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Abstract

Methods were developed to synthesize new high-oxidation state
molybdenum complexes supported by phosphinimide ligands ([RsP=N]’) that
incorporate ligands with metal-element multiple bonds. A series of imido, oxido,
and chlorido complexes were synthesized and characterized, with
phosphinimide ligand installation through o-bond metathesis, salt metathesis,
and protonolysis proligand reactivity. Molybdenum(VI) oxido-dichlorido and
imido-dichlorido complexes were  synthesized through selective
hexamethyldisiloxane elimination. Synthesis of cationic phosphinimide
complexes was achieved through ion exchange with non-coordinating sodium
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate.

An efficient synthetic route to access the first neutral oxido-alkylidene
molybdenum complex [(‘BusP=N);Mo(O)(=CHSi(CHs)s] (3.1) was defined by
alkylation of the oxido-dichlorido complex [('‘BusP=N),Mo(O)Cl] (2.4).
Alkylidene complex 3.1 was shown to have lower activity than commercial
catalysts towards catalytic ring-opening metathesis polymerization (ROMP) of
norbornene.

Isolation and characterization of the tris(pentafluorophenyl)borane
adduct [(‘BusP=N),Mo(O-B(CsFs)3)(=CHSi(CHs)s] (3.3) of the oxido-alkylidene
complex showed improved catalytic ROMP performance due to Lewis acid
activation of the oxido ligand. Comparison of the X-ray crystallographic
structures of both oxido-alkylidene complexes revealed a molybdenum-oxygen

bond length increase of 0.143(6) A after borane coordination.
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An efficient synthetic route was developed to isolate the first
phosphinimide complex that contains an alkylidyne ligand (4.6), with a novel
structure relative to known group VI alkylidyne species. Lewis acid activation of
the alkylidyne complex, and preliminary reactivity studies with alkyne and nitrile
substrates, indicate potential use as a metathesis catalyst.

Heteroallene cycloaddition with oxido ligands was evaluated as a general
synthetic approach to access more valuable ligands. Aryl isocyanates
(ArN=C=0) were shown to generate imido ligands through CO, elimination.
Diphenyl ketene was observed to undergo [1,2] addition with an oxido ligand to
generate a rare ene-diolate ligand. A new synthetic route to generate
phosphaketenes (RP=C=0) was explored, which utilized less toxic reagents
than known methods.

From this work, synthetic methods were developed to access
molybdenum(VI) phosphinimide complexes that incoporate a diverse range of

ligands with metal-element multiple bonds.
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1 Introduction

1.1 Homogeneous Transition Metal Complex Design

Transition metals currently enable catalytic industrial processes'™ that
are vital for modern civilization and offer immense potential for solving future
challenges.*™® It is estimated that at the start of the 21% century, 80-90% of
products used every day interacted with a catalyst at some point in

production.”® The large range of applications includes examples such as

7,9-11 12-16 9,17-22

processes to create fine chemicals, pharmaceuticals, materials,

and fuels and energy systems.”%*%*

From this diverse range of applications, the use of lower molecular
weight molecules that incorporate transition metals has become a prolific area
of scientific research.?>* These smaller molecules are known as transition
metal complexes (or complexes) and are often soluble in the same physical
state (homogeneous) as the substrate molecules that they interact with.

Complexes consist of a central metal atom that is usually positively
charged, which is coordinated by other small molecules (ligands). Ligands are
usually neutral or negatively charged, and interact with the central metal atom
through electron donation or electron acceptance.

Homogeneous complexes are often compared with heterogeneous

transition metal systems, such as solid metal materials that liquid or gas phase

substrates are passed over. Homogeneous systems can provide improved



reactivity and better selectivity for generating specific product molecules. These
benefits are balanced with some limitations, such as lower long-term stability
and separation difficulty of potentially toxic metals from products.?’
Heterogeneous systems have the opposite benefits and limitations to
homogeneous systems, in that they are more stable and easy to separate from
product molecules, but can be less reactive and more difficult to control.?®

Methods of analysis for homogeneous complexes are more definitive
than those available for heterogeneous systems.?®*° The power of these
techniques enables more rapid and directed development of homogeneous
complexes, and has resulted in significant research progress in this domain
during the past 60 years.

Improvement of transition metal complex properties can be realized
through modification of the type of transition metal, the transition metal

oxidation state, or the ligand framework of the complex.

1.2 Group VI Transition Metal Complexes

Transition metal complexes of the group VI metals that incorporate
ligands with metal-element multiple bonds have established a field of high
activity catalysts for a number of reactions.

Alkylidene, alkylidyne, and oxido complexes centered on molybdenum

and tungsten are prototypical examples of group VI catalysts (Fig. 1.1).
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Figure 1.1: Representative alkylidene (left), alkylidyne (center), and oxido (right)

group VI catalysts

Catalytic processes enabled by some of these alkylidene complexes
include cross-metathesis, ring-opening metathesis polymerization (ROMP), and
ring-closing metathesis (RCM).

Alkylidyne complexes of these types are capable of similar chemistry
involving alkynes as substrates, such as ring-opening alkyne metathesis
polymerization (ROAMP) and ring-closing alkyne metathesis (RCAM).

Oxido complexes of these types can be useful for oxygen atom transfer
processes, such as the epoxidation of olefins.

The metal-carbon or metal-oxygen multiple bonds within the alkylidene
and alkylidyne ligands enable these catalytic transformations. The other ligands
within these catalysts modify the properties, with the intent of increasing

catalytic performance or decreasing the rate of decomposition.



1.3 Phosphinimide Ligand Frameworks

1.3.1 Physicochemical Properties of Phosphinimides

Phosphinimide ligands (phosphinimides) provide a compelling framework
for further research development (Fig. 1.2) because the synthetic methods
available to generate phosphinimides allow for excellent structural diversity of
the three functional (R) groups bonded to the phosphorus atom in the core P=N
fragment. Variation of these groups enables control over specific steric and
electronic ligand properties for use in tuning complex properties, and the
phosphorus atom enables characterization of proligands and complexes by p

nuclear magnetic resonance (NMR) spectroscopy.

R1

R2—P=—

~

RS

Figure 1.2: Generic anionic phosphinimide ligand

1.3.2 Coordination Modes

Phosphinimides can coordinate to transition metals by a number of
different modes (Fig. 1.3).*' The coordination mode is primarily influenced by
the oxidation state of the metal center, with the non-bridging monodentate
mode A common for high oxidation state metals, and increasingly bridged

coordination modes (e.g. E) for metals in lower oxidation states. Metals with a
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medium oxidation state can exhibit coordination modes in between the

extremes, such as B or D.

[M]
[M—N \
[MI=Z=N—FR, N\ N=—=PR3
PR3
M] M) M]
N \
/N—PRS [M]=—N=PRs
M1 M M1
[M]=N \
[M]=N=PR, \ ‘N—PRg
PRy y
M]
A B (] D E

Figure 1.3: Phosphinimide coordination modes

The high +7 oxidation state [ReO3;(NPEt;)] complex is monomeric with
the phosphinimide ligand coordinated in mode A (Fig. 1.4).>" Low oxidation
state complexes, such as manganese in the +2 oxidation state contain
phosphinimide ligands in coordination mode E and form heterocubane

structures to maintain the s coordination.*
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Figure 1.4: High oxidation state monomeric rhenium phosphinimide complex

and low oxidation state heterocubane manganese phosphinimide complex

The coordination modes are also influenced by the steric and electronic
properties of specific phosphinimide ligands. For instance, increased steric bulk
can ensure non-bridging coordination of metals that are in lower oxidation
states. These effects can be represented by comparison of trichlorido-titanium
complexes in the +4 oxidation state that incorporate different phosphinimide
ligands.

The complex [TiCI3(NPPhs)] is a monomeric complex with the
phosphinimide ligand coordinated by mode A, while the analogous triethyl
phosphinimide complex exists as the [TiCl3(NPEts)]. dimer complex where the

phosphinimide ligands are in coordination mode D (Fig. 1.5).%%%
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Figure 1.5: Monomeric non-bridging and dimeric bridging titanium

phosphinimide complexes

At this intermediate point where both coordination modes are
energetically accessible, other factors can influence the coordination mode as
well. For instance, the dimeric complex [TiCl3(NPEt;)]. converts into the
monomeric complex [TiCl3(NPEts)(THF)2] when dissolved in tetrahydrofuran

(THF), where the phosphinimide coordinates in mode A (Fig. 1.6).%
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Figure 1.6: Conversion of dimeric bridging titanium phosphinimide complex into

monomeric non-bridging complex through THF coordination

1.3.3 Steric Modification

Variation of functional groups bonded to the phosphinimide phosphorus
can provide different amounts of steric protection, which impact the stability and
reactivity of complexes.®” Metrics to determine the steric bulk of a ligand can
utilize different types of cone angle calculations, such as the Tolman®,
solid®*°, or exact*® cone angles. Fig. 1.7 depicts the right circular cone that
contains all atoms in the trimethylphosphinimide ligand [(CH3)sP=N], with the

exact cone angle for this ligand indicated on the right.



Figure 1.7: Diagram of cone angle for trimethylphosphinimide ligand
superimposed over calculated geometry (ORCA*', PBE0* density functional

with D3BJ**** correction, def2-TZVPP* basis set)

The cone angles for phosphinimide ligands have not been previously
reported, but approximations of the steric bulk can be made by only considering
the phosphane fragment of the ligands.

The exact cone angle values below for phosphanes show the extensive

range of steric modification possible with these ligands when coordinated to a

palladium metal ion (Table 1.1).*° In these examples, the exact cone angle is

the apex angle of the most acute right circular cone originating at the ion center
and containing all ligand atoms. For this calculation, the size of ligand atoms

are defined by the respective van der Waals radii. Increased steric bulk

correlates with a larger exact cone angle.



Table 1.1: Calculated exact cone angles for monodentate phosphane ligands

on palladium ions for minimum and maximum conformations*°

Ligand (L) 6° (minimum) 6° (maximum)
P(CHs)s 120.4 —
PEt; 136.0 168.7
P(CHa),'Bu 146.0 —
PPh,Et 149.9 169.3
PPhEt, 153.1 172.8
PCIPh, 156.3 —
P'Prs 169.0 177.1
PPhs 170.0 —
P(p-FPh); 170.8 —
P(CHs)'Bus 174.4 —
P'Bus 187.6 —

A large range of exact cone angles is accessible with phosphane
ligands, covering over 67° from trimethylphosphine to tris(tert-butyl)phosphine.
Varied steric protection is also possible from phosphanes with functional groups
that exhibit substantially different conformations. For instance, triethylphosphine
represents a minimum exact cone angle of 136.0° and maximum of 168.7°,
which covers a range of over 32°.

Variation of these functional groups that primarily influence the electronic

structure of the ligand can help maintain steric protection while tuning the
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electronic structure. As can be seen in Table 1.1, the exact cone angle minima

for triphenylphosphine and tri(para-fluorophenyl)phosphine differ by less than
one degree.

In addition to the range of steric protection available, the structure of
phosphinimides provide another unique steric attribute. The majority of the
steric bulk is slightly removed from the primary coordination sphere of the
central ion due to the spacing provided by the linking nitrogen atom.

Shown below are two different XRD structures of tungsten complexes
containing both phosphinimides and at least one structurally analogous
phosphane (Fig. 1.8, Fig. 1.9).° In both structures the extent of steric bulk
spacing provided by the nitrogen in the phosphinimide ligand can be clearly
visualized.

The nitrogen of the phosphinimide ligands places the phosphorus atom

approximately 3.36 A from the tungsten center on average, which is an increase

of 0.86 A relative to the similar P(CHs)s ligand within the same structures (Table

1.2, Table 1.3). This spacing is likely not consistent across a range of transition

metal ions and different phosphinimide derivatives, but does exemplify this

structural detail of the ligand framework.
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Figure 1.8: Tungsten V phosphinimide-phosphane complex; hydrogen atoms

have been omitted for clarity

Table 1.2: Bond distances from tungsten V phosphinimide-phosphane complex

Atoms Length (A) Atoms Length (A)
W1-P1 3.341 W1-P2 2.531
W1-N1 1.753 - -

12



Figure 1.9: Tungsten IV phosphinimide-phosphane complex; chloride

counterion and hydrogen atoms have been omitted for clarity

Table 1.3: Bond distances from tungsten 1V phosphinimide-phosphane complex

Atoms Length (A) Atoms Length (A)
W1-P1 3.385 W1-P3 2.470
W1-N1 1.788 - -

This feature can provide improved substrate access to the central ion,

which is often an important aspect of catalyst design by allowing better

substrate access to the metal center for reactivity.*’
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1.3.4 Electronic Modification

Variation of functional groups bonded to the phosphinimide phosphorus
can provide fine adjustment of the electronic character of the ligand. A common
method to quantify the electronic differences between a class of ligand is to
measure the IR bond stretching frequency of a carbonyl ligand trans to the
varied ligand on the same central ion. As the amount of electron density
imparted to the central ion increases, the IR stretching frequency for the trans
carbonyl ligand will decrease due to increased back-bonding from the central
ion.

As this type of study has not been reported specifically with
phosphinimide ligands, the effect phosphanes exhibit can be used to
approximate what the effect may be with phosphinimide ligands.

A number of phosphane carbonyl complexes centered on a common

rhodium complex were used to study these effects (Table 1.4).* In these data,

the more electron donating alkyl phosphanes, such as PCy; or PEts, cause the
carbonyl stretching frequency to be lowered. The weaker electron donation from
PPhs is observed to cause a more intermediate effect, and use of P(C¢Fs) leads
to a very limited effect. While the pentafluoroaryl groups of P(CeFs) are electron
withdrawing, the phosphane ligand as a whole still interacts with the rhodium
center and does contribute some electron density to the central ion from this

interaction.
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Table 1.4: Carbonyl bond frequencies with varying phosphane ligands. Values

are generally measured in CH,Cl, solution.*®

Ligand (L) v(CO) for trans-Rh(L),(CO)(Cl)
P(OPh)s 2022
P(CeFs)s 2005

PPh(CsFs)2 1996
PCIPh, 1993

PPhy(CsFs) 1983

PPh; 1979
PPh,Et 1973
PPhEt, 1964

PEt; 1958

P'Pr; 1950

PCys; 1942

Extensive research on the effect of using different phosphanes in metal
complexes has been reported previously, and it is clear that use of phosphane
derivatives can have a profound effect on the reactivity, stability, and other
properties of these systems.’*® It stands to reason that variation of the
phosphane fragment of phosphinimides will also lead to similar effects when
utilized as metal complex ligands, offering the potential for greater control over

the reactivity and properties of these complexes.
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Additional insight into the substituent effects on bonding within
iminophosphorane proligands (RsP=N-H) has been analyzed with
computational methods.*® In this work, the P=N bond length is impacted by
electronic as well as steric influences from the substituents. In general, the
results indicate electron donating groups (e.g. alkyl or aryl) lead to more ionic
character in the iminophosphorane bonding RsP*—~N"—H and longer P=N bond
lengths, relative to the shorter and stronger P=N bonds with electron
withdrawing groups as substituents (e.g. halogens). Larger substituents are

also reported to lead to longer P=N bond lengths.

1.4 Transition Metal Phosphinimide Complexes

Phosphinimide complexes have been synthesized for most of the
transition metals across a range of oxidation states. A variety of group VI
transition metal complexes have been synthesized that were primarily centered
on molybdenum or tungsten ions, with only two reported complexes centered

50,51

on chromium (Fig. 1.10), and no known complexes that incorporate the

radioactive seaborgium ion.
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Figure 1.10: Two reported chromium phosphinimide complexes

Known tungsten phosphinimide complexes consist mostly of halide or

homoleptic phosphinimide complexes (Fig. 1.11).%¢°%% Literature reports of

these complexes focus mostly on the methods of synthesis to generate these

complexes and structural studies.
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Figure 1.11: Tungsten halide and homoleptic phosphinimide complexes

“l2*cr,

There are some examples of more tungsten phosphinimide complexes

that incorporate metal-element multiple bonds with nitrido, oxido, sulfido, and

alkylidyne ligands (Fig. 1.12).

52,57-59
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Figure 1.12: All reported tungsten phosphinimide complexes with metal-element

multiple bonds

The tungsten alkylidyne complexes were evaluated for both catalytic

alkyne cross-metathesis (ACM) and ring-closing alkyne metathesis (RCAM) at

room temperature, and were shown to be effective catalysts for two test

substrates.®” For instance, catalyst loading as low as 0.1 mol% generated 85%

yield of the ACM product within 6 hours. Optimization of conditions for these

catalysts and expansion of the substrate scope is still pending.

Similar to the known tungsten complexes, molybdenum phosphinimide

complexes also consist mostly of halide or homoleptic phosphinimide

complexes (Fig. 1.13).
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Figure 1.13: Molybdenum halide and homoleptic phosphinimide complexes

Similar to the tungsten complexes, there are only two known examples of

molybdenum phosphinimide complexes that have metal-element multiple

bonds, with incorporation of nitrido and oxido ligands (Fig. 1.14).>*%° Reports on

these complexes focused on

structural

assessment.

There are no

phosphinimide complexes reported that contain molybdenum-carbon bonds.
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Figure 1.14: Molybdenum phosphinimide complexes with metal-element

multiple bonds

While a number of group VI phosphinimide complexes have been
reported, there is limited information about the reactivity and further synthetic
use of these complexes. In addition, reports of group VI phosphinimide
complexes that contain metal-element multiple bonds are also uncommon.
Given this lack of knowledge about metal-element multiple bonds in complexes
with phosphinimide ligands, and the prevalence of these ligands in many
modern catalysts, there is a gap in knowledge of synthetic methods to build

these types of complexes, and data on their properties and reactivity.

1.5 Main Group Phosphinimide Complexes

While not the focus of this research, phosphinimide ligands have also
been coordinated to main group elements.®’ High-oxidation states are less
common with the main-group elements, yet there is still diverse chemistry with

these elements.
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Monomeric homoleptic phosphinimide complexes such as [(Ph3sP=N).Sn]

have been reported,® as well as monomeric heteroleptic complexes such as

[(CH3)3P=N)GGC|3] (F|g 1_15)_63,64
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Figure 1.15: Tin and germanium phosphinimide complexes

One example of a higher oxidation state main-group complex is the

dicationic sulfur complex [(CH3)3P=N]4S]Cl, « 4 CH3CN (Fig. 1.16), where the

SN bond distances are described as approximate double bonds.®®

CHjg
HsC._| ..CHs
b
I
HoC, ’i‘ /CHS
Hac-—/'PzN—$—N=P,_——CH3
HqeC N CH,
|
P
HiC | CHg
Hs

"] 2+[Cl],+ 4 CH,CN

Figure 1.16: Tetraphosphinimide sulfur dicationic complex
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Bridging species are also known with intervening chlorido ligands such
as [((CH3)OCgH4)(Ph3sP=N)TeCl,]2. Bridging through the phosphinimide nitrogen
atom is also possible such as in the dimeric aluminum complex

[(PhsP=N]AICI.], (Fig. 1.17).%°

Ph (CHa)g Ph, N Ph
2 AIC, PaN /
2 Ph—P=N 8 . ph—p=N N=PF—ph
W
Ph PH ) Ph
cl’ \CI

Figure 1.17: Dichlorido aluminum phosphinimide dimer complex

The similar tetramethyl aluminum complex [(PhsP=N]AIMe:], can also be
synthesized, and can be converted to the cationic form by methyl abstraction by

B(CeFs)3 with further coordination of P(CHs)s in the now open coordination site

H 67
(Fig. 1.18).
'Bu B By " |+ [B(CeFs)sCHal [ By "]+ [B(C6Fs)sCHal
Bu_ | IBu Bu_| Bu Bu_ | IBu
b
HsC ” CH HsC Hl HsC ” CH
3L, 3 3V, 3 3
AN 2N N
A B(Ce5)s A M—CH, P(CHy)s A
HaC 'ﬁ “CHy HaC ﬁl HaC 'ﬁ “P(CHa)s
P P P
AN N N
Bu" | 'Bu Bu" | Bu Bu" | 'Bu
Bu L Bu ] L Bu ]

Figure 1.18: Dimethyl aluminum phosphinimide dimer complex reactivity

Some of the synthetic methods to generate main-group phosphinimide

complexes are analogous to methods used for the transition metals.
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Future research in developing main group phosphinimide complexes
further can potentially apply some of the results from later chapters of this

dissertation.
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2 General Complex Synthesis and Reactivity

2.1 Introduction

Phosphinimide ligands have been structurally studied in transition metal
complexes that primarily incorporate halide ligands or neutral solvent donor
ligands."? A diverse range of metal ions and oxidation states have been studied
with these complexes. Despite the wide range of phosphinimide complexes
reported, evaluation of further reactivity or catalytic use of these complexes has
been limited. The only class of phosphinimide complexes studied more
extensively are group IV (primarily titanium) based complexes, which were
developed to be effective catalysts for ethylene polymerization under
commercial conditions by the Stephan research group (Fig. 2.1),> and may be

utilized in industry.®

'‘Bu
tB -
“4 4 =N
N CHg \_ .CH, N\ CHs
P T / 'S
% i Ot N o
Bu.... 7 Bur...p”
7\
tBu/ \tBu '‘Bu By

Figure 2.1: Selection of titanium ethylene polymerization catalysts from Stephan

research group
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Given the precedence of successful phosphinimide group IV catalysts,
and the beneficial attributes of phosphinimide ligands described in Chapter 1, a
large potential exists for further research in the use of phosphinimide ligands. In
addition to these catalytic metathesis applications, the +6 oxidation state of
group VI metals was the focus of this research, as knowledge of phosphinimide
complexes of high oxidation state group VI metals was limited, with only a few
previously reported Mo(VI) phosphinimide complexes, three of which are
neutral molecules.

In 1992, [((CH3)3P=N)MoCls] was the first Mo(VI) phosphinimide complex
reported. This complex was generated through oxidation of
[Mo(NSIi(CHj3)3)Cl(P(CHs))3] with chlorine gas and subsequent ligand

rearrangement to eliminate trimethylsilylchloride and PCI>(CHj3)s (Fig 2.2).

