°-CsMes)W(NO)(H)(m?-
CHCHCHMe) can be obtained from the reaction of 4.1 with n-butane (Scheme 4.1). Therefore,
such C-C coupling reactions represent a new synthetic methodology for converting inert n-

alkanes to value-added chemicals.
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5.2.1.2 Mechanistic Considerations

Mechanistic investigation of the C-C coupling reactivity has been carried out by effecting
the thermolysis reaction of (n°-CsMes)W(NO)(H)(1n3-CH2CHCMe;) with p-tolualdehyde under
anaerobic conditions. By avoiding the exposure of the organometallic intermediates to oxygen,
which is hypothesized to be responsible for the ultimate release of the coupled product, the
organometallic complex formed prior to the release of the alcohol could possibly be detected. To
date, attempts to isolate and characterize such organometallic products have been unsuccessful.
Numerous attempts to recrystallize this organometallic product have been to date unsuccessful.
Purification via column chromatography on various support systems has resulted in a
decomposition of these complexes of interest to intractable compounds, accompanied with a
release of the alcohol product. The *H NMR spectrum of the 2,2-dimethyl-1-tolylbut-3-en-1-ol,
obtained in the above reaction after purification via chromatography on a basic alumina support,
is shown in Figure 5.1. The intermediate complex formed prior to the release of the coupled
alcohol product has a signal in the IR spectrum due to a nitrosyl ligand at 1603 cm™. Upon
exposure to oxygen, this signal disappears instantaneously, demonstrating a high sensitivity of

this product to oxygen.
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"H NMR (C¢Dg, 400 MHz)

7.16
|
H OH
H
H H
H,C H
0.97
H
1.00
CH;, {
2.14
|
H| H H
4.99
7.18 7|-°°
6.98 2493
5.91 . 4.18
L j L
li k L
1.96 1.00 1.94 97 2.86 5.75
il (] 1 Il i Il
. . S SR e — N,
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0

Chemical Shift (ppm)
Figure 5.1. *H NMR spectrum (5 1.00 to 10.00) of 2,2-dimethyl-1-tolylbut-3-en-1-o0l (C¢Ds, 400

MHz).

Reactions of the allyl-hydride complexes with aldehydes require elevated temperatures.
Consumption of the starting material occurs at a markedly slower rate when the reactions are
carried out at 80 °C instead of 100 °C (even after one week a small residue of starting material
remains in the reaction mixture, comparing to a full consumption of the starting material within
25 min at 100 °C). There are two possible thermal-decomposition pathways of the allyl-hydride
complexes. They can undergo an intramolecular isomerization to form either the n!-, or the n*-
alkene intermediates.3! Previous investigations of the reactivity of these systems with alkanes
have shown that the (n°-CsMes)W(NO)(n2-alkene) intermediate effects the intermolecular C-H

activations of substrates.*® With that in mind, the proposed mechanism of the C-C coupling
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reaction initiated by the (n°-CsMes)W(NO)(n>-CH,=CHCH:Me) intermediate is outlined in

Scheme 5.4.

Scheme 5.4. Proposed mechanism for the C-C coupling reaction initiated by the n2-alkene

intermediate

=%
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coupling

The coupled product produced via this route would be fully saturated. Nevertheless,
there is no evidence for the formation of the saturated alcohol products. For instance, 2,2-
dimethyl-1-tolylbut-3-en-1-ol is obtained from the reaction of (n°-CsMes)W(NO)(H)(n®-
CH.CHCMe,) with p-tolualdehyde, with no evidence for the formation of 2,2-dimethyl-1-
tolylbutan-1-ol or 4-methyl-1-tolylpentan-1-ol. This observation indicates that the n?-alkene

complex is not the reactive intermediate effecting the desired transformation.
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Scheme 5.5. Proposed mechanism for the C-C coupling reactions initiated by two isomers

of the nt-allyl intermediate
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The alternative mechanism involves the n*-allyl 16e intermediate, which can

accommodate the coordination of the C=0 bond to the metal centre. The subsequent C-C
coupling of the alkene ligand and the aldehyde occurs at the sites of unsaturation, affording a
coupled organic fragment which coordinates to the metal centre via the oxygen atom and the
alkene part of the ligand (Scheme 5.5). Two isomers of the n! intermediate account for the
formation of the two organic products isolated upon workup of the product mixture obtained
from the reaction of (>-CsMes)W(NO)(H)(n3-CH2CHCHMe) with benzaldehyde. Interestingly,
the similar reaction of (n°-CsMes)W(NO)(H)(n*-CH2.CHCMe) with p-toluadehyde affords the
exclusive formation of 2,2-dimethyl-1-tolylbut-3-en-1-ol. This observation can be explained by
the preferential formation of the (n°-CsMes)W(NO)(H)(n!-CH2CH=CMe) intermediate due to
steric factors, thus the C-C coupling reaction proceeds via the route outlined in Scheme 5.5a.
Additionally, the trapping reactions with PMes of the unsaturated n*-intermediates, generated
from (n°-CsMes)W(NO)(H)(n3-CH.CHCMe,) under thermal conditions, have shown the

exclusive formation of (n°-CsMes)W(NO)(H)(n!-CH.CH=CMe,)(PMes).*!

118



5.2.2 Thermolysis Reactions of (n°-CsMes)W(NO)(H)(n3-CH2CHCMez2) with

Phenylacetylene

Thermolysis of the reaction mixture of (n°-CsMes)W(NO)(H)(n3-CH2CHCMe;) with 1
equivalent of phenylacetylene in n-octane at 80 °C for 18 h results in multiple C-H activations of
the linear alkane and the exclusive formation of the coordination isomers of (n°-
CsMes)W(NO)(H)(n3-CsHa1s). Therefore, the following reactions have been carried out in neat
phenylacetylene.

Maintaining the reaction mixture of (n°-CsMes)W(NO)(H)(n*-CH2.CHCMe) in excess
phenylacetylene at 80 °C for 18 h results in the formation of two major organometallic products
5.1 and 5.2. Additionally, the mass spectrum of the crude reaction mixture displays signals at
m/z 204 and 306 attributable to the products of dimerization and trimerization of phenylacetylene
(Scheme 5.6). Other examples of oligomerization and polymerization of phenylacetylene can be

found in the literature.5”%8
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Scheme 5.6. Thermolysis reaction of (n°-CsMes)W(NO)(H)(n3*-CH2CHCMe) in neat

phenylacetylene
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5.2.2.1 Characteristics of the First Isolable Organometallic Product 5.1

The first isolable organometallic complex (5.1) has been obtained via column
chromatography on basic alumina under anaerobic conditions using 0-15% Et,O in pentane as an
eluant. The mass spectrum of this complex has a signal at m/z 553, which could be due to
incorporation of two phenylacetylene molecules into the (n°-CsMes)W(NO) fragment. The IR
stretching frequency at 1596 cm™ indicates the presence of the linear NO ligand. The *H NMR
spectrum of this product has a diagnostic singlet at 9.66 ppm with tungsten-183 satellites having
2Juw = 9.0 Hz (Figure 5.2). The downfield shift of the signal suggests that it is due to an

alkylidene proton.
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Figure 5.2. Expansion of the *H NMR spectrum (& 1.00 to 10.00) of product 5.1 isolated from
the thermolysis reaction of (>-CsMes)W(NO)(H)(n3-CH2CHCMe,) with phenylacetylene in

CeDe (400 MHz).

In order to investigate the origin of the alkylidene proton, a thermolysis reaction of (n°-
CsMes)W(NO)(H)(n3-CH2.CHCMe,) in neat phenylacetylene-d has been attempted.
Interestingly, the *H NMR spectrum of the final reaction mixture does not have the characteristic
alkylidene signal. This observation suggests that the alkylidene signal in the *H NMR spectrum
of 5.1 arises from the incorporated hydrogen atom of the phenylacetylene substrate.

Furthermore, the mass spectrum of the product mixture has a signal at m/z 555, which supports
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the hypothesis of incorporation of two phenylacetylene-d molecules onto the (n°-CsMes)W(NO)

fragment.