Cl
Cl.. | .Cl
Mo
Cl, cl” | >c
[Mo(NSI(CH3)3)Cla(P(CHg)s)] -~ N
DCM I
- CISI(CHg)3 P
- PClx(CHg)s HsC" | “CH;s
CH,

Figure 2.2: First neutral Mo(VI) phosphinimide complex

The first ionic Mo(VI) phosphinimide complexes were reported in 1993,

as the ions of [(PhsP=N);Mo][(PhsP=N)Mo(N)Cls]. (Fig. 2.3),” and the related

[Mo(NP(CHz3)3)4]Cl, has also been reported.®
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: N N
6 Ph3P=NSiMe; \ / Cl.. Il .Cl
3 [Mo(=N)Clg] Mo Mo

acetonitrile SN\ N Cl

- various elimination Y, \ PhsP 5

roducts
P | PhgP PPhs

Figure 2.3: First ionic Mo(VI) phosphinimide complexes

In 1998, a neutral nitrido Mo(VI) phosphinimide complex
[(PhsP=N)sMo(N)] was reported.” This complex was generated by salt
metathesis of a lithiated phosphinimide proligand with [Mo(N3sS;)Cls]; to
generate the nitride fragment (Fig. 2.4). In a later report, crystals of
[Mo(NPPhs3)4][BF4]2 were obtained through exposure of [(PhsP=N)sMo(N)] to

boron trifluoride etherate.®

Ph-P.
"\

N N

3 [PhgP=NLi] \ ///
0.5 [Mo(N352)Clalo > Mo
toluene N:: \N
- various elimination
roducts 7 N\

P PhgP PPhy

Figure 2.4: Synthesis of a neutral nitrido Mo(VI) phosphinimide complex

The dioxido Mo(VI) complex [(PhsP=N)sMo(O),] was reported in 1999,

and can be generated through reaction of [(PhsP=N)sMo(N)] with water, or by

salt metathesis with [Mo(O)2Cl,] (Fig. 2.5)."
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PhgP

N\ o)
N N \ 7/
\ 7/ 3 H,0 Mo 2 LiN=PPh,
MO\ N/ "”N [Mo(0)Cly]
THF THF
N N -2 NH, PhSP// \Pphs -2 LiCl

7 N\
PhsP PPh, - O=PPhs

Figure 2.5: Synthesis of a dioxido Mo(VI) phosphinimide complex

Building on these reported results, the initial sequence of complexes
selected to study were derived from the readily prepared group VI synthons
[(DME)Mo(0),Cl5] (2.1), [(DME)Mo(O)(N'Bu)Cl,] (2.2), and [(DME)Mo(N'Bu)2Cl.]
(2.3) (Fig 2.6). These precursor complexes provide oxido and chlorido ligands
that can be used for installation of phosphinimide ligands. Complexes 2.1-2.3
also contain metal-element multiple bonds in the form of oxido and imido

ligands, removing the need to incorporate these functionalities at a later point.

t t
CI O CI NBu CI NBu

O+I\/Io O O-»I\/Io O O—»I\/Io N'Bu

oF O O

Figure 2.6: Oxido and imido molybdenum dichloride dimethoxyethane starting

materials
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2.2 Results and Discussion

2.2.1 Phosphinimide Proligand Syntheses

Initial efforts focused primarily on the use of tert-butyl phosphane derived
phosphinimide ligands. Three forms of the proligand were utilized for different

synthetic approaches to complex formation.

2.2.1.1 Trimethylsilyl Phosphinimide Proligand Syntheses

The generic trimethylsilyl substituted phosphinimine species (R3P=N-
Si(CHs)3) can be synthesized by a Staudinger reaction between a phosphane
derivative and azido trimethylsilane (N3Si(CHs)s).*

Specifically, '‘BusP=N—-Si(CHs)s (L1) was generated by the combination of
tris(tert-butyl)phosphane with a three-fold excess of azido trimethylsilane (Fig

2.7) in a sealed vessel at elevated temperature for 6 hours.

tBU CH3

+80 °C \ /
PBus + N3Si(CHa)s ~ 'By=—P=—=N—5i—CHjs
Bu CHs

Figure 2.7: Synthesis of 'BusP=N-Si(CHz); (L1)

Removal of the remaining azido trimethylsilane and volatile byproducts
under reduced pressure results in the isolation of the target product L1. 'H and
31P{"H} nuclear magnetic resonance (NMR) spectroscopic analysis at ambient

temperature (~25 °C) indicates pure isolation of L1 in 98% yield, with both
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spectra matching previously reported data.* The '"H NMR spectrum contains a
long-range *'P coupled doublet for the tert-butyl protons at 1.16 ppm (*Jpy =
12.7 Hz) in CgDs, and a singlet for the trimethylsilyl protons at 0.41 ppm in CgDsg
(Fig. 2.8). Finally, the *'P{"H} NMR spectrum contains a singlet for the single

phosphorus nucleus in L1 at 32.31 ppm in CgDs (Fig 2.9).

o) N < N
3 e 9
O N < N —
— — <t <
~ A (d) B (d) — - oo
! 1.16 0.41 ~ ~
J(12.65) J(1.09)
a ’
HsC  CHj a “ ‘ b W
HaG e I ‘\ a
3 b Ji J
‘Bu—fP=N—t'5\Meg e T
-~ 27.00 11.90 b
1.0 0.5
‘ f1 (ppm) ‘\ L
A _JWL_ A
o o
Q o
™~ i
o~ —
8 7 6 5 4 3 2 1 0
f1 (ppm)

Figure 2.8: "H NMR spectrum of L1 in C¢Dgs (400 MHz)
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Absolute Referencing used H3PO4 external and Ratio of 40.480742
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Figure 2.9: *'"P{"H} NMR spectrum of L1 in C¢Ds (162 MHz)

This trimethylsilyl-substituted phosphinimine can be used directly as
proligands for metal complexes through elimination reactions involving the
Si(CHs); fragment, which is described in more detail in Section 2.2.2.
Alternately, the trimethylsilyl-substituted phosphinimines, can be further

elaborated to alternative proligand forms as described in Section 2.2.1.2.

2.2.1.2 Protonated Phosphinimine Proligand Syntheses

The trimethylsilyl-substituted phosphinimines (R3P=NSi(CHs)3) can
generally be protonated through reaction with alcohols to eliminate
alkylsilylethers. Specifically, '‘BusP=NH (L2) was formed through combination of

L1 with methanol in toluene, which was allowed to react at elevated
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temperatures (+100 °C) for 18 hours (Fig 2.10), using a modified literature

procedure.?

'Bu CHs ‘Bu
\ / 22 eq CH3;0H \
‘Bu=—P=N—5i—CHj > 'Bu=—P=—=N—-H
t toluene, +100 °C X
Bu CHj - CH30Si(CH3)s Bu

Figure 2.10: Synthesis of protonated phosphinimine L2

Removal of volatile byproducts, solvent, and excess methanol under
reduced pressure allows for clean isolation of the target product L2. 'H, ™*C{'H},
and *'P{"H} NMR spectra collected at ambient temperature (~25 °C) indicated
pure isolation of L2 in 96% yield."® The 'H NMR spectrum contains the
expected *'P coupled doublet for the tert-butyl protons at 1.22 ppm (3JpH =11.9
Hz) in CgDs, and a singlet for the N-H proton at 0.19 ppm in CgDs (Fig 2.11).
The C{'H} NMR spectrum exhibits the *'P coupled quaternary tert-butyl
carbons at 38.96 ppm ('Jec = 45.6 Hz), and a single peak for the tert-butyl
methyl carbons at 29.29 ppm (Fig. 2.12). The *'P{'"H} NMR spectrum contains
the expected singlet for the lone phosphorus nucleus in L2 at 56.13 ppm in

CeDs (Fig. 2.13).
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Figure 2.11: "H NMR spectrum of L2 in C¢Ds (400 MHz)

Absolute Referencing used Me4Si CDCI3, ¢ = 1% and Ratio of 25.145020

8 8 LQ o ™ N om O
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Figure 2.12: "*C{’"H} NMR spectrum of L2 in CsDs (101 MHz)
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Absolute Referencing used H3PO4 external and Ratio of 40.480742
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Figure 2.13: *'"P{"H} NMR spectrum of L2 in C¢Ds (162 MHz)

2.2.1.3 Lithiated Phosphinimide Proligand Syntheses

The free phosphinimines (R3P=NH) can generally be deprotonated
through reaction with alkyllithium reagents to eliminate the corresponding
alkane and form lithio salts. Specifically, 'BusP=NLi (L3) was formed by
combination of L2 with methyllithium in THF, initially below -100 °C and
equilibrated to ambient temperature over 1 hour.'? While L3 could be isolated
by removal of solvent and volatile byproducts, the solid form of L3 has been

reported to form tetrameric aggregates with a cubic Li-N core (Fig. 2.14)."
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Figure 2.14: Synthesis of a tetrameric lithium phosphinimide complex

The large steric volume of the 'BusP fragments make this aggregated
form of the proligand difficult to dissolve back into the monomeric form for
further synthetic use. Given these concerns, an in situ methodology was utilized
with L3, where it was not explicitly isolated, but used soon after formation to
generate phosphinimide complexes. Higher yields and better purity were
observed for isolated metal complexes that were formed through in situ
generation of L3 rather than use of isolated L3. Due to the in situ usage of L3,
this proligand and related derivatives were not isolated specifically for
characterization as the data for the aggregates have been previously

reported.™

2.2.2 Me3Si-X Elimination Methodology

Elimination reactions of trimethylsilyl containing compounds have been
previously reported as a synthetic approach to install phosphinimide ligands
when using R3P=N-Si(CHs3); derivatives. Reaction of this proligand with metal

nitrido, oxido, or chlorido ligands can generate silylated byproducts such as
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N(Si(CHs)3)3, O(Si(CHs)s)2, or CISi(CHs3); (Fig. 2.15), which can be easily
separated by vacuum from metal complex products.

2 Ph3P=N— (CH3)3

- O(Si(CHg)3)2

Y

VOC|3 C|3V(N=PPh3)2
4 Ph3P=N— (CH3)3

- N(SI(CHg)3)s
- CISI(CH3)5

WNCl, [W(N=PPhs),J?*[2 CI'

Y

Figure 2.15: Previously reported trimethylsilyl elimination reactions

These elimination reactions were commonly used to generate
phosphinimide complexes, but have never been shown to generate heteroleptic
complexes containing metal-element multiple bonds.

With this type of reactivity it was possible that complexes 2.1 and 2.2
could eliminate O(Si(CHs)s3)2, CISi(CHs)s, or both, given the presence of both
oxido and chlorido ligands. Complex 2.3 however was only anticipated to
eliminate CISi(CHs)s due to a lack of oxido ligands in the complex. Complexes
2.1 and 2.2 interestingly undergo chemospecific elimination of O(Si(CHs)s)2
when combined with two equiv. of 'BusP=N-Si(CHs)s; despite the presence of
chlorido groups in the starting complexes. This selective elimination leads to
complexes [(‘BusP=N)2Mo(O)Cl;] (2.4) in 99% yield and

[(‘BusP=N),Mo(N'Bu)Cl,] (2.5) in 97% yield (Fig. 2.16).
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DME = /O\/\O/ E =0 (2.4), N'Bu (2.5)

Figure 2.16: Bis(trimethylsilyl)ether elimination reaction to generate

bis(phosphinimide) Mo(VI) dichlorido complexes

The elimination reaction in Fig. 2.16 appears to be general, as variation
of the phosphinimide proligand gives similar results in reactions with Cy;P=N-—
Si(CHs)s, PhsP=N-Si(CHs)s, p-TolsP=N-Si(CHs);, and ‘Bu,CHsP=N—(CHs)s
which also result in the generation of analogous MoOCI,L, type complexes
[(CysP=N).Mo(O)Cl,] (2.6) in 99% yield, [(PhsP=N);Mo(O)Cl;] (2.7) in 95%
yield, [((p-Tol)sP=N)Mo(O)Cl,] (2.8) in 90% yield, and
[(‘Bu2CH3P=N);Mo(O)Cl;] (2.9) in 89% vyield. The reaction temperature for the
synthesis of 2.4 was optimized (+70 °C) to minimize total reaction time, and
decrease byproduct formation that was observed when the reaction was
performed at higher temperatures (+90 °C).

Complex 2.4 can be cleanly isolated as a yellow solid, and is readily
characterized by multinuclear NMR spectroscopy, X-Ray Diffraction (XRD), and
elemental analysis. Based on the XRD structure, 2.4 is pseudo Cy, symmetric
with a trigonal bipyramidal (15 = 0.89) ligand geometry around the metal center

(Fig. 2.17). Both phosphinimide ligands exhibit nearly linear (Mo-N-P) bond
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angles (Table 2.2) to the molybdenum center, indicative of s#~electron donation
from the phosphinimide nitrogen lone pairs to the high oxidation-state
molybdenum ion. Visualization of the space-filling model of the XRD structure of
2.4 (Fig. 2.18) reveals good steric protection of the metal center where the
phosphinimide ligands are located, with minimal steric protection along the

dichlorido-oxido region of the molecule.

Figure 2.17: Thermal ellipsoid plot (50% probability) of complex 2.4; hydrogen

atoms have been omitted for clarity
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Figure 2.18: Space-filling model of complex 2.4 (van der Waals radii)

The molybdenum-oxido bond distance (Table 2.1) is within the
distribution of previously reported Mo(V1) mono-oxido fragments.’ It is relatively
longer, by approximately 0.029 A, than the average of this distribution. This
longer oxido bond length is proposed to be the result of the phosphinimide
ligands bonding with vacant metal d orbitals that have partial antibonding
character with the oxido fragment. The increased electron density at the metal
center from the strongly electron donating ['BusP=N] ligands also has a net
effect of increasing the Mo-O bond length slightly, but is likely not the dominant
effect behind the oxido bond length, as changes in metal oxidation state have
been shown to not dramatically impact metal-oxido bond lengths.™

The bond lengths between the molybdenum and phosphinimide nitrogen
atoms (Mo1-N1 and Mo1-N2) are comparable to previously reported
molybdenum phosphinimide complexes and can be evaluated as molybdenum-

nitrogen double bonds.
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Table 2.1: Selected XRD Bond Distances for Complex 2.4

Atoms Distance (A) Atoms Distance (A)
Mo1-Cl1 2.4545(8) Mo1-01 1.707(2)
Mo1-CI2 2.4826(9) P1-N1 1.609(3)
Mo1-N1 1.836(3) P2-N2 1.612(3)
Mo1-N2 1.838(3) - -

The molecular motif exemplified by 2.4, with a single oxido ligand and

two chlorido ligands, is relatively rare for molybdenum. To date, only four

molybdenum complexes that are 5-coordinate have been reported with this type

of metal-ligand core structure, with a single example containing molybdenum in

the +6 oxidation state (Fig. 2.19)."°'® While structurally related to 2.4, this

Mo(VI) complex contains two monodentate aryloxide ligands oriented much

closer to a trans coordination conformation with a O-Mo-O bond angle of more

than 157°. This ligand geometry generates a molybdenum coordination

environment that is closer to square-pyramidal (15 = 0.89).
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Figure 2.19: Reported 5-coordinate Mo(VI) and Mo(V) complexes that are

structurally similar to 2.4

The 2,6-dimethylphenyloxide ligands have less steric bulk than the
tris(tert-butyl)phosphinimide ligands in 2.4 and do not adopt the cis coordination
geometry observed with the phosphinimide ligands. This difference in
coordination geometry is structural evidence of the strong donor properties of
phosphinimides, such that while a trans coordination for the phosphinimides
would minimize steric interactions in 2.4, cis coordination geometry is observed
to presumably minimize electronic interactions between the phosphinimide

ligands bonding to the same d-orbitals.
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The oxido and chlorido ligand bond lengths are all shorter in this related
complex by approximately 0.1 A, which is another indication of a less electron
rich molybdenum center than in 2.4.

The other 5-coordinate molybdenum complexes similar to 2.4 all contain
bidentate ligand systems that preclude evaluation of relative ligand coordination
angles. There are four additional 6-coordinate molybdenum complexes (Fig.
2.20) known in lower oxidation states, which contain neutral sulfur and

phosphorus ligands.®%°

R =H, CHa, Et

Figure 2.20: Reported 6-coordinate Mo(V) and Mo(lV) complexes that are

structurally similar to 2.4

As mentioned previously, the bond angles (Table 2.2) at each of the
phosphinimide nitrogen atoms (Mo1-N1-P1 and Mo1-N2-P2) are relatively
linear, which is indicative of more multiple bond character between the

molybdenum and nitrogen atoms.
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Table 2.2: Selected XRD Bond Angles for Complex 2.4

Atoms Angle (°) Atoms Angle (°)
Mo1-N1-P1 162.2(2) N1-Mo1-N2 125.7(1)
Mo1-N2-P2 159.6(2) Cl1-Mo1-CI2 179.12(3)
0O1-Mo1-N1 115.9(1) Cl1-Mo1-01 90.44(8)
0O1-Mo1-N2 118.3(1) Cl2-Mo1-01 90.40(8)

In the solid-state XRD model, it is clear that the phosphinimide ligands

are not identical to one another. While the molybdenum-nitrogen bond lengths

are very similar, and the bond angles only differ by a few degrees, the torsion

angles that describe the larger orientation of the ligands to the core oxido-

dichlorido fragment are distinct (Table 2.3). One phosphinimide ligand binds to

the core tilted downwards, while the other is tilted upwards resulting in a 190°

difference in torsion angles between the two ligands.

Table 2.3: Selected XRD Torsion Angles for Complex 2.4

Atoms Angle (°) Atoms Angle (°)
01-Mo1-N1-P1 176.5(5) N1-Mo1-N2-P2 163.3(4)
0O1-Mo1-N2-P2 -14.0(5) N2-Mo1-N1-P1 -0.8(6)

The differences in the solid-state XRD structure are likely an artifact of

crystal packing effects, rather than fundamental bonding differences in the

ligands. The very similar molybdenum-nitrogen bond lengths are the best
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evidence for the bonding similarity in the solid-state structure, and solution
phase data support the existence of two equivalent phosphinimide ligands in
solution (vide infra).

In solution, 2.4 is interpreted to be C,, symmetric due to increased
motion of the phosphinimide ligands, which can be observed in the "H, ™*C{'H},
and *'P{"H} NMR spectra at ambient temperature (~25 °C). A diagnostic
doublet in the "H NMR spectrum (Fig. 2.21) is observed at 1.43 ppm (3Jpy =
13.9 Hz) from the *'P coupled tert-butyl protons. The "*C{"H} NMR spectrum
(Fig 2.22) presents both *'P coupled quaternary tert-butyl carbons at 42.73 ppm
('Upc = 42.8 Hz), and a single peak for the methyl carbons at 29.71 ppm. A
single peak is observed in the *'P{'H} spectrum (Fig. 2.23) at 58.64 ppm for the

chemically equivalent phosphorus atoms.
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Figure 2.21: "H NMR spectrum of 2.4 in CsDs (500 MHz)
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Absolute Referencing used Me4Si CDCI3, @ = 1% and Ratio of 25.145020

8P 3 oo o
SER 28 = | 8& 8
— o NN ¥ <t < N
— — < < N - |
N~ I
A(d)
42.73
J(42.83)
b
O
[
Cl—Mo—Cl
/-
//N N\\ a CHj3
. a ‘Bu—/P__ __P\—é-CHa
BU By tB] 'BU”'CHa
I 1.4
40 35 30 ,
| f1 (ppm) |

150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

Figure 2.22: "*C{'"H} NMR spectrum of 2.4 in CsDs (126 MHz)

Absolute Referencing used H3PO4 external and Ratio of 40.480742
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Figure 2.23: *'"P{"H} NMR spectrum of 2.4 in C¢Ds (202 MHz)

49



The analogous reaction to generate the imido complex 2.5 results in a
product that is more challenging to isolate in high purity, due to the presence of
starting material impurities and longer reaction times necessary for the
synthesis. However, the major product has been characterized by NMR
spectroscopy and XRD.

The solid-state structure of complex 2.5 (Fig. 2.24) determined by XRD
analysis reveals a very similar structure to complex 2.4. Both phosphinimide
ligands exhibit nearly linear (Mo-N-P) bond angles to the molybdenum center,
indicative of s~electron donation from the phosphinimide nitrogen lone pair to
the high oxidation-state molybdenum ion. Visualization of the space-filling
model of the XRD structure of 2.5 (Fig. 2.25) shows a more protected metal
center than in 2.4 due to the steric bulk of the tert-butylimido fragment in the

complex.
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Figure 2.24: Thermal ellipsoid plot (50% probability) of complex 2.5; hydrogen

atoms and disordered tert-butyl groups have been omitted for clarity

Figure 2.25: Space-filling model of complex 2.5 (van der Waals radii);

disordered tert-butyl groups have been omitted for clarity

Comparison of the bond distances between 2.4 (Table 2.1) and 2.5

(Table 2.4) shows that 2.5 has slightly longer ligand bond distances to the
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molybdenum center, indicating a more electron rich molybdenum ion or steric
pressure between the phosphinimide and imido ligands. The molybdenum-
chlorido bond distances increase by an average of 0.019 A in 2.5, and the
molybdenum-nitrogen (phosphinimide) bond distances increase by a similar

average of 0.018 A.

Table 2.4: Selected XRD Bond Distances for Complex 2.5

Atoms Length (A) Atoms Length (A)
Mo1-CI1 2.478(2) Mo1-N3 1.728(8)
Mo1-CI2 2.497(2) P1-N1 1.572(8)
Mo1-N1 1.855(7) P2-N2 1.571(8)
Mo1-N2 1.855(8) N3-C25 1.435(11)

Comparison of the bond angles between 2.5 and 2.4 shows more linear
phosphinimide Mo-N-P angles (average difference of 11.8°) to the molybdenum
center in 2.5 (Table 2.5). More linear coordination of phosphinimide ligands
usually indicates stronger binding, and increased donation of electron density
from the phosphinimide ligands. In this case, the more linear coordination is
proposed to be more strongly influenced by steric repulsion between the
phosphinimide tert-butyl groups and the tert-butyl imido fragment.

The tert-butyl imido ligand bond angle is relatively linear at 166.6(5)°,

which indicates the imido fragment coordinates with closer to triple-bond
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character versus double-bond character. This is a common characteristic of

imido ligands when coordinated to high oxidation state metals.

Table 2.5: Selected XRD Bond Angles for Complex 2.5

Atoms Angle (°) Atoms Angle (°)
Mo1-N1-P1 172.4(5) N1-Mo1-N2 126.1(4)
Mo1-N2-P2 173.0(6) Cl1-Mo1-CI2 178.58(8)
N1-Mo1-N3 115.8(4) Cl1-Mo1-N3 90.6(3)
N2-Mo1-N3 118.0(4) Cl2-Mo1-N3 89.0(3)
Mo1-N3-C25 166.6(7) - —

Comparison of the torsion angles between 2.5 (Table 2.6) and 2.4 show
a minimal difference between these metrical parameters. Given the close to
linear core bond angles of 2.5, the torsion angles of these groups do not
significantly impact the structure of the complex.

One detail to point out in the selected torsion angles for 2.5 is that the
values are close to absolute values of 0° or 180°. This indicates that all of the
core fragments of the complex are located close to the same plane (containing
all three nitrogen donors to the molybdenum center), with minimal twisting of
the phosphinimide ligands out of the plane. The close to centered torsion
angles are perhaps an indication of a complex that is more strongly affected by

steric repulsions than electronic effects.
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While the steric interactions of 2.4 are quite similar to 2.5, the presence
of the oxido ligand allows for more flexibility in the phosphinimide torsion
angles. One of the phosphinimide fragments in 2.4 is nearly 17° out of plane,

versus the approximate maximum of 8° observed in 2.5.

Table 2.6: Selected XRD Torsion Angles for Complex 2.5

Atoms Angle (°) Atoms Angle (°)
N3-Mo1-N1-P1 4.0(4) N1-Mo1-N2-P2 -8.0(5)
N3-Mo1-N2-P2 171.0(4) N2-Mo1-N1-P1 -177.0(4)

Synthesis of [('Bu.CH3P=N),Mo(O)Cl,] (2.9) was achieved using
analogous methodology to 2.4 by reaction of 'Bu,CH3P=NSi(CHz3); (L4) with 2.1.

Complex 2.9 can be cleanly isolated as a yellow solid, and was
characterized by multinuclear variable-temperature and multidimensional NMR
spectroscopy. In solution, 2.9 is interpreted to be C4 symmetric and exhibit
asymmetric binding of the phosphinimide ligands to the molybdenum center,
which can be observed using a variety of NMR spectroscopic techniques.