5.2.2.2  Characteristics of the Second Isolable Organometallic Product 5.2

The second isolable organometallic 5.2 has been obtained via column chromatography on
basic alumina under anaerobic conditions as a yellow gold powder using 20-30% Et,0O in
pentane as eluant. The mass spectrum of this complex has a signal at m/z 521, which accounts
for all atoms of the reagents combined. The *H NMR spectrum of 5.2 also indicates the presence
of all hydrogen atoms of the organometallic reagent and of the phenylacetylene substrate,
nevertheless the atom connectivity remains unclear. The most unexpected feature of this
complex is the presence of what appears to be two hydride ligands.%® Doublets at -0.41 ppm and
0.65 ppm with tungsten-183 satellites with *Juw = 6.8 Hz (Figure 5.3) do not correlate to any
carbon atoms on the HSQC{H, 3C} NMR spectrum, suggesting that these signals are due to
hydride ligands on the metal centre. The IR spectrum of this “dihydride” product has a nitrosyl-

stretching-frequency at 1588 cm, suggesting that the final product contains a linear NO ligand.
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Figure 5.3. Expansion of the *H NMR spectrum of 5.2 isolated in the thermolysis reaction of

(1°-CsMes)W(NO)(H)(n3-CH2CHCMe,) with phenylacetylene in C¢Ds (400 MHz).

Thermolysis of this complex in C¢Dg at 60-100 °C for various durations results in no C-H
activation, and a minor decomposition of the starting material into intractable NMR-silent
products. Another characteristic of this complex is its air- and moisture-stability, suggesting it
might be an 18e organometallic complex.

The thermolysis reaction of (1°-CsMes)W(NO)(H)(n*-CH2.CHCMe) in neat
phenylacetylene-d has been attempted in order to investigate the origin of the two hydride
ligands. The final product mixture has been subjected to column chromatography purification on
basic alumina using 0-30% Et>0 in pentane as an eluant. This method of purification resulted in

a complete separation of 5.2. The *H NMR spectrum of this product reveals that both hydride
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ligands are present on the metal centre. This observation suggests that these ligands do not
originate from the C-H (or C-D in this case) activation of the phenylacetylene (or
phenylacetylene-d). The only difference in the *H NMR spectra of the products, obtained from
thermolysis reactions of (1>-CsMes)W(NO)(H)(n*-CH2.CHCMey) in deuterated and non-
deuterated substrate, is the absence of the signal at 1.54 ppm (Figure 5.4). The mass spectrum of
this complex has a signal at m/z 522, which again accounts for all atoms of the reagents

combined. Unfortunately, the definitive answer about the structure of this complex still remains

unclear.
TH NMR, 400 MHz, C¢Dg
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Figure 5.4. Expansion of the overlaid *H NMR spectra (& 1.35 to 1.65 ppm) of the products
obtained in thermolysis reaction of (1°>-CsMes)W(NO)(H)(n3-CH.CHCMe,) with

phenylacetylene (blue) and phenylacetylene-d (red) in CsDs (400 MHZ).
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5.3 Experimental Section

Reactions described in this section were performed following the general experimental

procedures outline in section 2.4.1.
5.3.1 Thermolysis Reaction of (n°>-CsMes)W(NO)(H)(n3-CH2CHCHMe) in Benzaldehyde

A small reaction flask was charged with (n°-CsMes)W(NO)(H)(n3-CH.CHCHMe) (0.189
g, 0.466 mmol), benzaldehyde (238 uL, 2.34 mmol), and CDClIs (ca. 10 mL). The reaction flask
was then sealed with a Kontes greaseless stopcock and placed in an ethylene-glycol bath
maintained at 100 °C for 25 min. After heating, the colour of the reaction solution changed from
light yellow to a dark brown. Then chloroform was removed in vacuo, and the final reaction
mixture was purified by flash chromatography on silica. A faint yellow band was eluted with a
gradient of 0-5% EtOAc in hexanes affording a faint yellow eluate. Solvent was removed from
the eluate in vacuo to obtain 2-methyl-1-phenylbut-3-en-1-ol and 1-phenylpent-3-en-1-ol as a
clear oil (0.044 g, 0.271 mmol, 58% yield).”

OH
oA
Partial characterization data for 2-methyl-1-phenylbut-3-en-1-ol (74%). MS (LREI, m/z,
probe temperature 150 °C): 162. *H NMR (400 MHz, CDCls): § 0.81 (s, 3Jun = 6.9, 3H,
CHMeCH=CHy), 2.22 (broad s, 1H, CH(OH)), 2.42 (m, 1H, CHMeCH=CH>), 4.30 (d, 33 =
7.8, 1H, CH(OH)), 5.11 (d, 3Jun = 10.2, 1H, CHMeCH=CHy), 5.15 (d, 3Jun = 17.2, 1H,

CHMeCH=CH?), 5.75 (ddd, 3Jun = 17.2, 3Jun = 10.2, 3Jun = 7.9, 1H, CHMeCH=CHy), 7.27-
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7.38 (m, 5H, aryl H). 13C NMR (100 MHz, CDCls): & 16.5 (CHMeCH=CHy), 46.2
(CHMeCH=CHy), 7.8 (CH(OH)), 116.7 (CHMeCH=CH,), 125.7-129.7 (5C, aryl C), 140.6

(CHMeCH=CHb>).

OH
oY
Partial characterization data for 2-methyl-1-phenylbut-3-en-1-ol (13%). *H NMR (400
MHz, CDCl3): & 0.95 (s, 3Jun = 6.9, 3H, CHMeCH=CHy), 2.51 (m, 1H, CHMeCH=CH,), 4.53
(d, 3341 = 5.5, 1H, CH(OH)), 4.97 (m, 1H, CHMeCH=CHy), 5.00 (m, 1H, CHMeCH=CH,), 5.67
(m, 1H, CHMeCH=CH,), 7.27-7.38 (m, 5H, aryl H). 3C NMR (100 MHz, CDCls): & 14.0
(CHMeCH=CHy), 44.6 (CHMeCH=CHy), 77.2 (CH(OH)), 115.5 (CHMeCH=CHy), 125.7-129.7

(5C, aryl C), 140.3 (CHMeCH=CHy).

OH
©)\/\ﬂ‘

Partial characterization data for 1-phenylpent-3-en-1-ol (13%). *H NMR (400 MHz,
CDCls): 6 1.63 (s, 3Jun = 6.5, 3H, CH2CH=CHMe), 2.35 (m, 2H, CH2CH=CHMe), 4.61 (dd,
3J4n = 8.0, 3Jun = 8.0, 1H, CH(OH)), 5.36 (m, 1H, CH,CH=CHMe), 5.53 (m, 1H,
CH2CH=CHMe), 7.27-7.38 (m, 5H, aryl H). 3C NMR (100 MHz, CDCl5): & 18.0
(CH2CH=CHMe), 42.7 (CH2,CH=CHMe), 73.4 (CH(OH)), 126.7 (CH,CH=CHMe), 129.7

(CH.CH=CHMe), 125.7-129.7 (5C, aryl C).
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5.3.2 Thermolysis Reaction of (n°>-CsMes)W(NO)(H)(n3-CH2CHCMe2) in Benzaldehyde

A small reaction flask was charged with (n°-CsMes)W(NO)(H)(n3-CH2CHCMe,) (0.298
g, 0.711 mmol), benzaldehyde (260 pL, 3.53 mmol), and CDCls (ca 10 mL). The reaction flask
was then sealed with a Kontes greaseless stopcock and placed in an ethylene-glycol bath
maintained at 100 °C for 30 min. After heating, the colour of the reaction solution changed from
light yellow to a dark brown. Then chloroform was removed in vacuo, and the final reaction
mixture was purified by flash chromatography on silica. A faint yellow band was eluted with a
gradient of 0-5% EtOAc in hexanes affording a faint yellow eluate. Solvent was removed from
the eluate in vacuo to obtain a clear oil identified as 2,2-dimethyl-1-phenylbut-3-en-1-ol (0.020
g, 0.114 mmol, 16% yield)."

OH
SRN

Partial characterization data for 2,2-dimethyl-1-phenylbut-3-en-1-ol which agrees with
published data.”? *H NMR (400 MHz, CDCls): § 0.97 (s, 3H, CMe,CH=CH,), 1.02 (s, 3H,
CMe2CH=CH,), 4.44 (s, 1H, CH(OH)), 5.10 (dd, 3Jun = 17.6, 2Jpn = 1.4, 1H, CMe2CH=CH,),
5.16 (dd, 3Jun = 10.8, 2Jun = 1.4, 1H, CMe2CH=CHy>), 5.93 (dd, 3Jun = 17.6, 3Jun = 10.8, 1H,

CMe,CH=CHy), 7.27-7.38 (m, 5H, aryl H).
5.3.3 Thermolysis Reaction of (n°-CsMes)W(NO)(H)(n3-CH2CHCMe) in p-Tolualdehyde