At 20 °C, the "H NMR spectrum (Fig. 2.26) shows a pair of overlapping
doublets at 1.05 ppm (*Jpy = 14.8 Hz), and 1.09 ppm (3Jpn = 14.7 Hz), for the
two different *'P coupled tert-butyl environments, and two separate doublets for
the *'P coupled methyl groups at 1.40 ppm (*Jpr = 11.1 Hz), and 1.96 ppm (2JpH

= 10.6 Hz).
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Figure 2.26: '"H NMR spectrum of 2.9 in CsDs (400 MHz)

The *'P{’"H} NMR spectrum (Fig. 2.27) exhibits the two expected singlets
for the different phosphinimide environments at 58.03 ppm and 77.59 ppm. The
relative integrations of the *'P NMR signals are nearly equivalent, which is
interpreted as a 1:1 ratio of phosphinimide environments within complex 2.9

and not two separate molecular species.

5b



Absolute Referencing used H3PO4 external and Ratio of 40.480742
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Figure 2.27: *"P{"H} NMR spectrum of 2.9 in C¢Ds (162 MHz)

The "*C{"H} NMR spectrum (Fig. 2.28) contains tert-butyl methyl singlets
at 26.08 and 26.41 ppm, *'P coupled tert-butyl quaternary carbon doublets at
35.37 ppm ('Jpc = 61.8 Hz) and 36.28 ppm ('Jpc = 57.4 Hz), and *'P coupled

methyl doublets at 0.59 ppm ('Jpc = 50.7 Hz) and 5.59 ppm ("Jpc = 58.1 Hz).
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Absolute Referencing used Me4Si CDCI3, ¢ = 1% and Ratio of 25.145020
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Figure 2.28: "*C{'"H} NMR spectrum of 2.9 in CsDs (101 MHz)

Synthesis of 2.9 within a sealed J. Young NMR tube allows the
observation of O(Si(CHs)s), elimination and decoordination of DME by 'H NMR
spectroscopy. Fig. 2.29 shows the peaks corresponding to these byproducts,

with minimal generation of CISi(CHj3)s.
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Figure 2.29: '"H NMR spectrum of 2.9 generated in a J. Young NMR tube in

CeDs (400 M HZ)

Further evaluation of the phosphinimide ligands was achieved through a
two-dimensional 'H-*'P gradient heteronuclear multiple bond coherence
(gHMBC) NMR experiment. The gHMBC NMR spectrum (Fig. 2.30, and more
detailed sections in Fig. 2.31 and Fig. 2.32) shows diagnostic cross peaks
between pairs of methyl and tert-butyl 'H signals and the associated

neighboring *'P signals.
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Absolute Referencing used Me4Si CDCI3, ¢ = 1% and Ratio of 100.000000
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Figure 2.30: "H-*'"P gHMBC NMR spectrum of 2.9 in CsDs (400 MHz, 162 MHz)
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Figure 2.31: "H-*"P gHMBC NMR spectrum of 2.9 in C¢Ds (detail between tert-

butyl a and methyl b) (400 MHz, 162 MHz)
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Figure 2.32: '"H-*"P gHMBC NMR spectrum of 2.9 in C¢Ds (detail between tert-

butyl @’ and methyl b’) (400 MHz, 162 MHz)

To my knowledge, asymmetric phosphinimide coordination has not been
previously described in the chemical literature. Variable-temperature NMR
experiments were performed to determine if increased temperature would lead
to equilibration of the two different phosphinimide chemical environments. Both
'H and *'P{'"H} NMR spectra were monitored up to 70 °C, with no definitive
equilibration of the two different ligand environments observed (Fig. 2.33, Fig.
2.34). The higher chemical shift signal broadened as temperature increased,
which may be due to increased motion of that ligand or decoordination of the
ligand, while the other signal remained sharp and appears to remain in a single
coordination conformation. Relative integrations of the signals did not vary

significantly from a 1:1 ratio.
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It is possible these different signals arise from cis and trans isomers of
the five-coordinate complex, but the large difference in *'P NMR chemical shifts
is not expected for these potential isomers and frans isomers have not been

observed for five-coordinate complexes in this research.
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Figure 2.33: Variable temperature (20-70 °C) '"H NMR spectrum of 2.9 in CgDs

(400 MHz)
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Absolute Referencing used H3PO4 external and Ratio of 40.480742
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Figure 2.34: Variable temperature (20-70 °C) *'P{"H} NMR spectrum of 2.9 in

CeDs (162 MHz)

The spectroscopic data suggests that the phosphinimide ligands are
asymmetrically coordinated in solution; however, an XRD structure was not
obtained for 2.9 to confirm this in the solid-state.

Similar to 2.9, [(CysP=N),Mo(O)Cl;] (2.6) also exhibits asymmetric
phosphinimide coordination. This feature is primarily observed in the *'P {'H}
NMR spectrum of 2.6 (Fig. 2.36), and is difficult to discern in the '"H NMR
spectrum due to overlapping signals (Fig. 2.35). As such, 2D NMR experiments
were not performed to evaluate asymmetric coordination of this particular

complex.
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Figure 2.36: *'"P{"H} NMR spectrum of 2.6 in C¢Ds (162 MHz)
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2.6 also exhibited similar coordination dynamics to 2.9 when monitored
by variable-temperature NMR experiments. The two phosphinimide signals in
the *'P{'"H} NMR spectra (Fig. 2.37) remained distinct within the 25-70 °C
range, and the higher chemical shift signal also broadened as temperature
increased. The relative integrations of the two signals remained effectively 1:1
for each spectrum. These observations indicate that each phosphinimide ligand
is coordinated differently to the molybdenum center, and this coordination
difference is not simply a transient lower energy conformation. Variable-
temperature NMR experiments to higher temperatures could perhaps observe
the phosphinimide signals equilibrate to a shared average chemical
environment, or 2D NMR experiments could show exchange between these two

chemical environments.
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Absolute Referencing used H3PO4 external and Ratio of 40.480742
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Figure 2.37: Variable temperature (25-60 °C) *'P{"H} NMR spectrum of 2.6 in

CeDs (162 MHz)

While a high quality XRD structure was not obtained for 2.6 due to
significant overlap of disordered molecules, a sufficient model was determined
to indicate structural connectivity (Fig. 2.38). Qualitative analysis of the two
models of 2.6 in the unit cell indicates that the phosphinimide ligands are
coordinated differently. One phosphinimide is oriented in a more linear
coordination mode with a Mo-N-P bond angle between 156-164°, while the

other phosphinimide has an angle between 141-143°.
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Figure 2.38: Thermal ellipsoid plot (50% probability) of complex 2.6; hydrogen

atoms have been omitted for clarity

The chlorido ligands are also shifted toward the more linearly
coordinated phosphinimide, with CI-Mo-N bond angles varying between 84-94°.
In contrast, the XRD structures of 2.4 and 2.5 had CI-Mo-N bond angles within
two degrees of 90°. This difference is attributed to stronger steric interactions
from the less linear phosphinimide cyclohexyl groups on the chlorine atoms.

Complex 2.7, the triphenylphosphinimide derivative of 2.4, can be
generated using similar synthetic methodology, and was characterized by 'H
and *'"P{"H} NMR. In solution, 2.7 was interpreted to be C,, symmetric from the
signals observed in the 'H, and *'P{"H} NMR spectra at ambient temperature
(~25 °C). Multiplets for the aryl protons are observed in the '"H NMR spectrum
(Fig. 2.39) at 7.87 and 6.99 ppm. A single peak is observed in the *'P{'H}
spectrum (Fig. 2.40) at 32.48 ppm for the chemically equivalent phosphorus

atoms.
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While the steric bulk of the phosphinimide ligands in 2.7 is less than the
cyclohexyl variant (2.6), both phosphinimide ligand chemical environments are
interpreted to be equivalent in the 'H and *'P{’"H} NMR spectra at ambient
temperature (~25 °C) when dissolved in CsDe. The lack of asymmetry between
the phosphinimide ligands suggests that the tri(phenyl)phosphinimide ligands
are fluctional in solution, or possibly that limited interaction with the solvent (low
solubility) prevents significant conformational changes within the structure,
leading to resolution of a single peak in the *'"P{'"H} NMR spectrum. Analysis of
the related tri(tolyl)phosphinimide complex 2.8 suggests that limited solubility is
the main influence on the apparent symmetric phosphinimide coordination in

2.7.
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Figure 2.39: "H NMR spectrum of 2.7 in C¢Ds (400 MHz)
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Figure 2.40: *'"P{"H} NMR spectrum of 2.7 in C¢Ds (162 MHz)

Complex 2.8, the tri(tolyl)phosphinimide derivative of 2.4, can be
generated using an analogous approach, and was characterized by 'H and
31P{"H} NMR spectroscopy. When dissolved in benzene-ds, 2.8 was interpreted
to be a mixture of a C,, symmetric conformer (main component), with a smaller
amount of a C4 symmetric conformer, based on the signals observed in the 'H,
and *'P{"H} NMR spectra.

At 25 °C, the "H NMR spectrum shows a major singlet at 1.94 ppm (CHs)
with lower intensity nearby peaks, and broader aryl singlets at 6.87 ppm and
7.82 ppm (Fig. 2.41). The *'P channel is not decoupled and no clear splitting of
the signal at 1.94 is observed, which indicates that the bond separation
between the phosphorus nuclei and the para-methyl groups of the

tri(tolyl)phosphinimide ligands is sufficient for negligible 'H-"P coupling.
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Figure 2.41: "H NMR spectrum of 2.8 in CsDs (400 MHz)

The *'P{"H} NMR spectrum exhibits a major component singlet at 24.83
ppm, with smaller singlets at 32.81, 44.06, and 73.18 ppm (Fig. 2.42). The
relative integrations of the *'P NMR signals at 32.81 and 44.06 ppm are 1:1,
which is interpreted as the presence of a small amount of complex 2.8 in the C;
symmetric conformation. The identity of the *'P signal at 73.18 ppm is unknown,
although intermediate complexes within this family of compounds have been
observed at higher chemical shifts than the major products and starting
materials, which are evaluated as monophosphinimide complexes that have not

been isolated.
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Absolute Referencing used H3PO4 external and Ratio of 40.480742
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Figure 2.42: *'P{"H} NMR spectrum of 2.8 in C¢Ds (162 MHz)

Interestingly, when 2.8 was dissolved in chloroform-d, the NMR spectra
indicated that the complex is C1 symmetric with asymmetric coordination of the
phosphinimide ligands and no indication of a C,, symmetric conformer present
in solution.

At 15 °C, the "H NMR spectrum (Fig. 2.43) shows a pair of overlapping
singlets at 2.37 and 2.38 ppm, which indicates two subtly different chemical
environments for the CHs3 groups of the phosphinimide ligands. As mentioned
previously, no measureable long-range 6-bond 'H-*'P coupling was observed in
this ligand. Aryl C-H signals are observed at 7.26 ppm (coincident with the
residual CHCI; signal) that are evaluated as the ortho-hydrogens of both

phosphinimide ligands, 7.63 ppm (3Jpn = 12.4 Hz, Juy = 8.1 Hz) for the meta-
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hydrogens of one phosphinimide ligand, and 7.71 ppm (broad) for the remaining

hydrogens of the other phosphinimide ligand.
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Figure 2.43: "H NMR spectrum of 2.8 in CDCls (400 MHz)

Analysis of the '"H NMR spectra of 2.8 in CD,Cl; at various temperatures
shows a similar distribution of peaks when at 20 °C. The aryl signals combine
into similar chemical environments at 40 °C, with good correlation of relative
integrations between both ortho and meta positions. At -40 °C, the aryl signals
separate out further to more well defined doublets of doublets, which are
evaluated to arise entirely from *'P and 'H coupling rather than restrained

rotation, as similar coupling is observed in the free proligand.
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The *'P{"H} NMR spectrum (Fig. 2.44) exhibits only two singlets at 34.19
and 43.67 ppm with an exact 1:1 integration ratio. The chemical shifts of these
signals correlate closely to the *'P{'H} signals when measured in benzene-d6

that were the minor components in that spectrum.

Absolute Referencing used H3PO4 external and Ratio of 40.480742
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Figure 2.44: *'P{"H} NMR spectrum of 2.8 in CDCl; (162 MHz)

2.2.3 Salt Metathesis Methodology

Salt metathesis is another synthetic route that has been used to
generate phosphinimide complexes (Fig. 2.45), as discussed in Chapter 1. The
versatile Mo(VI) oxido and imido complexes 2.1-2.3 can be used as starting
materials for salt metathesis reactivity to install the phosphinimide ligands while

retaining both imido and oxido fragments.
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MoX  ----eeoee- > [RgP=N]Mo + MX

Figure 2.45: General salt metathesis methodology

Trimethylsilyl iminophosphoranes (R3P=N-Si(CHs)3) can be converted
into the corresponding phosphinimide (RsP=NH), which can be deprotonated for
use in salt metathesis reactions. Two equiv. of 'BusP=NLi, prepared using the
synthetic protocol described in Section 2.2.1.3, cleanly generate
[(‘BusP=N)2Mo(O)(N'Bu)] (2.10) (83% yield) when combined with precursor 2.2,

presumably through elimination of two equiv. of lithium chloride (Fig. 2.46).

O O, NBu
Cl, [ \ 7/
O~Mo=Ngy _ 2 BusPNL Je
F i N N
o) THF, LN, cold well / \
'‘BugP P'Bug

Figure 2.46: Synthesis of 2.10 by salt metathesis

Complex 2.10 is soluble in non-polar solvents, and can be cleanly
separated from the salt byproducts by filtration. The same methodology can be
used with precursor complex 2.3 to generate [(‘BusP=N);Mo(N'Bu)z] (2.11).
Attempts to synthesize [(‘BusP=N):Mo(O);] (2.12) by this same approach
appears to work based on monitoring of the reaction by 'H and *'P{'"H} NMR

spectroscopy. However, the product complex cannot be isolated cleanly by
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filtration due to the similar solubility properties with the salt byproducts. The
next section describes an alternative approach to generate complex 2.12.
Complex 2.10 has been characterized by multinuclear NMR
spectroscopy, XRD, and EA. Based on the XRD structure, 2.10 is
approximately Cs symmetric with a mirror plane that contains the Mo atom and
the oxido and imido ligands, with a pseudo-tetrahedral (74 = 0.98) core about
the molybdenum atom (Fig. 2.47). Visualization of the space-filling model of the
XRD structure of 2.10 reveals extensive steric protection around the metal
center provided by the various tert-butyl fragments, with only the expected

exposure of the oxido ligand (Fig. 2.48).

<F

Figure 2.47: Thermal ellipsoid plot (50% probability) of complex 2.10; hydrogen

atoms and disordered tert-butyl groups have been omitted for clarity
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Figure 2.48: Space-filling model for 2.10 (van der Waals radii); disordered tert-

butyl groups removed for clarity

The molybdenum-oxido bond length (Table 2.7) is comparable to other
reported Mo(VI) oxido fragments.' The molybdenum-nitrogen (phosphinimide)
bond lengths in 2.10 are slightly longer than complex 2.4 by less than 0.046(4)
A on average, and 2.5 by less than 0.028(6) A on average. The corresponding
oxido-molybdenum or imido-molybdenum bond lengths are also longer than
observed in 2.4 by 0.026(3) A for the oxido fragment, or 2.5 by 0.029(9) A for
the imido fragment. These bond lengths are not directly comparable, as
complex 2.10 is four-coordinate and contains both oxido and imido ligands, yet
indicates that the phosphinimide coordination to the molybdenum atom is not

drastically different in terms of bond lengths.
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Table 2.7: Selected XRD Bond Distances for Complex 2.10

Atoms Length (A) Atoms Length (A)
Mo1-O1 1.733(3) P1-N1 1.557(3)
Mo1-N1 1.887(3) P2-N2 1.565(3)
Mo1-N2 1.879(4) N3-C25 1.458(5)
Mo1-N3 1.757(3) _ _

Complex 2.10 is very close to a tetrahedral geometry, which is clear from
the combined tau parameter, or the 108.93(8)° average of the bond angles
centered on the molybdenum atom that are very close to the 109.5° expected
for a perfect geometric tetrahedron. The bond angles for 2.10 (Table 2.8)
centered on the phosphinimide nitrogen atoms are slightly more linear than 2.4
by an average of 2.9(3)°, yet less linear than 2.5 by an average of 8.9(4)°.

The tert-butyl imido ligand bond angle at 157.1(3)° is less linear than the
imido fragment in 2.5, and is quite different than the very linear imido ligands
coordinated to high oxidation state metals, where bond angles are commonly
greater than 170° for molybdenum imido ligands.?" This difference in angle
suggests that there is less triple-bond character in the imido bond than normal.
The phosphinimide ligands in 2.10 are oriented similarly (Table 2.9), almost a

reflection across the plane that contains the O1-Mo1-N3 atoms.
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Table 2.8: Selected XRD Bond Angles for Complex 2.10

Atoms Angle (°) Atoms Angle (°)
Mo1-N1-P1 164.9(2) N1-Mo1-N2 107.71(15)
Mo1-N2-P2 162.7(3) N1-Mo1-N3 110.36(17)
0O1-Mo1-N1 109.49(14) N2-Mo1-N3 110.73(19)
0O1-Mo1-N2 109.53(16) Mo1-N3-C25 157.1(3)
0O1-Mo1-N3 109.01(16) - -

Table 2.9: Selected XRD Torsion Angles for Complex 2.10
Atoms Angle (°) Atoms Angle (°)
P1-N1-Mo1-0O1 78.0(9) P2-N2-Mo1-01 -89.7(8)
P1-N1-Mo1-N3 -42.0(9) P2-N2-Mo1-N3 30.5(9)
N1-Mo1-N2-P2 151.3(8) N2-Mo1-N1-P1 -163.0(8)

At 25 °C, the "H NMR spectrum (Fig. 2.49) of 2.10 shows a *'P coupled

doublet for the phosphinimide tert-butyl protons at 1.36 ppm (*Jpy = 12.8 Hz),

and a singlet for the imido tert-butyl group at 1.73 ppm.
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Figure 2.49: "H NMR spectrum of 2.10 in C¢Ds (400 MHz)

The *'P{"H} NMR spectrum (Fig. 2.50) exhibits one singlet for the

equivalent chemical environments of both phosphinimide ligands at 44.82 ppm.
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Absolute Referencing used H3PO4 external and Ratio of 40.480742
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Figure 2.50: *'"P{"H} NMR spectrum of 2.10 in C¢Ds (162 MHz)

The ™C{'H} NMR spectrum (Fig. 2.51) contains a singlet for the
phosphinimide tert-butyl methyl carbons at 29.65 ppm, and a *'P coupled tert-
butyl quaternary carbon doublet at 41.41 ppm (‘Jpc = 47.8 Hz). Singlets are
also observed for the imido tert-butyl methyl carbons at 32.44 ppm, and the tert-

butyl quaternary carbon at 66.33 ppm.
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Figure 2.51: "*C{’"H} NMR spectrum of 2.10 in CsDs (101 MHz)

Synthesis of [(‘BusP=N);Mo(N'Bu),] (2.11) (84% vyield) is possible
through an analogous reaction to the synthesis of 2.10 using 2.3 as the

molybdenum reagent (Fig. 2.52).

NBu 'BuN  N'Bu
Cl.,. I 2 'BuzPNLi \k/l//
O"'V*O\:NtBU 8 > / 0

o C THF, LN, cold well //N N\\

\ tBUBP PtBUS

Figure 2.52: Synthesis of 2.11 by salt metathesis

Complex 2.11 has been characterized by multinuclear NMR

spectroscopy, XRD, and EA. The high symmetry pseudo-tetrahedral (74 = 0.98)

geometry, and increased steric bulk around the molybdenum ion, results in a
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solid-state structure with very similar metrical parameters between equivalent

fragments of the molecule (Fig. 2.53).

Figure 2.53: Thermal ellipsoid plot (50% probability) of complex 2.11; hydrogen

atoms have been omitted for clarity

The phosphinimide P-N and Mo-N bonds are effectively identical
between both ligands, and the same bond length similarity is observed for the
pair of imido ligands (Table 2.10). The bond lengths between the molybdenum
and phosphinimide nitrogen atoms (Mo1-N1 and Mo1-N2) are longer than those
in complex 2.10 by an average of 0.033(2) A. These differences are understood
as the effect of a more electron rich metal center than 2.10 from the additional

imido ligand, and more significant steric interactions between the bulky ligands.
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Table 2.10: Selected XRD Bond Distances for Complex 2.11

Atoms Length (A) Atoms Length (A)
Mo1-N1 1.9161(8) P1-N1 1.5597(8)
Mo1-N2 1.9134(8) P2-N2 1.5611(8)
Mo1-N3 1.7638(8) N3-C25 1.4463(11)
Mo1-N4 1.7599(8) N4-C29 1.4459(11)

Bond angles (Table 2.11) within the core of the molecule are very similar,
with the largest difference between pairs of fragments below 1.5°. The
phosphinimide coordination angles (Mo-N-P) in 2.11 are more acute than in
210, which suggests a more electron rich metal center and weaker
phosphinimide coordination. More acute imido ligand (Mo-N-C) bond angles are
also observed in 2.11, which again indicate a more electron rich metal center

and weaker imido ligand coordination.

Table 2.11: Selected XRD Bond Angles for Complex 2.11

Atoms Angle (°) Atoms Angle (°)
Mo1-N1-P1 155.93(5) N2-Mo1-N3 107.90(4)
Mo1-N2-P2 157.28(6) N2-Mo1-N4 110.77(4)
N1-Mo1-N2 110.29(3) N3-Mo1-N4 110.26(4)
N1-Mo1-N3 110.59(4) Mo1-N3-C25 160.51(7)
N1-Mo1-N4 107.06(4) Mo1-N4-C29 161.32(7)
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Compared to the more sterically open structures, such as the oxido-
dichlorido complex 2.4, the phosphinimide ligands in 2.11 are coordinated in a

very similar manner to the molybdenum center. There is some variance

between the selected torsion angle pairs in Table 2.12, yet overall the mode of

binding for both ligands is the same. This similarity is expected given the
significant steric size of all ligands in the complex. There simply isn’t enough
flexibility in the structure to allow for different angles of coordination for the
ligands. The space-filling visualization of this structure supports this analysis
with all external tert-butyl groups in effectively direct contact with the adjacent

ligands (Fig. 2.54).

Table 2.12: Selected XRD Torsion Angles for Complex 2.11

Atoms Angle (°) Atoms Angle (°)
P1-N1-Mo1-N3 -15.74(14) P2-N2-Mo1-N4 -5.83(15)
P1-N1-Mo1-N4 -135.89(12) P2-N2-Mo1-N3 -126.6(14)
N1-Mo1-N2-P2 112.51(14) N2-Mo1-N1-P1 103.52(13)
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Figure 2.54: Space-filling model of complex 2.11 (van der Waals radii), imido

carbon atoms indicated in dark grey

In solution, complex 2.11 exhibits C,, symmetry due to the equivalence
between pairs of imido and phosphinimide ligands and thermal motion, which
can be observed in the 'H, C{'H}, and *P{'"H} NMR spectra at ambient
temperature (~25 °C). A diagnostic doublet in the '"H NMR spectrum (Fig. 2.55)
is observed at 1.41 ppm (*Jey = 12.5 Hz) from the *'P coupled tert-butyl
protons, along with a single peak at 1.65 ppm for the tert-butyl imido protons.
The "*C{"H} NMR spectrum presents a *'P coupled quaternary tert-butyl carbon
peak at 41.31 ppm ('Jpc=48.0 Hz), a single peak for the imido methyl carbons
at 33.59 ppm, and a single peak for the phosphinimide methyl carbons at 29.85
ppm (Fig. 2.56). A single peak is observed in the *'P{'H} spectrum (Fig. 2.57) at

40.61 ppm for the chemically equivalent phosphorus atoms.

84



O
@) 79} N O
(o] (o] < ™M
(@] — —
O | N 7
—
~
|
A
B (s) 1‘(11)
165 J(12.53)
HsC CHj
........ CH3 1 a
‘BuN_ N b
\/
Mo
/-
/N N\\ CHj -
S i
6 el ey o 5
Bu tBu tBu Bu CH3 — Te}

75 70 65 60 55 50 45 40 35 30 25
f1 (ppm)

Figure 2.55: "H NMR spectrum of 2.11 in C¢Dgs (400 MHz)
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Figure 2.57: *'"P{"H} NMR spectrum of 2.11 in C¢Ds (162 MHz)
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2.2.4 Protonolysis Methodology

As mentioned previously, use of the salt metathesis methodology
described in section 2.2.3 appears to work based on NMR spectral data when
starting with the dioxido-dichlorido starting material (2.1), to generate the
bis(phosphinimide)-dioxido species [(‘BusP=N):Mo(0),] (2.12); however,
isolation of 2.12 can not be achieved using the same filtration approach.
Despite the presence of six tert-butyl groups within the phosphinimide ligand
framework, 2.12 has poor solubility in non-polar solvents, and is only soluble in
the same polar solvents as the salt reaction byproducts. As such, an alternative
synthetic approach was necessary to access this dioxido complex.

Conversion of oxido-dichlorido 2.4 to 2.12 through reaction with
bis(trimethylsilyl)ether to eliminate trimethylsilylchloride also does not proceed,
even at elevated temperatures (+80°C).

The R3P=N-H derivative L2 used as a precursor for salt metathesis
offers the potential to be used as a proligand through protonolysis approaches.
A metal starting material incorporating ligands that are more basic than
R3sP=NH could eliminate the protonated form of the basic ligand and install the
phosphinimide ligand (Fig. 2.58). Using this approach, the volatile protonated

byproduct could be more easily separated from the target dioxido complex 2.12.

LM 8 T .= [RsP=N]M  + LH

Figure 2.58: General protonolysis methodology
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A potentially suitable initial complex for this type of reactivity is
(acac);Mo(O), (acac = acetylacetonate) (2.13), a readily synthesized and
commercially available metal starting material. The pK, difference between the
phosphinimine proligand and acetylacetonate is not substantial, and reaction
between these two reagents is not expected to proceed if only the proligand

and acetylacetonate ion were present in solution (Fig. 2.59).

O O
\V4
2 BuzP=NH Mo
Mo(O),(acac), »~ /
THF, -20 °C 7\
-2 H(acac) BugP P'Bug

acac =

Figure 2.59: Synthesis of 2.12 by protonolysis

Substituted phosphinimines are known to function as neutral ligands
through electron donation from the nitrogen lone pair to metal ions.?>™?’ If this
characteristic is taken into consideration, it is plausible that initial dative
coordination of the protonated phosphinimine could occur. Upon coordination,
the more electropositive nitrogen atom can lead to a decrease in pK, for the
nitrogen bound hydrogen atom, which is then capable of deprotonation by even
weak bases, such as acetylacetonate. Steric pressure of the relatively bulky
phosphinimine ligands could also factor into elimination of the protonated

byproduct pentane-2,4-dione (acetylacetone), and may drive the conversion
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forward by preventing subsequent coordination of pentane-2,4-dione and
formation of an equilibrium mixture of products.

The combination of two equivalents of 'BusP=NH with 2.13 results in
rapid elimination of pentane-2,4-dione and generation of the intended dioxido
complex 2.12. Pentane-2,4-dione formed as a byproduct is volatile enough to
be removed along with the solvent under vacuum, allowing for pure isolation of
complex 2.12 in quantitative yield. To my knowledge this protonolysis approach
to synthesize phosphinimide complexes has not been previously reported.

Complex 2.12 has been characterized by NMR spectroscopy, and
elemental analysis. The '"H NMR spectrum of 2.12 in CDCls (Fig. 2.60) shows
the expected doublet for the *'P split tert-butyl groups, located at 1.49 ppm (*JpH
= 13.3 Hz). The *C{’H} NMR spectrum contains a *'P coupled peak at 41.97
ppm (1JPC = 46.9 Hz) for the quaternary phosphinimide carbons, and a singlet at
29.67 ppm for the phosphinimide methyl carbons (Fig. 2.61). The proton
decoupled *'P NMR spectrum presents a lone singlet resonance at 51.98 ppm
(Fig. 2.62), These NMR peaks correlate well with crystallographically
characterized complexes 2.11 and 2.10, suggesting that complex 2.12 is similar

in structure.
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Figure 2.60: "H NMR spectrum of 2.12 in CDCl; (400 MHz)
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Figure 2.61: "*C{"H} NMR spectrum of 2.12 in CDCl3 (101 MHz)
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Absolute Referencing used H3PO4 external and Ratio of 40.480742
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Figure 2.62: *'"P{"H} NMR spectrum of 2.12 in CDCl3 (162 MHz)

The effectiveness of this reaction is further corroborated by a negative
observation of acetylacetone derivatives in the NMR spectral data, indicating
that no alternative reaction products are generated. A single peak in the *'P
NMR spectrum supports this assessment of formation of a single product.
Further, the elemental analysis of complex 2.12 matches the chemical formula
of the target complex 2.12 very closely.

Single crystals of 2.12 suitable for XRD analysis could not be obtained,
due to the limited solubility of the complex even in very polar solvents. The
previously reported complex [(PhsP=N),Mo(O);] was characterized by XRD and
exhibited a pseudo-tetrahedral geometry'! Given the NMR spectroscopic data,
complex 2.12 is expected to have a similar geometry to this previously reported

complex, and to the structures determined for complexes 2.11 and 2.10.
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2.2.5 General Discussion

It is notable that the syntheses of [('BusP=N),Mo(O)Cly] (2.4),
[(‘BusP=N),Mo(N'Bu)Cl,] (2.5), and related derivatives proceed cleanly without
additional side reactions involving the chloride ligands, which would lead to
impurities and decreased formation of the intended products. Monitoring the
synthesis of 2.4 over time by NMR spectroscopy provides no evidence for the
formation of any CISi(CHs); even as an intermediate byproduct in the reaction.
Synthesis of complex 2.9 within a closed system indicates minimum formation
of CISi(CHs)s, with O(Si(CHs)3)2 as the major byproduct. Due to these reaction
characteristics, the relatively unique complexes 2.4 and 2.5 can be accessed.
These complexes are unique due to the presence of the highly configurable
supporting phosphinimide ligands, with an imido or oxido fragment, as well as
two chlorido ligands that can be utilized for further reactivity, such as the
installation of additional ligands by salt metathesis (see Chapter 3).

Alternative synthetic methodologies, including salt metathesis and
protonolysis, enabled the synthesis of the series of related alkylimido and oxido

complexes 2.11-2.12 (Fig. 2.63).

o O O NBu 'BuN  N!'Bu
\V/4 \V4 \ 7/
Mo Mo Mo
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N N N N N N
w /N 7\ /N
BUSP P Bu3 tBU3P PtBUS tBU3P PtBU3
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Figure 2.63: Sequence of bisphosphinimide imido and oxido complexes

Comparison of the *'P NMR chemical shifts of the singlets for complexes
2.11-2.12 when measured in benzene-ds reveals a consistent change in the
chemical shift values as the oxido ligands are changed to tert-butylimido ligands

(Figure 2.64).
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Figure 2.64: Superimposed *'P{"H} NMR spectra of 2.11 (red/bottom), 2.10

(green/middle), and 2.12 (blue/top) in Ce¢De (162 MHZz)

This variation in the chemical shift can primarily be attributed to a change
in electron donation to the molybdenum center. The presence of more electron
withdrawing oxido ligands reduces the electron density at the phosphorus nuclei
leading to a more positive chemical shift. This effect is reduced as the oxido

ligands are replaced by the more electron donating tert-butylimido ligands.
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Similarly, the same type of effect can be seen through comparison of the

'"H NMR spectra of complexes 2.11-2.12 (Figure 2.65). For complexes 2.11 and

2.10, the "H NMR peaks for the tert-butylimido protons follow the same trend as
the *'P NMR trend. As electron donation from the imido ligands increases to the
metal center due to the presence of an oxido fragment in complex 2.10, the tert-
butylimido methyl peak shifts slightly downfield, indicating a less electron rich

environment around the protons.
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Figure 2.65: '"H NMR superimposed spectra of 2.11 (red/bottom), 2.10

(green/middle), and 2.12 (blue/top) in C¢Des (400 MHZz)

While the tert-butyl imido fragments follow the same trend as the *'P
NMR spectroscopic trend, the tert-butyl fragments of the phosphinimide ligands

follow an inverse trend. Decreasing electron density at the molybdenum center
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from 2.11 to 2.12 causes the phosphinimide ligand tert-butyl fragments to
decrease in chemical shift, indicating a more electron rich environment near the
tert-butyl fragments. This opposite trend can be attributed to slightly weaker
coordination of the phosphinimide ligands.

Many of the complexes studied, exhibited asymmetric phosphinimide
ligand coordination in solution. These coordination differences appear to be
influenced by the steric size of the ligand, the surrounding solvent environment,
and temperature. Lower steric bulk phosphinimide ligand derivatives are more
likely to exhibit asymmetric coordination. Increased solubility of the complexes
has shown they are more prone to asymmetric ligand coordination. Asymmetric
coordination is also observed to have a more consistently coordinated
phosphinimide ligand, while the coordination of the other phosphinimide ligand
fluctuates more readily, which is interpreted as a weaker coordination
interaction. Increased temperature causes the more weakly coordinated
phosphinimide ligands to fluctuate more significantly in solution, while the more
strongly coordinated phosphinimide ligands do not appear to be effected by

temperature changes.

2.3 Conclusions

A range of group VI bisphosphinimide complexes have been synthesized
and characterized, none of which have been previously reported in the
literature. Synthetic routes to access these complexes have been developed

through expansion of previously reported methods and new approaches,
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including efficient ligand installation through selective O(Si(CHs)3). elimination,
salt metathesis, and protonolysis. These synthetic approaches provide
foundational knowledge that will facilitate future study of phosphinimide

complexes of group VI metals and other transition metals.

2.4 Future Work

A more in-depth comparison of derivative forms of 2.7 could explain
whether asymmetric coordination of phosphinimide ligands is primarily an
electronic or steric effect. Density functional theory (DFT) calculations of the
geometry and electronic structure of these derivative complexes could help
assess the factors involved in asymmetric coordination. DFT NMR property
calculations could also be utilized to better support the trends observed in the

series of complexes 2.10 to 2.12, along with related derivatives.

2.5 Experimental

General Experimental Procedures

Unless otherwise specified, all reactions and manipulations were
performed under a dry oxygen-free atmosphere of dinitrogen in either a
Vacuum Atmospheres NEXUS model drybox equipped with a 40CFM Dual
Purifier NI-Train, or by using standard Schlenk techniques. Glassware was
dried in an oven at 150 °C overnight prior to use.

NMR spectra were collected using a Varian Inova 600 MHz NMR

spectrometer with a 5 mm indirect detection probe, Varian VNMRS 500 MHz
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NMR spectrometer with a tunable 5 mm "H{"°N-*'"P} PFG probe, Varian VNMRS
400 MHz spectrometer with an auto-tunable 5 mm Dual Broadband "°N-'P {'H}
PFG probe optimized for broadband detection, or Oxford Mercury VX-300 300
MHz NMR spectrometer with a 5 mm 4-nuclei ("H/*C/*°F/*'P) auto-switchable
PFG probe. Chemical shifts for 'H, "'B, °C, "°F, #°Si, and *'P NMR spectra are
reported in parts per million (ppm), and were referenced to residual solvent
impurities, or when stated on the spectra with the absolute unified scale
corresponding to the following standards using the relevant = / % frequency
ratios: ''B, 32.083974 (BF3*Et,0 CDCls, ¢ = 15 %); °C, 25.145020 (Si(CHs)s
CDCls, ¢ = 1 %); °F, 94.094011 (FCCls); ?°Si, 19.867187 (Si(CHs)s CDCls, ¢ =
1 %); *'P, 40.480742 (HsPO, external).?®*® All NMR spectral data were
processed with the MestReNova 11.0.2 software package.

Elemental analyses were performed at Midwest Microlab LLC. Single
crystal X-ray diffraction data were collected using a Bruker APEX2
diffractometer with a CCD area detector and graphite-monochromated Mo Ka
radiation (A = 0.71073 A) Structural solution and refinement were accomplished
using the APEX2, SAINT, SADABS, TWINABS, and SHELXL programs.>®?
Details regarding data collection for each structure are provided in the individual
CIF files.

Except where otherwise noted, reagents were purchased from
commercial suppliers and used without further purification. Benzene-ds,
chloroform-d, dichloromethane-d,, and toluene-ds, were purchased from

Cambridge Isotope Laboratories (99.9%D) and were purified by storage over 4
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A molecular sieves under N, prior to use. Celite (Aldrich) and 4 A molecular
sieves (Aldrich) were dried under dynamic vacuum at 250 °C for 48 h prior to
use. All solvents were purchased from commercial suppliers and dried and
deoxygenated with the appropriate VAC Atmospheres Solvent Purifier modules
and stored over activated 4 A molecular sieves prior to use. The following
compounds were prepared according to literature  procedures:
[(DME)Mo(0),Cl5] (2.1), [(DME)Mo(O)(N'Bu)Cl,] (2.2), and [(DME)Mo(N'Bu)2Cl.]

(2.3).%

Synthesis of '‘BusP=N-Si(CHs)s; (L1): In a 20 mL scintillation vial, ‘BusP (3.71
mmol, 750 mg) was combined with neat (CHs3)3Si-N3 (11.12 mmol, 1.281 g) at
ambient temperature. The vial was sealed, and the colorless transparent
reaction mixture was stirred with a magnetic stir bar while heated to +90 °C for
6 hours. Any N, pressure generated in the headspace was released by briefly
venting the reaction after 1 and 3 hours. The reaction was cooled to ambient
temperature and volatiles were removed under vacuum. 1.058 g (98% yield by
mass) of L1 was isolated as a white solid. This is a modified synthesis based on
a previously reported synthesis.* '"H NMR (400 MHz, benzene-ds, 25.0 °C) & =
0.41 (d, 9H, *Jpr = 1.1 Hz, NSi(CHs)3), 1.16 (d, 27H, >Jpy = 12.7 Hz, PC(CHs)3).
31P{"H} NMR (162 MHz, benzene-ds, 25.0 °C) & = 32.31 (s, 1P, PC(CHs)3). 'H
NMR (400 MHz, chloroform-d, 25.0 °C) & = 0.01 (s, 9 H, NSi(CHs)3), 6 = 1.29

(d, ®Jpn = 12.6 Hz, 27 H, PC(CHs)3). *'P{'"H} NMR (162 MHz, chloroform-d, 25.0
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°C) & = 32.35 (s, 1 P, PC(CHs)3). ®C NMR data was not collected on this

compound as it was previously reported.

Synthesis of 'BusP=NH (L2): 'BusP=N-Si(CHs); (3.02 mmol, 874 mg) was
dissolved in 10 mL of toluene and added to a 50 mL Schlenk tube. The Schlenk
tube was connected to a Schlenk line and unpurified standard grade CH3;OH
(62 mmol, 2.5 mL) was added to the reaction flask while purging with dinitrogen.
The Schlenk tube was sealed and the colorless transparent reaction was stirred
using a magnetic stir bar and heated at +100 °C for 18 hours. The system was
cooled, and solvent and volatiles were removed under vacuum, leaving behind
a white solid. The white solid was transferred out of the Schlenk tube with
hexanes in a glovebox, and the hexanes were removed under vacuum. 627 mg
(96 % vyield) of 'BusP=NH was isolated as a white powder. This is a modified
synthesis based on a related synthesis.*®* '"H NMR (500 MHz, benzene-dg, 25.0
°C) 6 =0.19 (s, 1H, NH), 6 = 1.22 (d, 27 H, 3Jpy = 11.9 Hz, PC(CH5)3). *'P{'H}
NMR (162 MHz, benzene-ds, 25.0 °C) & = 56.13 (s, 1P, PC(CHs)3). >°C NMR

data was not collected on this compound as it was previously reported."

Synthesis (in situ) of 'BusP=NLi (L3): ‘BusP=NH (L2) (0.906 mmol, 197.0 mg)
was dissolved in ~10 mL of THF and was then cooled thoroughly in a LN
cooled cold well. While stirring and warming to ambient temperature, a methyl
lithium solution (0.912 mmol, 0.57 mL) was added dropwise. The solution

rapidly clarifies to give a colorless transparent solution, along with generation of
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gas bubbles. After one hour, the solution was used in the next synthetic step

and not isolated.

Synthesis of Cy;P=NSi(CH3); (L4): L4 was synthesized using the same
conditions as the synthesis of L1. "H NMR (400 MHz, benzene-ds, 25.0 °C) & =
0.45 (s, 9H, NSi(CHs)s), (P(CsH11)3) 1.10, 1.34, 1.59, 1.63, 1.70, 1.88. 3'P{'H}
NMR (162 MHz, benzene-ds, 25.0 °C) & = 17.09 (s, 1P, PC(CHs)3). *°C NMR

data was not collected on this compound as it was previously reported.*

Synthesis of Ph;P=NSi(CH3); (L5): In a 20 mL scintillation vial, PhsP (6.55
mmol, 1.72 g) was combined with neat Me3;Si-N3 (26.1 mmol, 3.00 g) at ambient
temperature. The vial was sealed, and the colorless transparent reaction
mixture was stirred using a magnetic stir bar while heated at 80 °C for 15 hours.
Any N pressure generated in the headspace was released by briefly venting
the reaction after 1 hour. The reaction was cooled to ambient temperature and
volatiles were removed under vacuum. 2.06 g (90% yield by mass) of L5 was
isolated as a white crystalline solid. '"H NMR (400 MHz, benzene-ds, 25.0 °C) &
= 0.39 (s, 9H, NSi(CHs)3), 7.04 (m, 9H, P(o-Ph)/P(p-Ph)), 7.74 (m, 6H, P(m-
Ph)). *'P{"H} NMR (162 MHz, benzene-dg, 25.0 °C) & = -1.02 (s, 1P, PC(CHs)s).
®C NMR data was not collected on this compound as it was previously

reported.*

100



Synthesis of p-Tol;P=NSi(CHs); (L6): In a 20 mL scintillation vial, (p-Tol)s;P
(3.28 mmol, 1.000 g) was combined with neat (CH3)3Si-N3 (4.85 mmol, 1.136 g)
at ambient temperature and generated a slightly opaque colorless solution. The
reaction mixture was stirred with a magnetic stir bar while heated to +80 °C for
6.5 hours. The reaction was cooled to ambient temperature, hexanes were
added to precipitate product out of solution, and volatiles were removed under
vacuum. 1.279 g (98% vyield by mass) of L6 was isolated as white solid. 'H
NMR (400 MHz, benzene-ds, 25.0 °C) 6 = 0.43 (s, 9H, NSi(CHs)3), 1.99 (s, 9H,
p-CHs), 6.93 (d, *Jnn = 7.2 Hz, 6H, 0-H), 7.76 (dd, *Jpy = 12.6 Hz, *Jun = 7.5Hz,
6H, m-H). *'P{’"H} NMR (162 MHz, benzene-ds, 25.0 °C) & = -0.63 (s, 1P, NP).
BC{'H} NMR (101 MHz, benzene-ds, 25.0 °C) & = 4.26 (d, >Jpc = 3.4 Hz,
NSi(CHs)3), 20.89 (d, °Jpc = 1.5 Hz, p-CH3), 133.17 (d, "Jpc = 104.3 Hz, PC),
128.73 (d, ?Jpc = 12.3 Hz, 0-CH), 132.15 (d, 3Jpc = 10.6 Hz, m-CH), 140.59 (d,

*Jpc = 2.8 Hz, p-CCH).

Synthesis of (CHs)'BuP=NSi(CHs)s (L7): In a 20 mL scintillation vial,
'Buz(CHs)P (5.80 mmol, 929 mg) was combined with neat (CH3)sSi-N3 (18.3
mmol, 2.11 g) at ambient temperature and generated a slightly opaque
colorless solution. The vial was sealed, and the reaction mixture was stirred
with a magnetic stir bar while heated to +80 °C for 7 hours. Any N, pressure
generated in the headspace was released by briefly venting the reaction after 1
hour. The reaction was cooled to ambient temperature and volatiles were

removed under vacuum. 1.403 g (98% vyield by mass) of L7 was isolated as an
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opaque colorless liquid. '"H NMR (400 MHz, benzene-ds, 20.0 °C) & = 0.24 (d,
9H, “Jpn = 1.8 Hz, NSi(CHs)3), 0.91 (d, Jpn = 10.5 Hz, P(C(CHa3)3)2CHs), 1.02
(d, *Jpn = 13.6 Hz, P(C(CHs)3)2CHs). *'P{"H} NMR (162 MHz, benzene-ds, 20.0
°C) 6 = 25.50 (s, 1P, P'Bu,CHs). *C{"H} NMR (101 MHz, benzene-ds, 20.0 °C)
5 =4.4 (d, *Jpc = 2.3 Hz, NSi(CHs)3), 8.59 (d, "Jpc = 51.4 Hz, P(C(CH3)3).CHs),

26.55 (s, P(C(CHs)3)2CH3), 34.99 (d, 3Jpc = 67.7 Hz, P(C(CH3)3)2CHs).

Synthesis of [(‘BusP=N);MoOCl,] (2.4): In a 20 mL scintillation vial, '‘BusP=N—
Si(CH3)3 (L1) (75.2 mg, 0.260 mmol) and [(DME)MoO,Cl;] (2.1) (171 mg, 0.591
mmol) were combined as solids. 8 mL of toluene was added to the vial, which
generated a yellow/green suspension at ambient temperature (~21 °C). The vial
was capped and the suspension was stirred using a magnetic stir bar and
heated at 70 °C for 16 hours. After cooling to room temperature, volatiles were
removed under reduced pressure from the yellow/orange suspension, resulting
in 361 mg (0.587 mmol, 99% vyield) of [(‘BusP=N);MoOCl,] (2.4) as a yellow
powder. Single crystals suitable for X-ray diffraction were obtained from a
concentrated solution of benzene-ds at ambient temperature. '"H NMR (500
MHz, benzene-ds, 25.0 °C) & = 1.44 (d, 54H, 3Jpp = 13.9 Hz, PC(CHs)s). *'P{'H}
NMR (202 MHz, benzene-ds, 25.0 °C) & = 58.64 (s, 2P, PC(CHs)s). *C{'H}
NMR (126 MHz, benzene-ds, 25.0 °C) & = 29.71 (s, PC(CHas)s), 42.73 (d, "Jpc =
42.8 Hz, PC(CHs)3). Elemental analysis found: C, 46.56; H, 8.66; N, 4.54.