In a glove box, a small reaction flask was charged with (n°-CsMes)W(NO)(H)(n?*-

CH2CHCMe) (0.113 g, 0.270 mmol), and p-tolualdehyde (30 pL, 0.254 mmol). On the double
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manifold, CHCI3 (ca 20 mL) was cannulated into the vessel. The reaction flask was then sealed
with a Kontes greaseless stopcock and placed in an ethylene-glycol bath maintained at 90 °C for
17 h. After heating, the colour of the reaction solution changed from light yellow to a dark
brown. Then chloroform was removed in vacuo, and the final reaction mixture was purified by
flash chromatography on basic alumina. A faint yellow band was eluted with a gradient of O-
15% EtOAc in hexanes affording a faint yellow eluate. Solvent was removed from the eluate in
vacuo to obtain 2,2-dimethyl-1-tolylbut-3-en-1-ol as a faint yellow oil (0.29 g, 57% vyield).
OH
o

Characterization data for 2,2-dimethyl-1-tolylbut-3-en-1-ol. MS (LREI, m/z, probe
temperature 120 °C): 190. HRMS-EI m/z: [M*, 18%W] Calcd for C13H150 190.13577. Found
190.13566. *H NMR (400 MHz, CeDs): & 0.97 (s, 3H, CMe2CH=CH>), 1.00 (s, 3H,
CMe,CH=CHy), 2.14 (s, 3H, p-MePh), 4.18 (d, 3Jun = 2.0, 1H, CH(OH)), 4.93 (dd, 3Jun = 17.6,
2Juh = 1.4, 1H, CMe;CH=CH>), 4.99 (dd, 3Jun = 10.8, 2Jun = 1.4, 1H, CMe2CH=CH,), 5.91 (dd,
3Jun = 17.6, 3Jun = 10.8, 1H, CMe2CH=CHy), 6.99 (d, 3Jun = 7.8, 2H, p-MePh), 7.17 (m, 2H, p-
MePh). *C NMR (100 MHz, C¢Ds): & 21.5 (p-MePh), 22.3 (CMe2CH=CH), 24.6
(CMe2CH=CHy), 42.8 (CMe,CH=CH,), 81.2 (CH(OH)), 113.5 (CMe2CH=CHy), 128.7 (p-

MePh), 137.2 (p-MePh), 139.4 (p-MePh), 145.9 (CMe2CH=CHy).
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5.3.4 Thermolysis Reaction of (n°>-CsMes)W(NO)(H)(n3-CH2CHCMe2) in

Phenylacetylene

In a glove box, a small reaction flask was charged with (n°-CsMes)W(NO)(H)(n?*-
CH2CHCMe) (0.178 g, 0.425 mmol) and phenylacetylene (ca 2 mL) and sealed with a Kontes
greaseless stopcock. The contents of the reaction flask were heated at 80 °C for 18 h. After
heating, the colour of the reaction solution changed from light yellow to a dark brown. The final
reaction mixture was purified by chromatography on basic alumina in a glove box. A yellow
band was eluted with a gradient of 0-15% Et,0 in pentane affording a faint yellow eluate.
Solvent was removed from the eluate in vacuo to obtain the organometallic 5.1 as a gold yellow
powder (0.016 g, 0.029 mmol, 7% yield). Another yellow band was eluted with a gradient of 20-
30% Et20 in pentane affording a faint yellow eluate. Solvent was removed from the eluate in
vacuo to obtain the 5.2 as a gold yellow powder (0.022 g, 0.042 mmol, 10% yield).

Partial characterization data for 5.1. IR (cm™): 1596 (s, vno). MS (LREI, m/z, probe
temperature 120 °C): 553 [M*, 18*W/]. 'H NMR (400 MHz, C¢Ds): 5 1.73 (s, 3H), 1.80 (s, 3H),
1.83 (s, 15H, (n>-CsMes)), 7.11 (t, 3Jun = 7.5, 2H), 7.27 (t, 3Jun = 7.5, 2H), 7.58 (t, Jun = 8.2,
2H), 8.24 (d, ®Jun = 8.2, 2H).