C24H54Cl:MoN2OP; requires: C, 46.83; H, 8.84; N, 4.55.
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Synthesis of [(‘BusP=N);Mo(N'Bu)Cl;] (2.5): [(DME)Mo(N'Bu)OCl;] (2.2)
(144.9 mg, 0.421 mmol) was transferred with 10 mL of toluene into a 20 mL
scintillation vial containing 'BusP=N—Si(CH3)s (L1) (243.5 mg, 0.841 mmol) as a
solid, which generated a dark brown/orange suspension at ambient temperature
(~21 °C). The vial was capped and the suspension stirred using a magnetic stir
bar and heated at +90 °C for 21 hours. After cooling to room temperature,
volatiles were removed under reduced pressure from the dark red/orange
transparent solution, resulting in 275.0 mg (0.410 mmol, 97% yield) of
[(‘BusP=N)Mo(N'Bu)Cl,] (2.5) as an orange powder. Single crystals suitable for
X-ray diffraction analysis were obtained from a concentrated solution of pentane
and DCM (1:3) at -30 °C. "H NMR (400 MHz, benzene-ds, 20.0 °C) & = 1.50 (d,
54H, 3Jpyy = 13.4 Hz, PC(CHs)3), 1.69 (s, 9H, MoN(C(CHs)s)). *'P{"H} NMR (162
MHz, benzene-ds, 20.0 °C) & = 52.40 (s, 2P, PC(CHs)s). "*C{'"H} NMR (101
MHz, benzene-ds, 20.0 °C) & = 29.98 (s, PC(CHs)3), 42.13 (d, "Jpc = 44.4 Hz,

PC(CHs)3).

Synthesis of [(Cy;P=N).MoOCl;] (2.6): [Cy;P=N-Si(CH3);] (L4) (249.1 mg,
0.678 mmol) was transferred with 10 mL of toluene into a 20 mL scintillation vial
containing [(DME)MoO,Cl;] (2.1) (97.3 mg, 0.337 mmol) as a solid, which
generated a light green suspension at ambient temperature (~21 °C). The vial
was capped and the suspension stirred using a magnetic stir bar and heated at
85 °C for 23 hours. After cooling to room temperature, volatiles were removed

under reduced pressure from the red/orange suspension, resulting in 257.8 mg
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(0.334 mmol, 99% yield) of [(CysP=N);MoOCl,] 2.6 as a pale orange solid. "H
NMR (400 MHz, benzene-ds, 25.0 °C)5 = (P(CsH11)3) 1.11, 1.50, 1.65, 2.08,
2.61, 3.26. *'P{'"H} NMR (162 MHz, benzene-ds, 25.0 °C)5 = 42.32 (s, 1P,

PC(CHa)3), 65.56 (s, 1P, PC(CHj3)3).

Synthesis of [(Ph3P=N):MoOCI;] (2.7): In a 20 mL scintillation vial,
[(DME)MoO.Cl;] (2.1) (106.0 mg, 0.367 mmol) was suspended in 5 mL of
toluene, and Ph3;P=N-Si(CHs)s (L5) (256.4 mg, 0.734 mmol) was transferred
into the vial with 5 mL of toluene, which generated a green/blue suspension at
ambient temperature (~21 °C). The vial was capped and the suspension was
stirred using a magnetic stir bar and heated at 90 °C for 18 hours. After cooling
to room temperature, volatiles were removed under reduced pressure from the
orange suspension, resulting in 255.2 mg (0.347 mmol, 95% yield) of
[(PhsP=N);MoOCl;] (2.7) as a pale yellow solid. '"H NMR (400 MHz, benzene-
de, 20.0 °C)6 = 6.99 (m, 24H, P(CeHs)s), 7.87 (m, 6H, P(CsHs)s). *'P{'"H} NMR

(162 MHz, benzene-dg, 20.0 °C)d = 32.48 (s, 2P, P(CeHs)s).

Synthesis of [(p-TolsP=N).MoOCI;] (2.8): In a 20 mL scintillation vial, p-
TolsP=N-Si(CHs3); (L6) (258 mg, 0.659 mmol) was dissolved in 5 mL of toluene.
A 5 mL toluene suspension of [[DME)MoO,Cl;] (2.1) (95 mg, 0.329 mmol) was
added to the L6 solution, generating a dark green solution at ambient
temperature (~21 °C). The vial was capped and the solution was stirred using a

magnetic stir bar and heated at 90 °C for 72 hours. After cooling to room
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temperature, volatiles were removed under reduced pressure from the
orange/red suspension, providing 242 mg (0.295 mmol, 90% yield) of [(p-
TolsP=N);MoOCl,] (2.8) as a pale tan/orange solid. '"H NMR (400 MHz,
chloroform-d, 15.0 °C &6 = 2.37 (s, 9H, P((CeH4)CHs)3), 2.38 (s, 9H,
P((CeH4)CHs)3), 7.26 (m, 12H, P((CsH4)CHs)s), 7.63 (dd, *Jpn = 12.4 Hz, 3Jhy =
8.1 Hz, 6H, P((CeH4)CHa)3), 7.71 (b, 6H, P((CsHs)CHas)s). *'P{'H} NMR (162
MHz, chloroform-d, 15.0 °C) & = 34.19 (s, 1P, P((CsH4)CHs)3), 43.67 (s, 1P,

P((CsH4)CHz3)3).

Synthesis of [((CH3)'BuzP=N);MoOCl,] (2.9): In a 20 mL scintillation vial,
[(DME)MoO.Clz] (2.1) (100 mg, 0.346 mmol) was suspended in 1 mL of
toluene, and (CH3)'BuP=N-Si(CHs)s (L7) (171 mg, 0.691 mmol) was transferred
into the vial with 3 mL of toluene, which generated a yellow/green suspension at
ambient temperature (~21 °C). The vial was capped and the suspension was
stirred using a magnetic stir bar and heated at 80 °C for 20 hours. After cooling
to room temperature, volatiles were removed under reduced pressure from the
orange suspension, resulting in 163 mg (0.307 mmol, 89% yield) of
[((CH3)'BuzP=N),MoOCl,] (2.9) as a pale yellow solid. '"H NMR (400 MHz,
benzene-ds, 20.0 °C) & = 1.05 (d, 18H, *Jpy = 14.8 Hz, P(C(CH3)3)2.CH3), 1.09
(d, 18H, %Jpy = 14.7 Hz, P(C(CHs)3):CHs), 1.40 (d, 3H, *Jpy = 11.1 Hz,
P(C(CHs)3).CHs), 1.96 (d, 3H, *Jpy = 10.6 Hz, P(C(CHa3)3).CHs). *'P{'"H} NMR
(162 MHz, benzene-ds, 20.0 °C) & = 58.03 (s, 1P, PBu,CHzs), 77.59 (s, 1P,

P'Bu,CHs). *C{'"H} NMR (101 MHz, benzene-ds, 20.0 °C) & = 0.59 (d, 'Jpc =
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50.7 Hz, P(C(CHs3)3)2CH3), 5.59 (d, 'Jpc = 58.1 Hz, P(C(CHs)3)2CHs3), 26.08 (s,
P(C(CH3)3)2CH3), 26.41 (s, P(C(CHs)3):CHs), 35.37 (d, *Jpc = 61.8 Hz,
P(C(CHs)3),CHs), 36.28 (d, 3Jpc = 57.4 Hz, P(C(CH3)3).CHs). 'H-*"P gHMBC
NMR (benzene-ds, 20.0 °C) [(*H, 400 MHz), (*'P, 162 MHz)] & = [1.05, 58.0] (d,
P(C(CHs)3)2CHs3), [1.95, 58.0] (d, P'Bu2CHs), [1.09, 77.5] (d, P(C(CHs)3)2CHs3),
[1.39, 77.5] (d, PBu,CHs). The 'H-*'"P gHMBC NMR experiment used a 'H
spectral window of 1000.0 Hz, centered at 1.10 ppm, with a 0.256 s acquisition
time (256 data points), and a 1.097 s relaxation delay; a *'P spectral window of
6474.6 Hz, centered at 70.05 ppm; and 4 scans per time increment, 512 time

increments, a Jnxn 0f 12 Hz, and non-uniform sampling density of 50%.

Synthesis of [(‘BusP=N);Mo(O)(N'Bu)] (2.10): 'BusP=NH (L2) (0.32 mmol, 70
mg) was dissolved in ~10 mL of THF and was then cooled thoroughly in a LN»
cooled cold well. While stirring and warming to ambient temperature, a methyl
lithium solution (0.33 mmol, 0.21 mL) was added dropwise. The solution rapidly
clarifies to give a colorless transparent solution, along with generation of gas
bubbles. After one hour, the solution was cooled thoroughly in a cold well. A
dark green THF solution of the molybdenum starting material
[(DME)Mo(N'Bu)OCl;] (2.2) (0.16 mmol, 55 mg) was added slowly to the lithium
salt solution. The resulting solution rapidly changed from opaque white to
brown/yellow. After 13 hours, the solution was transparent gold in color, and
solvent was removed under vacuum. The solid residue was dissolved in hexane

and filtered through Celite to remove salt byproducts. A pale yellow/orange oil
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was isolated from the filtrate (81 mg, 83% yield). Transparent tan crystals for
XRD analysis were generated out of a slowly evaporating hexane solution at —
20 °C. 'H NMR (500 MHz, benzene-ds, 25.0 °C) & = 1.36 (d, 54H, *Jpy = 12.8
Hz, PC(CHs)s), 1.73 (s, 9H, MoN(C(CHs)3)). *'P{'H} NMR (202 MHz, benzene-
de, 25.0 °C) & = 44.82 (s, 2P, PC(CHs)3). "*C{"H} NMR (126 MHz, benzene-ds,
30.0 °C) & = 29.65 (s, PC(CH3)3), 32.44 (s, MoN(C(CHs)3)), 41.41 (d, "Jpc =
47.8 Hz, PC(CHs)3), 66.33 (s, MoN(C(CHs)s3)). Elemental analysis found: C,

54.58; H, 10.41; N, 6.60. CosHs3sMoN3OP, requires: C, 54.62; H, 10.31; N, 6.82.

Synthesis of [('BusP=N):Mo(N'Bu).] (2.11): ‘BusP=NH (L2) (1.00 mmol, 217.6
mg) was dissolved in ~10 mL of THF and cooled thoroughly in a LN» cold well.
While stirring and warming to ambient temperature, methyl lithium solution (1.02
mmol, 0.64 mL) was added dropwise. The solution rapidly clarified to give a
colorless transparent solution, and generate gas bubbles. After one hour,
solvent was removed under vacuum. The resulting white material was dissolved
in ~10 mL of THF and then cooled in a cold well. In a second flask, a
transparent yellow THF solution of the molybdenum starting material
[(DME)Mo(N'Buz)-Cl,] (2.3) (0.50 mmol, 199.5 mg) was cooled in a cold well.
The in situ generated lithium salt suspension was added slowly to molybdenum
starting material solution while warming. After 30 minutes, the solution slowly
changes to a transparent golden yellow color. After 14 hours, the solvent was
removed under vacuum. The resulting material was dissolved in hexane and

filtered through Celite to remove salt byproducts. The solvent was then
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removed from the filtrate (281 mg, 84% yield). Transparent tan crystals for XRD
analysis were generated out of a slowly evaporating diethyl ether solution at —
20 °C. 'H NMR (400 MHz, benzene-ds, 20.0 °C) & = 1.41 (d, 54H, 3Jpy = 12.5
Hz, PC(CHs)3), 1.65 (s, 18H, MoN(C(CHs)3)). *'P{'H} NMR (162 MHz, benzene-
de, 20.0 °C) & = 40.61 (s, 2P, PC(CHs)3). "*C{"H} NMR (101 MHz, benzene-ds,
25.0 °C) & = 29.65 (s, PC(CHs)3), 32.44 (s, MON(C(CHzs)3)), 41.41 (d, "Jpc =
47.8 Hz, PC(CHs)3), 65.01 (s, MoN(C(CHs)s3)). Elemental analysis found: C,

57.17; H, 10.63; N, 7.60. C32H72MoN4P, requires: C, 57.29; H, 10.82; N, 8.35.

Synthesis of (‘BusP=N):Mo(0); (2.12): A light orange suspension of
MoOz(acac), (2.13) (0.23 mmol, 75 mg) in 1 mL of THF was cooled to -20 °C
and was added to a colorless transparent 3 mL THF solution of 'BusP=NH (L2)
(0.46 mmol, 99 mg) at -30 °C. The reaction solution rapidly darkened to opaque
red while stirring and warming to ambient temperature. After 1.5 hours, solvent
and volatiles were removed under vacuum from the orange/red solution. After
drying under vacuum, 152 mg of (‘BusP=N).Mo(O), (2.12) was isolated as a
light orange solid (128 mg, quantitative). "H NMR (400 MHz, chloroform-d, 25.0
°C) & = 1.49 (d, 54H, %Jpy = 13.3 Hz, PC(CHs)3). *'P{"H} NMR (162 MHz,
chloroform-d, 25.0 °C) & = 51.98 (s, 2P, PC(CHas)s). No *C NMR data was
obtained due to poor solubility. Elemental analysis found: C, 51.95; H, 9.58; N,

4.55. Co4Hs54M0oN2O2P; requires: C, 51.42; H, 9.71; N, 5.00.
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3 Metal-Carbon Bond Containing Complex Synthesis and

Reactivity

3.1 Introduction

Alkylidene complexes of the group 6 metals are highly effective catalysts
for olefin metathesis reactivity, including cross-metathesis, ring-opening
metathesis polymerization (ROMP) and ring-closing metathesis (RCM)
applications.” The earliest group 6 alkylidene complexes generated were oxido-
alkylidene tungsten complexes,?™ yet most subsequent alkylidene research in
this area has focused on imido-alkylidene complexes." The presence of an
imido ligand allows for steric and electronic tuning of the catalysts, and helps
prevent catalyst deactivation through dimerization by providing greater steric
protection. A renewed interest in the study of oxido-alkylidene species has been
seen recently, as these complexes are postulated to be the active moieties in
heterogeneous surface-supported W catalysts.®® A recent study by Trunschke
and coworkers evaluated Mo oxide dispersed on the surface of mesoporous
silica for catalytic olefin metathesis, and it was shown through IR spectroscopy
that surface-bound Mo(VI) oxido-alkylidene species are generated in situ for
catalytic cross-metathesis reactions.’

Despite the importance of Mo oxido-alkylidene complexes in such
metathesis processes, they have not been widely studied. Prior to this research,

the only Mo oxido-alkylidene complex (A) to be characterized is the
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phosphonium adduct shown in (Fig. 3.1), which is in resonance with a o-vinyl
species (B)."”'" The alkylidene fragment in this complex is formed through
alkyne insertion into a Mo-P bond, while the oxido ligand is likely derived from

hydrolysis by adventitious water.

H O H O

H
RS, | 2 (To)C=CH )\R )\ ” ~SR
. 'V;O— R _© Ph,H5CP K\ =~ PhyHgCP ? @ K\H
- RSH ’
PCH3Ph, Tol

Tol Tol

Figure 3.1: First reported molecular molybdenum oxido-alkylidene complex

Unlike imido-alkylidene species that are typically prepared through salt
metathesis with a “universal starting material,” such as
[(DME)Mo(=CH(CHs)3)(NAr)(OTf),],"® analogous established routes to oxido-
alkylidene complexes of Mo do not exist. The Schrock group has reported a
general synthesis of W oxido-alkylidene species of the type
LoW(=CH(CH3)3)(O)Cl>» (L = phosphine) through ligand exchange with a Ta
alkylidene derivative' (Fig. 3.2), and have since reported a more convenient
approach using a W dioxido dialkyl precursor® (Fig.3.3), but a comparable

synthesis on Mo is not known.
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'Bu EtsP. Bu
0 .|
[ : ( . CI— _/
W(O'Bu), - Ta(O'Bu),Cl NeEt,

Ta(PEts),Cls CI

Figure 3.2: Synthesis of tungsten oxido-alkylidene through ligand exchange

ZnCly(dioxane)

Bu O O B
N Ny /Y 2 P(CHa),Ph
W- 2 CISI(CH3)3 h(H3C),P. ”
N N=— ; o Cl— W—
oluene, 100 °C N
/ N\ -0(51(CHy)) | >P(CHg,P
\ /  -CiCH
— - ZnCl,(bipy)

Figure 3.3: Synthesis of tungsten oxido-alkylidene from dioxido precursor

In Chapter 2, it was shown that phosphinimide ligands could be used to
support both oxygen and nitrogen-metal multiple bonds in the form of oxido and
imido ligands on molybdenum centers. Given these encouraging results and the
importance of group 6 alkylidene complexes, the phosphinimide ligand platform
was examined as a supporting ancillary framework for supporting metal-carbon

multiple bonds.

3.2 Results and Discussion

Alkylidene complexes are conventionally synthesized by time-consuming
and atom-inefficient processes, which require multiple synthetic steps and a
significant number of atoms lost as byproducts (Fig. 3.4)." Here, generation of

the imido alkylidene species is accomplished through salt metathesis to form a
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bis(alkyl) species (C), which then undergoes protonolysis chemistry with triflic
acid to produce the imido-alkylidene complex (D), liberating both an alkane, and
an ammonium salt in the process. In effect, one of the imido ligands acts as a
sacrificial proton acceptor. The laborious synthesis of related derivatives of
these imido-alkylidene complexes represents the current state of the art in
terms of group VI metathesis catalysts. As such, a more atom-economic

process involving less waste would be benéeficial.

R
NAr ArN  NAr
Cl ]l \ 7/ 3 TfOH NAr
TfO
\O*Mo\:NAr 2 RCH,CIMg /MQ ~ |v||| B
A - - AINHZOTf ~Mo
</0 “ 2 Moc 3 R -RCMe, </* ot
AN o)
R =Ph or Me \
Ar = 2,6(iPr)2C6H3 C D
Tf = [CF3SO,]

Figure 3.4: Conventional synthesis of imido-alkylidene molybdenum complexes

The syntheses of (‘BusP=N).Mo(O)Cl, (2.4) and (‘BusP=N);Mo(N'Bu)Cl,
(2.5) described in Chapter 2 provide a new platform for the synthesis of
alkylidene complexes through a more efficient process. These complexes each
incorporate two chlorido ligands, which are ideal functionalities for further salt
metathesis reactivity.

Alkylidene fragments have been previously introduced by methods that
involve salt metathesis reactions. These reactions generate intermediate
polyalkyl complexes, which can undergo thermal a-hydrogen abstraction that

can either occur spontaneously (Fig. 3.5), or can be promoted through steric

115



pressure introduced by a coordinating ligand (Fig. 3.6), resulting in formation of

an alkylidene fragment and elimination of one equivalent of alkane."

IBU tBLJ
Cl Bu \[ H H
2 LiCH,!Bu . t
AL i T P . u %
_oLi -'BuCH
/(|3| 2 LiCl rL By 3 < By

By Bu Bu

Figure 3.5: Generation of the first high-oxidation state alkylidene complex by a-

hydrogen abstraction

'Bu
\ Cl)l Cl H

2 THF | C
"Ta—Cl o—Ta‘:<
| - 'BuCH,4 o’ |
Cl O
Bu < 7

Figure 3.6: Generation of an alkylidene complex by a-hydrogen abstraction

induced by coordination of tetrahydrofuran

3.2.1 Oxido-Alkylidene Complex

In a fashion analogous to that shown in Fig 3.7, two equiv. of
LiCH,Si(CH3); can be combined with 2.4 at low temperature to generate a
transient bis(neosilyl) complex. While this reactive intermediate was not
isolated, it is presumed to form based on reaction precedent’ and '"H NMR
spectroscopic evidence. At room temperature, the bisalkyl complex converts
cleanly into the red oxido-alkylidene complex [(tBuzsP=N),Mo(O)(=CHSIi(CHs)3)]
(3.1).
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(HaC)gSi

0 (HsC)3Si Si(CHg) o) H
|| . . 3Vv)3 || 3/3 \\ /
c|—}v|g—c| 2 LiCH,Si(CHg)3 \—/MQ /MQ
N N THF, -20 °C N N - Si(CHg)y N N
/ N\ -2 LiC o AW / N\
BugP P'Bug BusP P'Bug BugP P'Bug

Figure 3.7: Synthesis of 3.1 by salt metathesis and alkane elimination

Complex 3.1 has been characterized by NMR spectroscopy, XRD, and
EA. Based on the XRD structure, 3.1 is pseudo Cs symmetric with a plane of
symmetry that contains the O-Mo-C fragment, and exhibits a pseudo-

tetrahedral core around the molybdenum atom, with a 174 value of 0.94 (Fig.

3.8).

Figure 3.8: Thermal ellipsoid plot (50% probability) of complex 3.1; non-

alkylidene hydrogen atoms have been omitted for clarity
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Visualization of the space-filling model of 3.1, derived from the XRD
structure, reveals highly exposed alkylidene and oxido fragments (Fig. 3.9), with

significant access to the molybdenum center.

Figure 3.9: Space-filling model of complex 3.1 focused on alkylidene ligand

(left), focused on oxido-ligand (right), alkylidene carbon atoms indicated in dark

grey

The molybdenum-oxido bond length (Table 3.1) is within the distribution
of previously reported Mo(VI) mono-oxido fragments, and is slightly longer
(+0.026 A) than the average of this distribution.’* This bond length is more
comparable to Mo(VI) cis-dioxido fragments, given the presence of a cis-
alkylidene fragment, and the oxido ligand in this complex exhibits a negligible
difference from the average value for cis-dioxido species (-0.004 A).

Comparison of the metrical parameters for 3.1 with the oxido-imido
complex 2.10 reveals a shorter oxido-molybdenum bond length for 3.1 (-0.033

A). This difference is reasonable since the alkylidene carbon atom is less
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electronegative than the nitrogen of the imido ligand, resulting in a weaker bond
with less ionic character. This is compensated for by the increased bond

strength of the oxido ligand in 3.1.

Table 3.1: Selected XRD Bond Distances for Complex 3.1

Atoms Length (A) Atoms Length (A)
Mo1-C1 1.920(5) C1-Si1 1.832(5)
Mo1-O1 1.700(4) P1-N1 1.560(4)
Mo1-N1 1.887(4) P2-N2 1.563(4)
Mo1-N2 1.877(4) . .

The bond angles (Table 3.2) at each of the phosphinimide nitrogen
atoms are both relatively linear (greater than 158°). Comparison of 3.1 with 2.10
reveals a larger bond angle difference between the ligands in 3.1, varying
across a range of 11°, while the ligands in 2.10 vary by less than 3°. This
difference between ligand bonding angles in 3.1 indicates ligand asymmetry, at
least in the solid state, as has been observed with complexes with less bulky
phosphinimide substituents described in Chapter 2. The average phosphinimide
bond angles for 3.1 (163.55°) compared with those for 2.10 (163.80°) indicate a

negligible difference of less than 1 degree.
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Table 3.2: Selected XRD Bond Angles for Complex 3.1

Atoms Angle (°) Atoms Angle (°)
Mo1-N1-P1 158.0(3) N1-Mo1-N2 106.57(18)
Mo1-N2-P2 169.1(3) 01-Mo1-C1 105.29(18)
0O1-Mo1-N1 113.9(2) Si1-C1-Mo1 134.7(3)
0O1-Mo1-N2 113.89(19) - -

The torsion angles of 3.1 (Table 3.3) indicate that the phosphinimide
ligands are oriented in different directions relative to the oxido ligand. While the
phosphinimide containing N2 and P2 is oriented almost orthogonal to the oxido
ligand, the linearity of the Mo-N2-P2 bond makes the impact of this torsion
angle negligible on the overall structure. The phosphinimide ligand containing
the N1-P1 bond is less linear and points more towards the oxido ligand,
perhaps a consequence of reduced steric bulk in that area of the molecule.