Partial characterization data for 5.2. IR (cm™): 1587 (s, vno). MS (LREI, m/z, probe
temperature 120 °C): 521 [M*, *¥*W]. *H NMR (400 MHz, CsDs): & -0.41 (d, 2Jun = 6.8, 1H, W-
H), 0.22 (d, Jun = 4.3, 1H, CHy), 0.65 (d, 2Jun = 6.8, 1H, W-H), 1.52 (s, 15H, (n>-CsMes)), 1.52
(s, 3H, Me), 1.55 (m, 1H), 2.49 (s, 3H. Me), 2.60 (d, Jun = 4.3, 1H, CH), 7.09 (m, 1H, Ph), 7.28

(m, 2H, Ph), 7.55 (d, %Jun = 8.2, 2H, Ph). 3C NMR (100 MHz, CsDs): 10.4 (n°-CsMes), 19.3
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(Me), 30.9 (Me), 51.9 (CHz), 58.5, 106.8 (n>-CsMes), 113.2, 125.7 (Ph), 126.3 (Ph), 128.8 (Ph),

140.6, 158.2 (Ph), 287.7.

5.3.5 Thermolysis Reaction of (n°>-CsMes)W(NO)(H)(n3-CH2CHCMe) in

Phenylacetylene-d

This reaction was performed by employing the same procedure as used in the reaction of
(1°-CsMes)W(NO)(H)(n3-CH2CHCMey) with phenylacetylene. A reaction flask was charged
with (n°-CsMes)W(NO)(H)(n3-CH2.CHCMe) (0.064 g, 0.15 mmol) and phenylacetylene-d (ca. 2
mL), and then the solution was maintained at 80 °C for 18 h. Following the same purification
method outlined in the previous section, analogues of 5.1 and 5.2 were isolated.

Partial characterization data for analogues of 5.1 and 5.2. MS (LREI, m/z, probe
temperature 120 °C): 522 [M*, 184w (5.2)], 555[M*, 184w (5.1)]. Analogue of 5.2: *H NMR
(400 MHz, CsDg): & -0.42 (d, 2Jun = 6.8, 1H, W-H), 0.22 (d, Jun = 4.3, 1H, CH>), 0.65 (d, 2Jpn =
6.8, 1H, W-H), 1.52 (s, 15H, (n°-CsMes)), 1.52n (s), 1.55 (m, 1H), 2.49 (s, 3H. Me), 2.60 (d, Jun

= 4.3, 1H, CHy), 7.09 (m, 1H, Ph), 7.28 (m, 2H, Ph), 7.55 (d, 3Ju+ = 8.2, 2H, Ph).
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Chapter 6: Conclusions and Future Work
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6.1 Summary and Conclusions

A new synthetic methodology for obtaining 2.3 has been developed due to unprecedented
effects imparted by the n°-CsH4'Pr ligand on the physical and chemical properties of its
precursors. Specifically, the reaction of 2.1 with PCls results in the formation of the PCls adduct
of the (n>-CsH4'Pr)W(NO)CI, complex. Moreover, the subsequent metathesis reaction with
Mg(CH2CH=CMey) binary reagent occurs at the P-Cl bond of the adduct affording complex 2.4.

Displacement of the PCI.CMe,CH=CH: ligand in 2.4 has been attempted by addition of
excess PMes. The solid-state molecular structure of one of the products of this reaction has been
obtained (2.5). Complex 2.5 is an 18e tungsten complex with a capped trigonal antiprismatic
coordination geometry with the 3 chloro and 3 PMes ligands in the staggered conformation with
respect to each other, and a linear NO ligand at the crown of the structure. Thus, the reaction of
2.4 with PMe3z has resulted in a loss of the original cyclopentadienyl ligand. Displacement of the
cyclopentadienyl ligand is not typical for reactions of tungsten-nitrosyl complexes with Lewis
bases. 263!

Novel complexes 3.1, 3.7, and 3.9 have been synthesized, and their chemistry
investigated in hopes that the n3-CsHa4'Pr ligand would exert similar beneficial kinetic effects on
the C-H activation reactivity of these complexes, as it has shown previously with 2.3.2° Trapping
reactions of the coordinatively unsaturated reactive intermediates, formed via an intramolecular
isomerization of 3.1, with a Lewis base have been attempted. Detailed analysis of these
reactions has demonstrated that 3.1 shows a preferential isomerization to the n! intermediate (n°-
CsH4'Pr)W(NO)(H)(n*-CH2CH=CMe,), isolable as its PMesz adduct 3.2, rather than the

formation of the reactive 12 intermediates (n°-CsH4'Pr)W(NO)(H)(n2-CH,=CHCHMe;) and (n°-
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CsH4'Pr)W(NO)(H)(n?>-MeCH=CMe,), isolable as their PMes adducts 3.4 and 3.5. Increasing
the temperature facilitates the intramolecular rearrangement to the desired n?-alkene
intermediate, but unfortunately due to the thermal instability of the starting material the C-H
activation of alkanes cannot be carried out at very high temperatures.