The alkylidene ligand is oriented in the syn configuration, where the
oxido ligand and the Si(CHs)s group of the ligand are on the same side of the
M=C bond, with an almost perfectly aligned torsion angle of -0.73°. This
geometry is likely driven by the lower steric bulk around the oxido ligand, as the
trans isomer would have greater steric interactions with the bulky
phosphinimide ligands. Studies have also suggested an electronic component
for the greater stability of the syn configuration due to an agostic interaction

between the alkylidene C-H bond and the metal center.""
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Table 3.3: Selected XRD Torsion Angles for Complex 3.1

Atoms Angle (°) Atoms Angle (°)
0O1-Mo1-N1-P1 7.0(8) N1-Mo1-N2-P2 163.5(17)
0O1-Mo1-N2-P2 -70.1(18) N2-Mo1-N1-P1 133.4(8)
01-Mo1-C1-Si1 -0.7(4) - -

Analysis of 3.1 by '"H NMR spectroscopy (Fig.3.10) reveals diagnostic
resonances for all protons within the structure, including a higher field singlet at
0.67 ppm for the trimethylsilyl fragment and a *'P-coupled doublet at 1.31 for
the phosphinimide protons, which is comparable to other compounds with this
ligand, as discussed in Chapter 2. The alkylidene proton is identified as the

resonance at a much higher chemical shift of 10.33 ppm.

™ o ® o ~
™ ® ™M N ©
o Q — o
% |—" © < T " o I~
o — M N ©
‘_" C(s) 'T "1‘(3‘11) B (s) ‘_\'/H ?
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b c
o\ >—H
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/ - a
N N CHj
tBu—P \\P CH b
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s“ﬁk 1Bu/ ::‘Bu ‘BL]; \tBu:”CHa 3 L‘ I
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Figure 3.10: "H NMR spectrum of 3.1 in CsDs (400 MHz)
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The *'P{"H} NMR spectrum of 3.1 (Fig. 3.11) contains a singlet at 46.62
ppm, which indicates formation of a single product with chemically equivalent

phosphinimide ligands when in solution.

Absolute Referencing used H3PO4 external and Ratio of 40.480742

o
©
(e}
b
Als) (H3C)3S
46.62 o y—H
A
Mo/
/-
//N N\\ a CHs
a ‘Bu—/P___ _P—é-CHB
B8y gy tgy Bu CHy

memmmwwwwmmmwmmmm

o
1.00
90 80 70 60 50 40 30 20 10
f1 (ppm)

Figure 3.11: *'"P{"H} NMR spectrum of 3.1 in C¢Ds (162 MHz)

The C{'H} NMR spectrum of 3.1 (Fig. 3.12) exhibits all expected
resonances except for the alkylidene carbon. The higher field trimethylsilyl
singlet appears at 2.86 ppm, with the primary tert-butyl carbons at 29.57, and

the expected *'P-coupled doublet for the quaternary tert-butyl carbons at 41.77
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Absolute Referencing used Me4Si CDCI3, ¢ = 1% and Ratio of 25.145020
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Figure 3.12: "*C{'"H} NMR spectrum of 3.1 in toluene-dgs (101 MHz)

The alkylidene carbon could not be resolved by 1-dimensional NMR
even with a high sample concentration, decreased temperature, increased
number of scans (2384), and an increased relaxation delay of 30 seconds. As
such, alternative 2D NMR techniques were performed. Use of a 2D 'H-{"*C}
band-selected heteronuclear single quantum coherence (HSQC) NMR
experiment with adiabatic pulses enabled measurement of the alkylidene
carbon signal (Fig. 3.13). The resonance is observed at 213.4 ppm, which is

within the expected range for this type of ligand fragment.'>'®""
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Absolute Referencing used Me4Si CDCI3, ¢ = 1% and Ratio of 100.000000
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Figure 3.13: "H-{"3C} bsHSQCAD NMR spectrum of 3.1 in CsDs ("*C decoupled

during acquisition) (600 MHz, 151 MHz)

Additionally, the related '*C-coupled HSQC experiment enabled
measurement of the 120 Hz 'Juc coupling constant for the alkylidene CH

fragment (Fig. 3.14), which is consistent with related Mo(V1) complexes.'®'®"
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Figure 3.14: "H-">C bsHSQCAD NMR spectrum of 3.1 in CsDg (600 MHz, 151

MHz)

Complex 3.1 is the first reported neutral oxido-alkylidene molybdenum
complex reported in the literature. As indicated earlier, there was only one
previously reported oxido-molybdenum vinyl phosphonium adduct that could be
viewed as a resonance form of the alkylidene species.'®"’

In 2018, Schrock et al. reported the synthesis of oxido-alkylidene
molybdenum complexes (E) that incorporated a bidentate ortho-methoxy
benzylidene ligand (Fig. 3.15).%° Interestingly, synthesis of these complexes

involved initial reactions of benzylidyne-alkoxide complex (F) with water.
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Figure 3.15: Generation of oxido-alkylidene molybdenum complex from reaction

with water

Subsequent reactions of E2 could
generate the aryloxide derivative (G) (Fig.
3.16), which exhibited Ilow catalytic
metathesis activity for a range of |
substrates. However, addition of 1-2 equiv.
of B(CsFs)s to G resulted in effective

catalytic metathesis at room temperature.

Catalytic activities of the precursor oxido- Figyre 3.16: Aryloxide oxido-
alkylidene complexes E were not reported.  g|kylidene complex

The synthesis of complex 3.1 also
represents an important advance in the efficiency of generation of group 6
alkylidene complexes that are capable of metathesis reactivity.

Initial results for the synthesis of different types of alkylidene fragments,

and varied phosphinimide derivatives, suggest that this synthetic approach may
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be general. If these results are further validated, this methodology could enable

efficient synthetic access to a new range of alkylidene complexes for study.

3.2.2 Imido-Alkylidene Complex

The related imido-alkylidene complex 3.2 was synthesized using similar
methodology to 3.1, with salt metathesis reactions to generate an intermediate
dialkyl complex that subsequently eliminates tetramethylsilane to generate an

alkylidene ligand, as illustrated in Fig. 3.17.

(H3C)3
N'Bu (HsC) N'BU  Si(CHy) 'BuN H
I - M I e \
Ci—Mo—ci  2LiCHzSICHa), \_MQJ \/MQ/
N/ N THF, -40 °C N/ N - Si(CHg)4 N N
7 N\ - 2 LiCl 7 N\ 7 N\
BugP P'Bug BugP P'Bug BugP P'Bug

Figure 3.17: Synthesis of 3.2 by salt metathesis and alkane elimination

Complex 3.2 was characterized by NMR and single crystal XRD. Based
on the XRD structure (Fig. 3.18), 3.2 is pseudo Cs symmetric with a plane of
symmetry that contains the imido-N, Mo, and alkylidene-C atoms. The inner
coordination sphere of the complex also exhibits pseudo-tetrahedral geometry

about the molybdenum atom, with a 1’4 value of 0.95.
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Si1

Figure 3.18: Thermal ellipsoid plot (50% probability) of complex 3.2. Non-

alkylidene hydrogen atoms have been omitted for clarity

Visualization of the space-filling model of the XRD structure of 3.2 shows

greater steric protection near the alkylidene fragment (Fig. 3.19) than in the

oxido-alkylidene complex 3.1.
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Figure 3.19: Space-filling model of complex 3.2 focused on alkylidene ligand
(left, alkylidene carbon atoms indicated in dark grey) and imido ligand (right,

imido carbon atoms indicated in dark grey)

The bond distances for 3.2 (Table 3.4) indicate very similar distances for
both nitrogen donors on the phosphinimide ligands to the central molybdenum
ion (Mo-N), and a slightly longer alkylidene bond (Mo=C) relative to 3.1. The
alkylidene-silicon (C1-Si1) bond is however, slightly shorter than the analogous

bond in 3.1.
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Table 3.4: Selected XRD Bond Distances for Complex 3.2

Atoms Length (A) Atoms Length (A)
Mo1-C1 1.926(3) C1-Sit 1.820(4)
Mo1-N1 1.890(3) P1-N1 1.569(3)
Mo1-N2 1.899(3) P2-N2 1.561(3)
Mo1-N3 1.748(3) - -

The bond angles (Table 3.5) containing the Mo-N-P fragments of 3.2 are

both relatively linear, with angles above 162°, which are slightly more linear

than the analogous bond angles in complex 3.1. The more linear phosphinimide

coordination is likely an effect of the increased steric bulk from the tert-

butylimido ligand.

Table 3.5: Selected XRD Bond Angles for Complex 3.2

Atoms Angle (°) Atoms Angle (°)
Mo1-N1-P1 168.31(19) N1-Mo1-N2 108.41(12)
Mo1-N2-P2 162.66(19) C1-Mo1-N3 103.94(14)
N1-Mo1-N3 113.61(13) Si1-C1-Mo1 128.72(19)
N2-Mo1-N3 112.43(13) - -

The phosphinimide ligands are oriented along different torsion angles

relative to the central molybdenum (generally N3-Mo-N-P), with most of the bulk
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of the phosphinimide ligands oriented slightly toward the alkylidene fragment

(Table 3.6).

Table 3.6: Selected XRD Torsion Angles for Complex 3.2

Atoms Angle (°) Atoms Angle (°)
N3-Mo1-N1-P1 76.2(9) N1-Mo1-N2-P2 130.0(7)
N3-Mo1-N2-P2 -103.6(7) N2-Mo1-N1-P1 -158.1(9)
N3-Mo1-C1-Si1 -7.1(3) - -

The 'H NMR spectrum (Fig. 3.20) of 3.2 indicates formation of a major
product that corresponds closely to the spectral data for 3.1, including a singlet
trimethylsilyl resonance at 0.60 ppm, a *'P-coupled phosphinimide doublet at
1.34 ppm, and a downfield alkylidene triplet at 10.28 ppm that is identified as
long-range *'P coupling (*Jrn = 2.2 Hz) to the phosphinimide phosphorus atoms
based on 2D NMR spectral data for the related complex 3.3 (vide infra).

In addition to the major product signals, there is evidence of a minor
product. The identity of this minor product is most strongly indicated by an
additional downfield alkylidene singlet at 12.19 ppm, with an approximate 0.13

ratio to the major product, which suggests an alternate alkylidene isomer.
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Figure 3.20: "H NMR spectrum of 3.2 in C¢Ds (400 MHz)

The "H-decoupled *'P NMR spectrum of 3.2 (Fig. 3.21) contains a major
product singlet at 42.78 ppm, which indicates a complex with chemically
equivalent phosphinimide ligands when in solution. A minor product is also
observed at a higher chemical shift of 50.66 ppm. This resonance is interpreted
to be the phosphinimide ligands for the anti isomer of 3.1, primarily due to the
relative ratio of the minor and major peaks in relation to the alkylidene proton

signals from the '"H NMR spectrum.
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Figure 3.21: *'"P{"H} NMR spectrum of 3.2 in C¢Ds (162 MHz)

3.2.3 Oxido-Alkylidene Borane Complex

Given the unusual exposed oxido ligand in 3.1, we were interested in
potential modulation of steric and electronic properties at the Mo center through
Lewis acid coordination. As shown in Fig. 3.22, 3.1 can be combined with
tris(pentafluorophenyl)borane to generate a novel oxido-borane adduct complex
3.3 in 98 % isolated yield. Based on the XRD structure (Fig. 3.23), 3.3 is
pseudo Cs symmetric with a plane of symmetry that contains the oxido-O, Mo,
and alkylidene-C atoms. In addition, the core coordination sphere around the

Mo is pseudo-tetrahedral with a 7’4 of 0.95.
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Figure 3.23: Thermal ellipsoid plot (50% probability) of complex 3.3; non-

alkylidene hydrogen atoms have been omitted for clarity

Visualization of the space-filling model of the XRD structure of 3.3

reveals a sterically protected oxido fragment in the complex (Fig. 3.24), and an

alkylidene fragment that is forced out of a syn conformation by the presence of

the borane.
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Figure 3.24: Space-filling model of complex 3.3 focused on the alkylidene ligand

(left) and oxido ligand (right), alkylidene carbon atoms indicated in dark grey

The presence of tris(pentafluorophenyl)borane leads to some dramatic
structural differences relative to the borane-free complex 3.1. In comparison,
3.3 exhibits a molybdenum-oxido (Mo1-O1) bond distance increase of 0.143(6)
A, an alkylidene bond distance (Mo1-C1) decrease of 0.025(9) A, and the
phosphinimide N-donor (Mo1-N) bond distances decrease by an average of
0.050(5) A (Table 3.7). Each of these metrical parameter differences supports

the expected strong electron withdrawing effect of the coordinated borane.
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Table 3.7: Selected XRD Bond Distances for Complex 3.3

Atoms Length (A) Atoms Length (A)
Mo1-C1 1.895(7) C1-Si1 1.863(8)
Mo1-O1 1.843(5) P1-N1 1.594(6)
Mo1-N1 1.865(6) P2-N2 1.628(6)
Mo1-N2 1.799(6) B1-O1 1.489(9)

The O1-Mo-C1 bond angle is slightly larger in 3.3 than 3.1, possibly due

to increased steric repulsion of the borane with the alkylidene fragment (Table

3.8). Phosphinimide bond angles to the more electropositive molybdenum atom

(generally Mo-N-P) as compared to the borane-free complex 3.1 are decreased

by an average of 1.95(35)°. The Mo-O1-B1 angle of 155.3(5)° in 3.3 suggests

that the Mo-O bond has more single-bond character than in 3.1.

Table 3.8: Selected X-ray diffraction model bond angles of 3.3

Atoms Angle (°) Atoms Angle (°)
Mo1-N1-P1 158.7(4) N1-Mo1-N2 111.5(3)
Mo1-N2-P2 164.5(4) 01-Mo1-C1 108.0(3)
0O1-Mo1-N1 108.0(2) Mo1-C1-Si1 148.7(4)
0O1-Mo1-N2 113.8(3) Mo1-O1-B1 155.3(5)
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The alkylidene fragment of 3.3 has a torsion angle of 127.7(8)° and is

rotated significantly in comparison to 3.1 by 127.4(11)°, placing the alkylidene

ligand into an intermediate configuration between syn and anti (Table 3.9).

Table 3.9: Selected XRD Torsion Angles for Complex 3.3

Atoms Angle (°) Atoms Angle (°)
0O1-Mo1-N1-P1 115.0(11) N1-Mo1-N2-P2 -82.5(15)
01-Mo1-N2-P2 39.9(16) N2-Mo1-N1-P1 -119.4(11)
01-Mo1-C1-Si1 127.7(8) B1-O1-Mo1-C1 19.3(12)
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Synthesis of 3.3 in the presence of 1-octene generates a single
conformer of the product complex with a Cs symmetry, as indicated by 'H, '°F,
and *'"P{'"H} NMR spectroscopy. Analysis of 3.3 by '"H NMR spectroscopy (Fig.
3.25) gives rise to diagnostic resonances for all protons within the structure,
including a higher field singlet at 0.25 ppm for the trimethylsilyl fragment and a
¥1P_coupled doublet at 1.10 ppm (°Jey = 13.7 Hz) for the phosphinimide

protons. The alkylidene proton is identified at the much higher chemical shift of

9.49 ppm.
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Figure 3.25: "H NMR spectrum of 3.3 with 1-octene in CsDs (400 MHz)

The "H-decoupled *'P NMR spectrum of 3.3 contains a singlet at 60.56
ppm (Fig. 3.26), which indicates formation of a single product with chemically

equivalent phosphinimide ligands when in solution.
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Figure 3.26: *'P{"H} NMR spectrum of 3.3 with 1-octene in C¢Ds (162 MHz)

The " F spectrum of 3.3 (Fig. 3.27) reveals all expected resonances and
coupling for the fluorine atoms within the borane fragment. A virtual triplet is
observed at -165.67 ppm (*Jgr = 21.7 Hz) for the meta-fluoro groups, along with
the expected triplet at -161.75 ppm (*Jrr = 20.6 Hz) for the para-fluoro. Finally, a

doublet is observed at -130.34 ppm (*Jgr = 24.3 Hz) for the ortho-fluoro groups.
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Figure 3.27: "°F NMR spectrum of 3.3 with 1-octene in CgDg (376 MHz)

Synthesis of 3.3 in the absence of 1-octene present leads to formation of
an additional minor C; symmetric product relative to the main Cs complex
previously described. Elemental analysis of this mixture indicates that the
additional product is an isomer of 3.3, and can be observed by 'H, °F, and
¥1P{"H} NMR spectroscopy.

Analysis of 3.3 by 'H NMR spectroscopy (Fig. 3.28) resolves an
additional singlet that is assigned to the trimethylsilyl fragment in the C4 isomer
at 0.14 ppm, and *'P-coupled doublets at 1.43 ppm (°Jpy = 13.9 Hz), and 1.55
ppm (3JpH = 14.4 Hz) for the phosphinimide protons in the C4 isomer. No

alkylidene proton was identified by "H NMR spectroscopy for the C; isomer.
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Figure 3.28: "H NMR spectrum of 3.3 in CDCl; (400 MHz)
The 'H-decoupled *'P NMR spectrum of 3.3 (Fig. 3.29) clearly shows the

major Cs product, along with two singlets for the C4 isomer at 61.18 ppm and

68.05 ppm.
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Figure 3.29: *'"P{"H} NMR spectrum of 3.3 in CDCl; (162 MHz)

The "®F NMR spectrum of 3.3 (Fig. 3.30) contains a multiplet at -166.10
ppm, a triplet at -162.20 ppm, and a doublet at -131.01 ppm for the major Cs
product. The C4 isomer peaks include a multiplet at -165.31 ppm, two triplets at
-161.51 and -160.31 ppm, and two doublets at -132.89 and -132.04 ppm. The
expected additional meta-position fluorine peaks may coincide with the Cs

isomer triplet near -166 ppm, and are not specifically assigned.
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Figure 3.30: "°F NMR spectrum of 3.3 in CDCl; (376 MHz)

Use of a 2D "H-{"*C} HSQC NMR experiment with adiabatic pulses
enabled measurement of the alkylidene carbon signal for 3.3 (Fig. 3.31), where
the resonance was found at 232.1 ppm, which is within the expected range for
this type of ligand fragment, but substantially downfield shifted with respect to

the resonance in the terminal oxido-alkylidene complex 3.1 at 213.4 ppm.
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Figure 3.31: "H-{"3C} bsHSQCAD NMR spectrum of 3.3 in CsDs ("*C decoupled

during acquisition) (600 MHz, 151 MHz)
The related ™C-coupled HSQC experiment enabled measurement of a

120 Hz "Jhc coupling constant for the alkylidene CH fragment which is identical

to that measured for 3.1 (Fig. 3.32).
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Figure 3.32: "H-">C bsHSQCAD NMR spectrum of 3.3 in CsDg (600 MHz, 151

MHz)

Use of a 2D "H-*'"P gradient heteronuclear multiple bond correlation
(gHMBC) NMR experiment enabled measurement of a cross peak that
corresponds to 4-bond indirect dipole-dipole coupling (J-coupling) between the
phosphinimide phosphorus atoms and the alkylidene proton (Fig. 3.33), which
supports the clear triplet observed for imido complex 3.2 (Fig. 3.20) and likely
influences the broadening of the alkylidene proton signals in oxido complexes
3.1 and 3.3 as well. The coupling constant is too small (~2 Hz) to be resolved

by this 2D experiment and the cross peak appears as a singlet.
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Figure 3.33: "H-*'"P gHMBC NMR spectrum of 3.3 in CsDs (400 MHz, 162 MHz)

3.3 Reactivity

Catalytic cross-metathesis reactivity was assessed for 3.3 with 1-octene
as a substrate. No reactivity for 3.3 was observed when heated at 80 °C for 18
hours. Catalytic ring-opening metathesis polymerization (ROMP) was also
assessed for 3.1 and 3.3 with norbornene as a substrate. Complex 3.1 at 10
mol % catalyst loading exhibits 18% conversion of norbornene to
polynorbornene when heated at 80°C over 24 hours. This low conversion
increases to 22% after more than 48 hours. In contrast, use of 10 mol % of
complex 3.3 exhibits much higher catalytic performance with 84% conversion of

norbornene when heated at 80°C for 17 hours.
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Comparison of the catalytic differences between 3.1 and 3.3 indicates a
number of key characteristics. Despite the good substrate accessibility to the
metal center in 3.1, actual catalytic reactivity appears to be limited by both the
strongly electron donating phosphinimide ligands and the known lower reactivity
of silyl alkylidenes."” Coordination of the borane to the oxido ligand in 3.3
clearly begins to reverse these reactivity-limiting effects. The marked
improvement of 3.3 over 3.1 is attributed to the removal of electron density from
the metal center, as substrate access is actually diminished by the presence of
the sterically large borane.

Interesting aspects of complex 3.3 are that the catalyst appears to exhibit
excellent stability at elevated temperatures, and may not be fully consumed
during catalytic reactions, as unreacted 3.3 is observed after catalytic screens.
These properties indicate that a much higher performance ROMP catalyst could
be designed. Improved substrate access, and a more electropositive metal
center, could be achieved with less bulky and more electron withdrawing
phosphinimide ligands. A less bulky derivative of the alkylidene fragment could
also increase reactivity.

Synthesis of alternative alkylidene fragments (methylidene and
neopentylidene) were assessed, but never fully characterized or tested for
catalytic performance. The more reactive alkylidene groups may prevent
isolation of a stable product for characterization. However, it is possible good
catalyst performance could be obtained by generating these complexes in situ

to be used immediately for catalysis.
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3.4 Conclusions

Alkylidene complexes supported by phosphinimide ligands were
synthesized, characterized, and tested for preliminary catalytic metathesis
reactivity. These complexes include the first reported neutral oxido-alkylidene
on molybdenum, and the first reported borane adduct of an oxido-alkylidene
molybdenum complex. The synthetic methodology used to generate these
complexes is extremely atom-economic and high yielding, defining an efficient
approach to synthesize useful molybdenum phosphinimide complexes with
metal-carbon multiple bonds.

Future research in this area could focus on the development of more
active metathesis catalysts, with evaluation of phosphinimide ligands with less
steric bulk and more electron withdrawing groups. It would be important to
evaluate if the thermal stability of complexes is impacted as steric bulk is
decreased. However, based on the elevated temperature syntheses of
precursor oxido-chlorido complexes described in Chapter 2, this may not lead to
significant changes in stability. Use of alternative alkylidene ligands and other
types of Lewis acids for coordination to the oxido ligand may affect catalytic
performance as well. Other types of conversions could also be assessed, such
as abstraction of the oxido ligand via trimethylphosphine to generate Mo(IV)

alkylidene complexes for further study.
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3.5 Experimental Section

General Experimental Procedures

Unless otherwise specified, all reactions and manipulations were
performed under a dry oxygen-free atmosphere of dinitrogen in either a
Vacuum Atmospheres NEXUS model drybox equipped with a 40CFM Dual
Purifier NI-Train, or by using standard Schlenk techniques. Glassware was
dried in an oven at 150 °C overnight prior to use.