Alternatively, replacement of °-CsMes with the n°-CsH4'Pr ligand in the reaction of 3.7
with hydrogen gas and PPhs, rather than simply accelerating the intramolecular C-H activation
and formation of the reactive cis-(n°-CsH4'Pr)W(NO)(H)(x?-PPh,CsHs) complex, increases the
rate of cis to trans isomerization of the ortho-metallated complex to form 3.9. In this case, faster
rate of cis to trans isomerization hinders the C-H activation potential of the ortho-metallated
complex.

The multiple C-H activations of linear alkanes effected by the transient (n°-
CsMes)W(NO)(=CHCMes) complex, which is generated from 4.1 under thermal conditions,
have been investigated. The corresponding (n°-CsMes)W(NO)(H)(n3-allyl) complexes obtained
from reactions with various n-alkanes have been isolated and characterized. These thermolysis
reactions are accompanied by the generation of alkenes. Attempts to improve production of
olefins by varying different experimental conditions have not resulted in a significant
improvement of the dehydrogenation reactivity. Reaction of 3.7 with n-pentane has also been
investigated, but has not shown significant improvement of olefin production.

Finally, the C-C coupling reactivity of (n°-CsMes)W(NO)(H)(n3-allyl) complexes with
aldehydes and phenylacetylene has been investigated. Thermolysis reactions of (n°-
CsMes)W(NO)(H)(n3-allyl) complexes with aldehydes under aerobic conditions result in the
formation of the corresponding coupled alcohol product. Attempts to isolate the organometallic

intermediate prior to the alcohol release by carrying out the reaction under anaerobic conditions
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to date have been unsuccessful. Numerous attempts to crystallize this complex, and obtain its
solid-state molecular structure also have not been successful.

The analysis of the organometallic products, formed in the reaction of (n°-
CsMes)W(NO)(H)(n3-CH2CHCMe) with phenylacetylene, by mass spectrometry indicates that
two phenylacetylene molecules have been incorporated into the (n°-CsMes)W(NO) fragment in
5.1, and one phenylacetylene molecule has been incorporated into the (n°-CsMes)W(NO)(H)(n?3-
CH2CHCMe) complex in 5.2. The solid-state molecular structures of both isolable
organometallic products would be essential for gaining insights about this transformation since

the exact atom connectivity in these complexes remains unclear.

6.2 Future Directions

Dehydrogenation of n-alkanes via the route outlined in Scheme 4.2 offers a new
methodology of hydrocarbon functionalization. The fundamental problem with this process
appears to be a relatively slow rate of C-H activation of alkanes and decomposition of the
organometallic intermediates under thermal conditions. One way of avoiding this obstacle is to
introduce a cyclopentadienyl ligand that could be attached onto a heterogeneous surface. In this
way, the highly reactive 14e (1°>-CsMes)W(NO) fragments would not be in a close proximity to
each other, thus eliminating a potential dimerization and resulting degradation of the catalyst.

The C-C coupling reactivity of the (n°-CsMes)W(NO)(H)(n-allyl) complexes with
aldehydes represents a new and facile method for synthesizing unsaturated unsymmetrical
alcohols. This reaction is particularly appealing since an allyl ligand can be derived by multiple

C-H activation of n-alkanes by 4.1. Thus, such C-C coupling reactions offer a new synthetic
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methodology for converting inert n-alkanes into value-added chemicals. Nevertheless,
regeneration of the organometallic complex upon the release of the coupled product is of
paramount importance in order to close a synthetic cycle, and potentially attain a new catalytic
system.