NMR spectra were collected using a Varian Inova 600 MHz NMR
spectrometer with a 5 mm indirect detection probe, Varian VNMRS 500 MHz
NMR spectrometer with a tunable 5 mm "H{"°N-*'"P} PFG probe, Varian VNMRS
400 MHz spectrometer with an auto-tunable 5 mm Dual Broadband "°N-*'P {'H}
PFG probe optimized for broadband detection, or Oxford Mercury VX-300 300
MHz NMR spectrometer with a 5 mm 4-nuclei ("H/*C/*°F/*'P) auto-switchable
PFG probe. Chemical shifts for 'H, "'B, °C, "°F, #°Si, and *'P NMR spectra are
reported in parts per million (ppm), and were referenced to residual solvent
impurities, or when stated on the spectra with the absolute unified scale
corresponding to the following standards using the relevant = / % frequency
ratios: ''B, 32.083974 (BF3*Et,0O CDCls, ¢ = 15 %); °C, 25.145020 (Si(CHs)s
CDCls, ¢ = 1 %); °F, 94.094011 (FCCls); ?°Si, 19.867187 (Si(CHs)s CDCls, ¢ =
1 %); *'P, 40.480742 (HsPO, external).?’® All NMR spectral data were
processed with the MestReNova 10.0.1 software package.

Elemental analyses were performed at Midwest Microlab LLC. Single

crystal X-ray diffraction data were collected using a Bruker APEX2
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diffractometer with a CCD area detector and graphite-monochromated Mo Ka

radiation (A = 0.71073 A) Structural solution and refinement were accomplished
using the APEX2, SAINT, SADABS, TWINABS, and SHELXL programs.?*>2°
Details regarding data collection for each structure are provided in the individual
CIF files.

The 2D NMR experiments used unmodified pulse sequences from the
Agilent software package VNMRJ 4.2 with specific parameters reported for
each compound. Relaxation delays for the 2D NMR experiments were
optimized so that the recycle time equaled 1.3 times T; of the target proton
resonances, with T4 measured using INVREC NMR experiments with default
parameters from VNMRJ 4.2.

Except where otherwise noted, reagents were purchased from
commercial suppliers and used without further purification. Benzene-ds,
toluene-ds, and chloroform-d, were purchased from Cambridge Isotope
Laboratories (99.9%D) and were purified by storage over 4 A molecular sieves
under N, prior to use. Celite (Aldrich) and 4 A molecular sieves (Aldrich) were
dried under dynamic vacuum at 250 °C for 48 h prior to use. 1-octene was
purified using standard techniques.?® LiCH,Si(CHs); was purchased as an
anhydrous 1.0 M solution in diethyl ether, and solvent was removed to give
LiCH.Si(CHs); as a white powder, which was used in the reactions described
below. All solvents were purchased from commercial suppliers and dried and
deoxygenated with the appropriate VAC Atmospheres Solvent Purifier modules

and stored over activated 4 A molecular sieves prior to use.
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Synthesis of (‘BusP=N);Mo(O)(=CHSi(CHs)3) (3.1): In a 25 mL suction flask,
2.4 (100.4 mg, 0.163 mmol) was dissolved in 4 mL of THF and cooled to -20 °C.
A solution of LiCH»Si(CH3)3 (31.5 mg, 0.334 mmol) in 2 mL of THF at -20 °C
was slowly added to the solution of 2.4 while stirring. The reaction solution
rapidly changed from transparent yellow to transparent dark red. Volatiles were
removed under reduced pressure after one hour. The red oily material obtained
was dissolved in hexanes and filtered through a pad of Celite. Highly crystalline
(‘BusP=N)Mo(O)(=CHSi(CHs)3) (3.1) was isolated (89.6 mg, 0.142 mmol, 87%
yield) as a red solid after removal of hexanes under reduced pressure. Single
crystals suitable for X-ray diffraction were obtained by slow evaporation of 3.1 in
hexanes at -20 °C. 'H NMR (400 MHz, benzene-ds, 25.0 °C) & = 0.67 (s, 9 H,
Mo=CH(Si(CHs)3)), 1.31 (d, ®Jp = 12.8 Hz, 54 H, PC(CHs)3), 10.33 (s, 1 H,
Mo=CH(Si(CHs)3)). *'P{"H} NMR (162 MHz, benzene-ds, 25.0 °C) & = 46.62 (s,
2 P, PC(CHs)3). *C{'"H} NMR (101 MHz, toluene-ds, 15.0 °C) & = 2.86 (s,
Mo=CH(Si(CHs)3)), 29.57 (s, PC(CHs)s), 41.77 (d, "Jpc = 47.4 Hz, PC(CHs)s),
alkylidene carbon could not be detected. Elemental analysis found: C, 52.89; H,

10.07; N, 4.28. C,3HsaMoN,OP,Si requires: C, 53.31; H, 10.23; N, 4.44.

Synthesis of (‘BusP=N);Mo(=N'Bu)(=CHSi(CH3);) (3.2): In a 20 mL
scintillation vial, 2.5 (195 mg, 0.228 mmol) was dissolved in 3 mL of THF and
cooled to -40 °C. A solution of LiCH2Si(CHz)s (55 mg, 0.456 mmol) in 2 mL of

THF at -40 °C was slowly added to the solution of 2.5 while stirring. The
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reaction solution rapidly changed from transparent orange to transparent dark
brown. Volatiles were removed under reduced pressure after one hour. The
brown oily material obtained was dissolved in hexanes and filtered through a
pad of Celite, and (‘BuzP=N);Mo(=N'Bu)(=CHSi(CHs)s) (3.2) was isolated (146
mg, 0.213 mmol, 93% yield) as a oily brown viscous liquid after removal of
hexanes under reduced pressure. Single crystals suitable for X-ray diffraction
were obtained by slow evaporation of 3.2 in pentane at -30 °C. (Based on the
¥IP NMR data, the syn:anti isomer ratio in solution was 1:0.17) "H NMR (400
MHz, benzene-ds, 22.0 °C) & = (syn isomer) 0.60 (s, 9 H, Mo=CH(Si(CHs)3)),
1.34 (d, °Jpn = 12.6 Hz, 54 H, PC(CHs)3), 1.71 (s, 9 H, Mo=N(CHs)3), 10.28 (t,
“Jon = 2.2 Hz, 1 H, Mo=CH(Si(CHs)3)); (anti isomer) 12.19 (s, 1 H, trans-
Mo=CH(Si(CHs)3)). *'P{"H} NMR (162 MHz, benzene-ds, 22.0 °C) & = (syn

isomer) 42.78 (s, 2 P, PC(CHs)3); (trans isomer) 50.66 (s, 2 P, PC(CHs)s).

Synthesis of (‘BusP=N);Mo(O-B(CsFs)3)(=CHSi(CH3)3) (3.3): In a 20 mL
scintillation vial, 3.1 (24.8 mg, 0.0393 mmol) was dissolved in 2 mL of benzene-
ds. A suspension of B(CsF5)s (20.2 mg, 0.0394 mmol) in 3 mL of benzene-ds
was added dropwise to the solution of 3.1 at ambient temperature. The reaction
solution rapidly changed from transparent red to dark brown, and was heated at
60 °C for 1 hour. Purple crystals of 3.3 (43.9 mg, 0.0384 mmol, 98 % yield)
formed out of solution and were isolated after solvent removal under reduced
pressure. Single crystals suitable for X-ray diffraction were obtained from a

benzene-ds solution of 3.3 heated at +100 °C in a J. Young NMR tube.
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Elemental analysis found: C, 48.40; H, 5.77; N, 2.37. CssHesBF1sMON,OP,Si
requires: C, 48.35; H, 5.64; N, 2.45. (Based on the *'P NMR data, the Cs:Cy
isomer ratio in solution was 1:0.39) "H NMR (400 MHz, chloroform-d, 0.0 °C, Cs
isomer) 5 = 0.02 (s, 9 H, Mo=CH(Si(CHs)3)), 1.44 (d, Jp = 13.7 Hz, 54 H,
PC(CHs)3), 9.29 (s, 1 H, Mo=CH(Si(CHs)3)); (Cy isomer) 0.14 (s, 9 H,
Mo=CH(Si(CHs)3)), 1.43 (d, 3Jpn = 13.9 Hz, 27 H, PC(CHs)3), 1.55 (d, *Jpn =
14.4 Hz, 27 H, PC(CHs)3), alkylidene proton could not be detected. *'P{"H} NMR
(162 MHz, chloroform-d, 0.0 °C, Cs isomer) & = 60.74 (s, 2 P, PC(CHs)3); (C+
isomer) 61.18 (s, 1 P, PC(CHs)s), 68.05 (s, 1 P, PC(CHa)3). "°F NMR (376 MHz,
chloroform-d, 0.0 °C, Cs isomer) & = -166.10 (m, (m-CF)), -162.20 (t, >Jrr = 20.4
Hz (p-CF)), -131.01 (d, *Jrr = 23.5 Hz, (0-CF)); (C4 isomer) -166.10 (m, (m-
CF)), -165.31 (m, (m-CF)), -161.51 (t, *Jgr = 20.4 Hz (p-CF)), -160.31 (t, *Jrr =
20.2 Hz (p-CF), -132.89 (d, 3Jrr = 25.0 Hz (0-CF)), -132.04 (dd, 3Jgr = 24.8 Hz,

*Jer = 8.0 Hz (0-CF)).

General Procedure for Catalytic Metathesis Screening: Complexes 3.1 and
3.3 were used in catalytic metathesis screening experiments with 1-octene and
norbornene. Below is a representative procedure for 3.3 screened with
norbornene as substrate:

Complex 3.3 (10.6 mg, 0.009 mmol) was dissolved in 1 mL of benzene-
d6. Norbornene (8.0 mg, 0.085 mmol, 9.4 equiv.) was dissolved in 0.5 mL of
benzene-d6 and added to the solution 3.3 at ambient temperature. The

resulting solution was transferred to a J. Young NMR tube, lowered into the
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spectrometer and immediately monitored by 'H NMR spectroscopy.

Temperature adjustments up to 80 °C were initially made using the internal

NMR spectrometer temperature controls. A silicone oil bath was used for

heating the samples for longer duration at 80 °C. '"H NMR spectra were

collected periodically to monitor the reaction.
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4 Molybdenum Oxido Bond 1,2-Addition and Cycloaddition

Reactivity

4.1 Introduction

Reactive metal-element bonds are essential in the preparation of group
VI complexes for use in homogeneous catalysis. Exploration of catalyst
precursors and different synthetic approaches can result in the elucidation of
new types of transformations or methods, and offers the opportunity to evaluate
the impact of different ligand frameworks on precursor reactivity and catalyst
performance.

Imido ligands bearing a Mo=N double bond can act as either reactive
functionalities, or supporting ancillary groups on the metal center. One method
for the generation of imido ligands on group VI complexes is through CO,
elimination by a metathesis reaction between an oxido (Mo=0) ligand and an
isocyanate reagent (R-N=C=0). In principal, this type of transformation may be
possible with other types of heteroallenes, to generate other types of metal
element multiple bonds (M=E). For instance, a ketene derivative could eliminate

CO; and generate an alkylidene ligand (Fig. 4.1, E = CR).
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E =NR, CR,, PR
Figure 4.1: Generic metal-element multiple bond synthesis with heteroallenes

and carbon dioxide elimination

A single previously reported example of a metathesis reaction between a
rhenium-oxido group and diphenylketene (Ph,C=C=0) showed that this reaction
does not eliminate CO, and a bidentate ene-diolate ligand is generated, which

incorporates a 4-membered dioxarhenacyclobutane (Fig. 4.2)."

Cp*\ O //O Ph\ Cp*\ | 0 Ph
0.5 /Re\—/Re\ + /C=C=O Ré\ —
7 X V4
o ©O Cp Ph o © Ph
Cp* = CsMe5

Figure 4.2: Ene-diolate ligand formation via ketene cycloaddition

While this example emphasizes potential difficulties in alkylidene
generation from allene derivatives, other types of heteroallenes, with different
electronic structures, may result in more desirable reactivity. Alkylidene
formation could also be promoted by additional modification of the allene
reagents, or the metal complex, to overcome electronic challenges to reactivity.

The potential for this type of reaction to create metal-element multiple
bonds and eliminate CO, would be immense in terms of reaction efficiency and

synthetic utility, and may be useful with other kinds of transition metals beyond
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group VI. For group VI metals, this transformation could enable a highly
effective synthetic route into catalysts that can generate polymers that
incorporate heteroatoms, such as polymers containing P=C bonds. Current
research on these materials is limited by difficult syntheses and low atom
economy.

Isocyanates are commercially available reagents, and the chemistry to
generate ketenes has been thoroughly studied.? In contrast, there has been
limited research regarding the synthesis and properties of phosphaketenes, and
the known methods all involve highly toxic reagents. As these hazardous
reagents drastically limit our ability to study and use phosphaketenes,
alternative methods to synthesize phosphaketenes were evaluated.

Similarly, the study of phosphaketene reactions with transition metals
has been very limited, with one important example involving a group VI
complex. In this case, 2,4,6-tris(tert-butyl)phenylphosphaketene was combined
with [WCIx(P(CH3)Phz)s], where oxidative addition generates a terminal
phosphinidene ligand and a metal-bound CO ligand (Fig. 4.3).% It is interesting

to note that CO, elimination is not possible under these conditions.
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Bu P=—=C=0
C|:| PMe,Ph
PhMe,P —W—PMe,Ph  + tBy Bu Bu
PhMe,P él - 2 PMe,Ph |
By Il.€°
PhMeZP—V|V—PMe2Ph
c’ g

Figure 4.3: Terminal phosphinidene synthesis from phosphaketene oxidative

addition

With this single example of transition metal based phosphaketene
reactivity, it is unknown if other types of reactivity are possible with different
transition metals, oxidation states, or ligand systems, making this an important
area to investigate.

Chapters 2 and 3 described the development of the phosphinimide
platform to support oxygen, nitrogen, and carbon multiple bonds in molybdenum
complexes. Given this basis, and the interest in developing ways to catalytically
generate phosphorus-containing polymers, which would require a catalyst with
a Mo=P bond, this chapter focuses on the reactivity of phosphinimide ligand
supported Mo=0O bonds with reagents that can enable new approaches to
generating reactive Mo=C and Mo=P bonds. In addition, new synthetic
approaches to generate relevant organophosphorus compounds for use in

Mo=0 cycloaddition chemistry will be discussed.
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4.2 Results and Discussion

4.2.1 Isocyanate Reactivity with Metal-Oxido Ligands

Isocyanates (R—-N=C=0) are known to react with metal-oxido bonds,
resulting in the formation of a metal-imido species with concomitant elimination

of CO, as a byproduct (Fig. 4.4).*°

LM e > UM+ co,

Figure 4.4: Generic imido ligand synthesis through [2+2] cycloaddition of

organic isocyanates and metal-oxido species

This type of reactivity was assessed for some of the oxido complexes
generated in Chapter 2, particularly the oxido-dichlorido 2.4 and dioxido
complex 2.12.

Complex 2.4 can be combined with 2,6-dimethylphenylisocyanate (2,6-
Ph-N=C=0) to generate 4.1 through CO; elimination (Fig. 4.5), which can be
observed by monitoring the 'H-decoupled *'P NMR spectrum of the reaction

solution (Fig 4.6).
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ArN=C=0 I
Cl—Mo—Cl Cl—Mo—Cl
- - COQ /
//N N\\ //N N\\
(Bu)sP P(Bu)s Ar = 2,6-dimethylphenyl (Bu)sP P(Bu)s

Figure 4.5: Synthesis of 4.1 from 2.4 and 2,6-dimethylphenylisocyanate

Absolute Referencing used H3PO4 external and Ratio of 40.480742
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Figure 4.6: *'"P{"H} NMR spectra of conversion of 2.4 (a) conversion to 4.1 (b) in

CsDs over 3.2 hours (202 MHz)

Complex 4.1 has been characterized by NMR spectroscopy, single
crystal XRD. Based on the XRD structure, which is shown in Fig. 4.7, 4.1 is
pseudo Cs symmetric with a trigonal bipyramidal (15 = 0.91) ligand geometry

about the metal center.
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Figure 4.7: Thermal ellipsoid plot (50% probability) of complex 4.1. Hydrogen

atoms have ben omitted for clarity

Visualization of the space-filling model of the XRD structure of 4.1 shows
a well-enveloped metal center, with close contacts between the phosphinimide
tert-butyl groups and the methyl groups of the 2,6-dimethylphenylimido ligand

(Fig 4.8).

163



Figure 4.8: Space-filling model of complex 4.1 (van der Waals radii), imido

carbon atoms indicated in dark grey

Comparison of 4.1 with the related tert-butyl imido complex 2.5 reveals
the expected effects of the less electron donating 2,6-methylphenyl fragment
relative to the tert-butyl fragment. The molybdenum-imido (Mo1-N3) bond

distance in 4.1 is larger than in 2.5, and all other coordinated bond distances

are decreased to stabilize the slightly more positive metal center (Table 4.1).

Table 4.1: Selected XRD Bond Distances for Complex 4.1

Atoms Length (A) Atoms Length (A)
Mo1-CI1 2.466(2) Mo1-N3 1.769(8)
Mo1-CI2 2.494(2) P1-N1 1.602(7)
Mo1-N1 1.843(7) P2-N2 1.602(7)
Mo1-N2 1.843(7) N3-C25 1.37(11)
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The imido ligand bond angle (Mo1-N3-C25) is more linear in 4.1 than

2.5, which is likely a result of close steric interactions between the imido ligand

methyl groups and the phosphinimide tert-butyl groups (Table 4.2). While the

other bond angles in 4.1 are similar to 2.5, the steric interactions indicated

above can also be observed by a decrease in the bond angle between the

phosphinimide ligands (N1-Mo1-N3) by 3.3(5)°.

Table 4.2: Selected XRD Bond Angles for Complex 4.1

Atoms Angle (°) Atoms Angle (°)
Mo1-N1-P1 171.6(5) N1-Mo1-N2 122.8(3)
Mo1-N2-P2 171.6(5) Cl1-Mo1-CI2 177.63(7)
N1-Mo1-N3 119.6(4) Cl1-Mo1-N3 90.6(3)
N2-Mo1-N3 117.6(4) Cl2-Mo1-N3 87.1(3)
Mo1-N3-C25 171.1(8) — -

In solution, the "H NMR spectrum (Fig. 4.9) of 4.1 contains the expected

phosphorus-coupled doublet for the phosphinimide tert-butyl groups at 1.47

ppm (3Jpn = 13.6 Hz), and a singlet for the arylmethyl protons at 3.06 ppm.
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Figure 4.9: 'H NMR spectrum of 4.1 in CgDs with excess 2,6-

dimethylphenylisocyanate (500 MHz)

Clean generation of the imido product is also supported by the *'P{'H}

NMR spectrum (Fig. 4.10) of 4.1, which contains a singlet at 55.52 ppm for the

equivalent phosphinimide ligand environments.
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Absolute Referencing used H3PO4 external and Ratio of 40.480742
o

-55.5

Als)
55.52 HaC
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1 (ppm)

Figure 4.10: *'P{"H} NMR spectrum of 4.1 in C¢Dg (202 MHz)

The analogous isocyanate reaction with 2.4 can be performed with
phenylisocyanate (Ph-N=C=0), and also results in clean formation of the
corresponding imido fragment in complex 4.2 (Fig. 4.11), which can be
observed by monitoring the *'"P{"H} (Fig. 4.12) and "H (Fig. 4.13) NMR spectra

of the reaction solution.
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Figure 4.11: Synthesis of 4.2 through

isocyanate
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Figure 4.12: *'P{"H} NMR spectra of conversion of 2.4 (a) conversion to 4.2 (b)

in CeDe over six hours (162 MHz)
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Absolute Referencing used Me4Si CDCI3, ¢ = 1% and Ratio of 100.000000
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Figure 4.13: '"H NMR spectra of conversion of 2.4 (a) conversion to 4.2 (b) in

CsDs over six hours (400 MHz)

The "H NMR spectrum of 4.2 contains the expected phosphorus-coupled

doublet for the phosphinimide tert-butyl groups at 1.54 ppm (*Jpy = 14.4 Hz)

(Fig. 4.14). The "H-decoupled *'P{"H} NMR spectrum of 4.2 contains a singlet

at 70.03 ppm for the equivalent phosphinimide ligand environments (Fig. 4.15).
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Figure 4.14: "H NMR spectrum of 4.2 in CDCls (400 MHz)
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Figure 4.15: *'"P{"H) NMR spectrum of 4.2 in in CDCl; (162 MHz)
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4.2.2 Ketene Reactivity with Metal-Oxido Ligands

Given that it is theoretically possible to form alkylidene complexes
through CO; elimination between ketenes and metal oxido species, and the
dearth of information regarding this reaction, studies were undertaken to
examine the reactivity of Mo=0 bonds with the R,C=C=0 fragment. Complex
2.4 can be combined with diphenylketene to generate the corresponding ene-
diolate complex (Fig. 4.16) in high yield. This reaction is believed to proceed
through the expected stepwise transformation, with initial formation of a red
charge separated intermediate, followed by subsequent coordination of the
ketene oxygen atom to form the dark green product complex. This product
forms as a result of [2+2] cycloaddition of the terminal C=0 bond with the Mo=0

bond, rather than the internal C=C bond, which could result in CO5 elimination.

Ph Ph
|
‘ﬁ o{»
Cl—Mo—Cl Ph,C=C=0 Cl—Mo—Cl
/- /-
NN N N
/ \
(tBU)SP P(tBU)S (tBU)SP/ \P(tBU)g

Figure 4.16: Synthesis of 4.3 through [2+2] cycloaddition of a Mo=0 bond with

diphenylketene

Complex 4.3 has been characterized by NMR, XRD, and EA. Based on
the XRD structure, 4.3 is pseudo C, symmetric (or C,, if the phenyl fragments
can freely rotate), with a distorted octahedral core geometry due to the acute

bite angle of the ene-diolate ligand (Fig. 4.17).
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Figure 4.17: Thermal ellipsoid plot (50% probability) of complex 4.3. Hydrogen

atoms and dichloromethane molecules have been omitted for clarity

Visualization of the space-filling model of the XRD structure of 4.3 (Fig.

4.18) with solvent molecules present shows close interactions of

dichloromethane around the ene-diolato metallacycle.
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Figure 4.18: Space-filling model of complex 4.3 (van der Waals radii) with
dichloromethane molecules omitted for clarity (left) and visible to show solvent

interactions (right), ene-diolate carbon atoms indicated in dark grey

Compared with the reported rhenium complex, complex 4.3 has longer
metal-oxygen bond lengths (Mo-O) (Table 4.3), which may be primarily an
effect of the atomic radii differences between metals, or the lower oxidation
state of the molybdenum ion (+6) versus the rhenium ion (+7). The metal-
carbon (Mo1-C1) distance is slightly longer in 4.3 relative to the rhenium

complex by 0.035(6) A.
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Table 4.3 Selected XRD Bond Distances for Complex 4.3

Atoms Length (A) Atoms Length (A)
Mo1-CI1 2.4377(4) Mo1-C1 2.5303(17)
Mo1-CI2 2.4597(4) C1-01 1.331(2)
Mo1-N1 1.8221(14) C1-02 1.319(2)
Mo1-N2 1.8117(15) C1-C2 1.386(2)
Mo1-O1 2.0779(12) P1-N1 1.6320(14)
Mo1-02 2.0776(11) P2-N2 1.6373(15)

4.3 exhibits a more acute oxygen-metal-oxygen angle (O1-Mo1-02) than

the rhenium complex, yet has a less acute oxygen-carbon-oxygen angle (O1-

C1-02) than the ene-diolate ligand (Table 4.4). The opposite changes in these

angles indicates that the carbon atom is closer to the two oxygen atoms in 4.3,

which is apparent in the observed bond distances and is consistent with weaker

oxygen coordination to the metal center.