One way of achieving the recovery of the organometallic reagent would be by carrying
out the reaction under anaerobic conditions, and then exposing the organometallic intermediates
formed prior to alcohol release to CO pressure to obtain (n°-CsMes)W(NO)(CO), and the
coupled organic product. A similar approach has been implemented during the synthesis of
unsaturated unsymmetrical ketones.*® (n°-CsMes)W(NO)(CO). complex can be then converted
to (n°-CsMes)W(NO)CI, by reaction with PCls.° 4.1 can be synthesized via a metathesis
reaction with 1 equivalent of Mg(CH.CMes). binary reagent. This bis-alkyl complex can
subsequently effect multiple C-H activations of n-alkanes, thereby closing a synthetic cycle

(Scheme 6.1).
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Scheme 6.1. Proposed synthetic cycle of C-C coupling reactions of (n°-

CsMes)W(NO)(H)(n3-CH2CHCHMe) with benzaldehyde

=
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The C-C coupling reactions of (n>-CsMes)W(NO)(H)(n3-allyl) complexes with
phenylacetylene also represent a new method of functionalization of n-alkanes. Analysis of the
products formed during the reaction of (n°-CsMes)W(NO)(H)(n*-CH2CHCMe,) with
phenylacetylene provides evidence of incorporation of the phenylacetylene molecules into the
metal’s coordination sphere. Nevertheless, the exact atom connectivity in the resulting

organometallic products is difficult to determine based on the spectroscopic techniques utilized.
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The solid-state molecular structures of both isolable organometallic products 5.1 and 5.2 would
be essential to gain an understanding of this transformation. To date, numerous attempts to

obtain this information have been unsuccessful. The possibility of facilitating the release of the
coupled product via exposure to CO gas would also be an interesting methodology to explore in

order to close a synthetic cycle in a manner similar to that outlined in Scheme 6.1.
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Appendices

Appendix A Supplementary Materials for Chapter 4
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Figure A.1. The *H NMR spectrum of (1°-CsMes)W(NO)(H)(n3-CsH7) in C¢Ds (400 MHz).
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Figure A.2. The 3C APT NMR spectrum of (>-CsMes)W(NO)(H)(n3-CsH7) in CsDs (100

MHz).

144



1.75
TH NMR (400 MHz, C¢Dg) |

1.73
2
72
B
7.16
| 2.30
235
412 .25 -1.39
2.01) 1.18
l 459&43? 3.68 281\ x 064 -o.ssq-"'P
S LY
T . T
8 7 6 5 4 4 2

Chemlcal Shift (ppm)

Figure A.3. The *H NMR spectrum of (n°-CsMes)W(NO)(H)(n3-CsHg) in CsDg (400 MHz).
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Figure A.4. The 3C APT NMR spectrum of (>-CsMes)W(NO)(H)(n3-CsHo) in CsDs (100
MHz).
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Figure A.5. The TH NMR spectrum of (n°-CsMes)W(NO)(H)(n3-CsH11) in CsDe (400 MHz).
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Figure A.6. The 3C APT NMR spectrum of (1>-CsMes)W(NO)(H)(n3-CsH11) in CsDg (100

MHz).
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Figure A.7. The 'H NMR spectrum of (>-CsMes)W(NO)(H)(n3-C7H13) in CeDg (400 MHz).

3C APT NMR (400 MHz, C¢Dg)

128.39
38.11
104.90 35.36
39.24/36.23 23.11
104.71 N 27.48 |
— 59.28 52.32 | l
ORI NP AT Lo
P prwiniy PV y e aipnapion Wegmsrasmonn v A 4 e
I ' I ] I 1 20.86 ) l
| 97.62 i \ 59.56 | 1887 | 10.67
81.63 -
106.08 85.85 53.08 14.61
102.61
11.02|
10.77
128 120 112 104 96 88 80 72 64 56 48 40 32 24 16 8

Chemical Shift (ppm)
Figure A.8. The 3C APT NMR spectrum of (1>-CsMes)W(NO)(H)(n3-C7H13) in CsDe (100

MHz).
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Figure A.9. The 'H NMR spectrum of (n°-CsMes)W(NO)(H)(n3-CsHas) in CsDg (400 MHz).
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Figure A.10. The 3C APT NMR spectrum of (°>-CsMes)W(NO)(H)(n*-CsHas) in CsDs (100

MHz).
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Figure B.1. The 'H NMR Spectrum of 2,2-dimethyl-1-phenylbut-3-en-1-o0l in CDCl; (400 Hz).
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Figure B.2. The {*H/*H} COSY NMR (CsDs, 400 MHz) spectrum of 5.2 showing a correlation

between two hydride ligands.
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