The ene-diolate metallacycle is oriented nearly orthogonally to the

chlorido ligands with an average O-Mo-Cl bond angle of 85.69(2)°, where this

angle is slightly less than 90° due to the chlorido ligands being tilted slightly

toward the ene-diolate ligand.
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Table 4.4: Selected XRD Bond Angles for Complex 4.3

Atoms Angle (°) Atoms Angle (°)
Mo1-N1-P1 170.35(9) 01-C1-02 110.11(14)
Mo1-N2-P2 165.33(9) Cl1-Mo1-01 83.76(4)
N1-Mo1-N2 110.07(6) Cl1-Mo1-02 89.29(4)
Mo1-01-C1 93.23(10) Cl2-Mo1-01 85.12(4)
Mo1-02-C1 93.61(9) Cl2-Mo1-02 84.58(3)
01-Mo1-02 63.05(5) Cl1-Mo1-CI2 168.817(17)

The ene-diolate ligand has a planar geometry with a O1-C1-C2-C3

torsion angle of 176.21(15)° (Table 4.5), which indicates that the C1-C2 bond

has double bond character. This is further supported by the C1-C2 bond

distance of 1.386(2) A, which is well within the range for a C=C fragment.

Table 4.5: Selected XRD Torsion Angles for Complex 4.3

Atoms Angle (°) Atoms Angle (°)
Mo1-O1-C1-C2 -179.17(16) N1-Mo1-N2-P2 -154.9(3)
Mo1-O1-C1-02 0.13(13) N2-Mo1-N1-P1 -152.2(5)
01-C1-C2-C3 176.21(15) — -

The 'H NMR spectrum of 4.3 (Fig. 4.19) shows a doublet at 1.68 ppm

(*Jpn = 14.4 Hz) for the *'P coupled phosphinimide ligands that are equivalent in
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solution. Broad aryl signals are also present at 6.83 and 7.26 ppm for the ene-
diolate ligand.

The *'P{’"H} NMR spectrum of 4.3 (Fig. 4.20) exhibits a singlet at 71.70
ppm for the major product, again supporting equivalent phosphinimide ligand

environments in solution for this system.
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Figure 4.19: "H NMR spectrum of 4.3 in CD,Cl, (500 MHz)
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Absolute Referencing used H3PO4 external and Ratio of 40.480742

o
o ™~
™~ —
— M~
~ |
|
A (s)
71.70
a
Ph
|
a q °
| Cl—Mo—Cl
— N "N\ o, fShs
1.00 ‘BU—P._/ \F’—La,, CHs
: : : B gy B 'Bu CHs
75 70 65
1 (ppm)
.
o
<
i
180 160 140 120 100 80 60 40 20 0 -20 -40
f1 (ppm)

Figure 4.20: *'P{"H} NMR spectrum of 4.3 in CD,Cl, (162 MHz)

The 2D gHMBCAD spectrum of 4.3 resolves a major cross-peak at 7.3
and 337.0 ppm for one of the alkene carbons of the ene-diolate ligand (Fig.
4.21). There are three additional cross-peaks of lower intensity at different *C
chemical shifts, with one at 325.9 ppm, and further upfield cross-peaks at 273.7
and 262.8 ppm. These signals suggest slightly varied conformations of the ene-
diolate fragment due to the far downfield chemical shifts observed, in a region
that does not correspond with many molecular fragments, as well as a similar

separation of peaks observed for complex 4.4 (Fig. 4.28).
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Figure 4.21: "H-"*C gHMBCAD NMR spectrum of 4.3 in CD,Cl, (500 MHz, 126

MHz)

The ene-diolate ligand in 4.3 is thermally labile and 2.4 was regenerated
by heating 4.3 at 50°C for 1 hour, resulting in phosphinimide 'H and *'P NMR
signals that match 2.4. Considering the relative stability of diphenylketene, and
the robustness of the Mo=0 bond, it is not surprising that the kinetic product is
the ene-diolate species, and the thermodynamic product is the starting
materials. Complex 4.3 can be further converted to the cationic borate complex
4.4 by reaction with a stoichiometric equivalent of sodium tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate, as shown in Fig. 4.22.
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Figure 4.22: Synthesis of 4.4 by reaction of 4.3 with sodium tetra(3,5-

bis(trifluoromethyl)phenyl)borate

At 25 °C, the 'H NMR spectrum shows a doublet at 1.47 ppm (*Jpy =
14.5 Hz) for the *'P coupled phosphinimide ligands that are equivalent in
solution (Fig. 4.23). Broad aryl signals are also present at 7.30 ppm for the ene-

diolate ligand, and at 7.59 and 7.75 ppm for the borate anion aromatic protons.

N
o
N
la)
O
OO < OMAN O~ N (o] o 0
MR ;Mmoo ™ © A
NNNNNNKNKN o) ™ —
—a T N—— \ \ <~
C(s)
7.59 _ - —
e : e
C C - -
7.75 | 7.30 N\ 0 d s J(1448)
b O*/Mo’lf(j\ a d
N N CHs "
su—r  p—Lch, B((35-CFa)zCeHaa a
L 8 gy i 'Bu CHs |
d c¢
L] b [
| N ! A o
[ e T oS
9.754.089.14 54.00
8 7 6 5 4 3 2 1

1 (ppm)

Figure 4.23: "H NMR spectrum of 4.4 in CD,Cl, (400 MHz)
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The *'"P{"H} NMR spectrum of 4.4 is given in Fig. 4.24, and exhibits a
singlet at 69.79 ppm for the major product, again supporting equivalent
phosphinimide ligand environments in solution for this system. A minor peak
was also located at 89.13 ppm, which is an unidentified side product, and is

present in approximately 7% yield.

Absolute Referencing used H3PO4 external and Ratio of 40.480742
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Figure 4.24: *'P{"H} NMR spectrum of 4.4 in CD,Cl, (162 MHz)

The *C{"H} NMR spectrum is shown in Fig. 4.25 and contains a tert-
butyl singlet at 28.50 ppm, and a *'P coupled tert-butyl quaternary carbon
doublet at 39.23 ppm ('Jpc = 39.7 Hz) for the phosphinimide ligands. All
expected signals for the borate counterion are present and observable,
including a singlet at 117.42 ppm for the para-carbon relative to the boron
center, a fluorine coupled quartet at 124.55 ppm ('Jor = 272.3 Hz) for the

trifluoromethyl groups, and resonances at 128.97 ppm for the CFs-subsituted
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arene, 134.74 ppm for the meta-carbon relative to the boron center, and 161.72

ppm (‘Jsc = 49.9 Hz) for the ipso-carbon adjacent to the boron center, which is

manifested as a quartet due to coupling to the spin 3/2 "'B nucleus. The ene-

diolate aryl signals overlap significantly and are observed in the multiplet peak

centered at 128.97 ppm, while the two alkenyl carbon signals could not be

detected using conventional one dimensional ">*C{’"H} NMR spectroscopy (vide

infra).

Absolute Referencing used Me4Si CDCI3, ¢ = 1% and Ratio of 25.145020

oM OO NMmM o
IN30ERBaN3c0IIIIN Mmeaagg o
CMmQAAINXTIRXRERIL]ERS WWLWLWLWL®® N
™ = e e e e e e
~ \ | —
Ph BE
D (a)
124.55 N o PP -
1(272.29) | e
G e RV f
16122 F(s) C(m) //N N\\ a CH, g
149.90) 134.74 117.42 Bu—F f—é—CHa B(35-CFa)CoHals
E (m) B0 gy Bi 'Bu CHy |
128.97
f A(d)
d 39.23 288(;3)
g e | | C J39.70)| £
m NS b
160 150 140 130 120 |
CD2Cl, m a.
T 1 I .
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30

1 (ppm)

Figure 4.25: "*C{"H} NMR spectrum of 4.4 in CD,Cl, (101 MHz)

The "®F NMR spectrum shows the expected singlet at -62.81 ppm for the

equivalent trifluoromethyl groups of the borate counterion (Fig 4.26), and the

"B NMR spectrum supports the presence of a single B environment, with a
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singlet at -6.61 ppm for the central boron atom of the borate counterion (Fig.

4.27).
Absolute Referencing used CCI3F and Ratio of 94.094011
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Figure 4.26: "°F NMR spectrum of 4.4 in CD,Cl, (376 MHz)
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Absolute Referencing used BF3.Et20 CDCI3, ¢ = 15% and Ratio of 32.083974
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Figure 4.27: "'B NMR spectrum of 4.4 in CD,Cl, (128 MHz)

The 2D gHMBCAD spectrum of 4.4 resolves the two expected '°C
signals for the ene-diolate ligand (Fig. 4.28). The peaks are also assigned to
specific carbons based on the difference in chemical shifts, and weak coupling
(< 5 Hz) of the peak at 317.5 ppm in the ">C channel which is believed to be 4-
bond coupling to the phosphinimide *'P nuclei, based on the similar magnitude
of this coupling observed in complex 3.2. The exact coupling constant is not

defined, as the resolution of this spectrum cannot accurately quantify that value.
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Figure 4.28: "H-*C gHMBCAD NMR spectrum of 4.4 in CD,Cl, (500 MHz, 126

MHz)

While the exact structure of 4.4 is not known, the analogous borate
complex 4.5 generated from 2.4 was synthesized to verify that 4.4 does

incorporate the diphenylketene within the complex (Fig. 4.29).

+[B(3,5-(CF3)aPh)gl
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N DCM VAN
7 N\ 7 N\
tBU3P PIBU3 tBUSP PtBU3

Figure 4.29: Synthesis of 4.5 by reaction of 2.4 with sodium tetra(3,5-

bis(trifluoromethyl)phenyl)borate
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The "H NMR spectrum of 4.5 exhibits the expected doublet at 1.54 ppm
for the tert-butyl groups on the phosphinimide ligands, and two broad singlets at
7.55 and 7.71 ppm for the borate anion aryl protons (Fig. 4.30). The
phosphinimide proton signals are substantially different than those observed for
complex 4.4, which indicates that 4.4 is not the same as 4.5 and that the
diphenylketene is coordinated to the complex. The "H NMR chemical shifts for
4.5 are similar to the starting complex 2.4 when characterized in the same

solvent, yet are shifted approximately 0.1 ppm upfield.
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Figure 4.30: "H NMR spectrum of 4.5 in CD,Cl, (400 MHz)

The *'P{'H} NMR spectrum 4.5 exhibits a singlet at 69.84 ppm,
consistent with a single phosphinimide environment for the two ligands (Fig.
4.31). The chemical shift of this resonance is less than 1 ppm different than the

analogous signal in 4.4, and is almost identical to the analogous signal in 2.4.
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Based on the 'H NMR spectra, the previously discussed 2D NMR data
for 4.4, and physical observations of color changes between the complexes and
mass of materials isolated, it is reasonable each of these complexes is unique.
Interestingly, despite the changes in coordination number and electronic
structure, the *'P NMR signals observed are relatively similar, which suggests
these changes do not impact the phosphinimide chemical environment

significantly, or the effects are balanced.
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Figure 4.31: *'P{"H} NMR spectrum of 4.5 in CD,Cl, (162 MHz)

The "F NMR spectrum of 4.5 contains the expected singlet for the
trifluoromethyl groups on the borate anion at -62.91 ppm (Fig. 4.32), and the ''B

NMR spectrum of 4.5 likewise supports a single boron environment with a
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singlet at -6.64 ppm for the borate anion (Fig. 4.33). Both of these
measurements are within the expected range for this borate anion. The '°F and
"B NMR spectra differences between 4.5 and 4.4 are negligible, which is
expected given the similar chemical environment of the outer sphere borate

counterion.
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Figure 4.32: "®F NMR spectrum of 4.5 in CD,Cl, (376 MHz)
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Absolute Referencing used BF3.Et20 CDCI3, ¢ = 15% and Ratio of 32.083974
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Figure 4.33: "B NMR spectrum of 4.5 in CD,Cl, (128 MHz)

4.2.3 Ene-Diolate Reactivity and Formation of Alkylidyne

Ene-diolate complexes are very rare, and their reactivity has not been
investigated. Considering 4.3 has two halide groups that can be readily
substituted using a variety of chemical agents, we sought to examine the basic
reactivity of this novel complex. To this end, 4.3 was reacted with 2 equiv. of
(trimethylsilyl)methyllithium (LiCH»Si(CHs)3), generating two distinct products in
low yield (Fig 4.34). XRD analysis (Fig. 4.35) of a three-component crystal
obtained from this material revealed the formation of the alkyl-alkylidyne
complex [(tBusP=N),Mo(=CSi(CHj3)3)(CH2Si(CH3)3)] (4.6), and the trialkyl
complex [(tBusP=N)(tBu,P-N=)Mo(CH,Si(CHs)3)s] (4.7) where P-C bond

scission has occurred within one of the phosphinimide ligands.
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Figure 4.34: Reaction of 4.3 with (trimethylsilyl)methyllithium to generate 4.6

and 4.7

Figure 4.35: Lower quality XRD structures of 4.6 and 4.7

These products were supported by solution phase spectroscopic
evidence as well. The '"H NMR spectrum of the product mixture contains a
phosphorus-coupled doublet at 1.35 ppm (*Jpn = 12.6 Hz), and two singlets at
0.59 and 0.46 ppm, which correspond to 4.6 (Fig. 4.36). The 'H NMR spectrum
also contains two phosphorus-coupled doublets at 1.25 (*Jpy = 13.6 Hz) and

1.15 ppm (3JpH =13.5 Hz), and a singlet at 0.53 ppm, which correspond to 4.7.
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Figure 4.36: "H NMR spectrum of 4.6 and 4.7 in C¢Ds (500 MHz)

The 3'"P{'"H} NMR spectrum of the product mixture is given in Fig. 4.37
and contains the expected single resonance at 47.74 ppm for 4.6, and two
separate phosphorus resonances at 57.25 and 60.71 ppm for the distinct

phosphinimide and imidophosphane ligands for 4.7.
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Absolute Referencing used H3PO4 external and Ratio of 40.480742
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Figure 4.37: *'P{"H} NMR spectrum of 4.6 and 4.7 in CsDs (202 MHz)

When the stoichiometry of the reagents are evaluated at 4 equivalents to
(trimethylsilyl)methyllithium relative to 4.3, the material isolated represents 90%
conversion to both products, with a 4.17:1 ratio of generation of 4.6 to 4.7.

Attempts to generate either 4.6 or 4.7 directly from the oxido-dichlorido
complex 2.4 through reaction with 4 equiv. of LiCH,Si(CHs)s does not appear to
proceed cleanly. The NMR data suggests that 4.7, or the related complex
where both phosphinimide ligands have converted to imidophosphane ligands,
may have been generated in greater yield. However, there are other
unidentified byproducts that do not correspond exactly with the alkyl-alkylidyne
4.6 or the oxido-alkylidene 3.1. These results suggest that the ene-diolate

ligand influences the decomposition pathways toward generation of 4.6 and 4.7
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instead of other byproducts, but may not be necessary for those kind of
transformations to occur.

While not isolated, the fragmented complex 4.7 provides experimental
support for one of the theoretical decomposition pathways for the
phosphinimide ligand framework as proposed by Ziegler et al, where tert-butyl
transfer to the metal center was determined to be the most favorable pathway
for mono- and bisphosphinimide titanium complexes.® While 4.7 does not
contain a tert-butyl ligand, this ligand may undergo elimination with one of the
(trimethylsilyl)methyl ligands in the presumed tetraalkyl intermediate complex
and result in formation of 4.7.

In order to support our proposed mechanism involving a tetraalkyl
intermediate, the alkyl-alkylidyne complex 4.6 was prepared through alkylation
of the tetrabromido-molybdenum complex (‘BuzP=N),MoBr4 (4.8). Complex 4.8
was synthesized by reaction of 2.4 with excess trimethylsilylboromide (Fig. 4.38)
in quantitative vyield. This transformation is proposed to eliminate
hexamethylsiloxane through reaction with the oxido ligand, as well as eliminate

trimethylsilylchloride through halogen exchange with the chlorido ligands.

(ﬁ Br\ Br
Cl—Mo—Cl excess BrSi(CHg)s Br—Mé—Br
/ -
N N trifluorotoluene N N
7\ N
tBu,P PBug | 'BugP PBug

Figure 4.38: Synthesis of 4.8 by reaction of 2.4 with excess

trimethylsilylbromide
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Complex 4.8 has been characterized by NMR spectroscopy. Based on

the NMR data, 4.8 appears to exist as a mixture of cis and trans isomers and is

dependent on the solvent environment. The "H NMR spectrum in C¢Dg contains

the expected phosphorus-coupled doublet for the phosphinimide tert-butyl

groups at 1.23 ppm, as well as an additional broad doublet at 1.04 ppm that

appears to originate from a different phosphinimide ligand environment (Fig.

4.39).
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Figure 4.39: "H NMR spectrum of 4.8 in C¢Dg (400 MHz)

The additional '"H NMR doublet does not appear to be an effect of

phosphinimide ligand asymmetry within a single isomer, as only one 1P NMR

resonance is observed at 70.76 ppm (Fig. 4.40).
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Absolute Referencing used H3PO4 external and Ratio of 40.480742
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Figure 4.40: *'P{"H} NMR spectrum of 4.8 in C¢D¢ (162 MHz)

Complex 4.8 is more soluble in chloroform and the '"H NMR spectrum in
CDCl; shows a single phosphorus-coupled doublet at 1.80 ppm (*Jpy = 15.7 Hz)
for the phosphinimide tert-butyl groups (Fig. 4.41). This result, coupled with the
fact that the *"P{"H} NMR spectrum in CDClI; resolves to a single environment
for the phosphinimide ligands at 98.33 ppm (Fig. 4.42), suggests that the two
signals see in CgDg arise from solubility differences between the two isomers
and that the interconversion is very rapid under high solubility conditions, as

seen in CDCls.
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Figure 4.41: "H NMR spectrum of 4.8 in CDCls (400 MHz)
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Figure 4.42: *'P{"H} NMR spectrum of 4.8 in CDCl; (162 MHz)
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The "H-decoupled >*C NMR spectrum in CDCls is simple as anticipated,
and shows a phosphorus-coupled doublet at 46.70 ppm ('Jpc = 28.9 Hz) for the
quaternary carbons of the phosphinimide ligands, and a singlet for the primary

methyl carbons at 30.62 ppm (Fig. 4.43).
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Figure 4.43: "*C{"H} NMR spectrum of 4.8 in CDCl; (101 MHz)

Synthesis of 4.8 offers a new highly efficient route for further installation
of molybdenum-ligand multiple bonds, as there are no known molybdenum(VI)
tetrabromido complexes available for synthesis. The only reported
molybdenum(VI) tetrabromido complex is Mo(=O)Brs which has only been
studied with gas-phase infrared spectroscopy and theoretical calculations.”"°

The analogous reaction of 2.4 with trimethylsilylchloride to generate the

tetrachlorido analogue to 4.8 appears to proceed based on NMR spectroscopy
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observations, yet at a slower rate than the reaction to generate 4.8. Heating this
reaction at 35 °C for 22 hours in dichloromethane results in approximately 63%
conversion to the tetrachloride complex based on 'H NMR spectroscopy
integrations. Solvent polarity appears to be relevant for this conversion, as
performing the same reaction in toluene at 60 °C for 22 hours only resulted in
26% conversion.

Complex 4.8 <can be combined with four equivalents of
(trimethylsilyl)methyllithium, to generate a presumable tetraalkyl intermediate
complex that undergoes subsequent alkane elimination and proton
rearrangement due to a-hydrogen abstraction processes, which results in

formation of complex 4.6 (Fig. 4.44).
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Figure 4.44: Synthesis of 4.6 by reaction of 4.8 with (trimethylsilyl)methyllithium

Complex 4.6 has been characterized by NMR spectroscopy and single
crystal XRD. Based on the XRD structure, 4.6 is pseudo Cs symmetric with a
plane of symmetry that contains the C1-Mo1-C5 nuclei, with a close to

tetrahedral (14 = 0.94) core around the molybdenum atom (Fig. 4.45).
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P1
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Figure 4.45: Thermal ellipsoid plot (50% probability) of complex 4.6; non-

methylene hydrogen atoms have been omitted for clarity

Visualization of the space-filling models of the XRD structure of 4.6

shows good steric protection near the alkylidyne ligand (Fig. 4.46), and greater

steric accessibility to the metal-carbon bond of the alkylsilane ligand.
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Figure 4.46: Space-filling model of complex 4.6 focused on the alkylidyne ligand
(left, alkylidyne carbon atoms indicated in dark grey), focused on alkyl ligand

(right, alkyl carbon atoms indicated in dark grey)

The molybdenum-carbon bond lengths (Table 4.6) for the alkylidyne

(Mo1-C1) and alkyl (Mo1-C5) ligands show a dramatic difference of 0.390(1) A.
The bond lengths for the phosphinimide ligands are comparable to the

structurally similar complexes in Chapter 3.

Table 4.6: Selected XRD Bond Distances for complex 4.6

Atoms Length (A) Atoms Length (A)
Mo1-C1 1.7724(7) C1-Sif 1.8365(8)
Mo1-C5 2.1628(8) C5-Si2 1.8496(8)
Mo1-N1 1.8799(6) P1-N1 1.5739(7)
Mo1-N2 1.8925(6) P2-N2 1.5775(6)
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The alkylidyne bond angle (Mo1-C1-Si1) in 4.6 is nearly linear at

173.0(5)°, and the alkyl bond angle (Mo1-C5-Si2) is 120.49(4)°, which is

reasonable for a carbon methylene fragment (Table 4.7). The phosphinimide

coordination angles (Mo-N-P) have a difference of 15.10(5)° in the solid state
structure, which is attributed to a crystal packing effect as this asymmetry is not
observed in the solution-state NMR spectra. Both phosphinimide ligands are

coordinated at a relatively linear angle, with an average of 161.39(3)°.

The bond angle between the phosphinimide ligands (N1-Mo1-N2) is
larger than the same angle in the oxido-alkylidene complex 3.1 by 8.15(18)°.
While 4.6 has more steric bulk from the alkylidyne and alkyl ligands than the
oxido and alkylidene ligands in 3.1, the bulk of the alkylidyne ligand is removed
from the molybdenum center and the alkyl ligand has a more acute bond angle
(than the alkylidene ligand in 3.1), which also shifts steric bulk farther away from

the phosphinimide ligands.

Table 4.7: Selected XRD Bond Angles for complex 4.6

Atoms Angle (°) Atoms Angle (°)
Mo1-N1-P1 168.94(4) N1-Mo1-N2 114.72(3)
Mo1-N2-P2 153.84(4) C1-Mo1-C5 103.32(3)
C1-Mo1-N1 111.28(3) Mo1-C1-Si1 173.0(5)
C1-Mo1-N2 111.05(3) Mo1-C5-Si2 120.49(4)
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Analysis of 4.6 by 'H NMR spectroscopy contains the *'P-coupled

doublet at 1.35 ppm for the phosphinimide tert-butyl protons, two singlets for the

alkylidyne ligand at 0.46 ppm and the alkyl ligand at 0.59 ppm, and a singlet at

0.98 ppm for the methylene group of the alkyl ligand (Fig. 4.47).
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Figure 4.47: "H NMR spectrum of 4.6 in CsDs (500 MHz)

There is a very minor amount of 4.7 formed during this reaction, which
suggests that use of the ene-diolate complex 4.3 in this type of reaction is more
prone to decomposition. The *'"P{'"H} NMR spectrum of 4.6 (Fig. 4.48) contains
a singlet at 47.76 ppm, which indicates formation of a single product with
chemically equivalent phosphinimide ligands when in solution, and is consistent

with the results seen previously in Fig. 4.36.
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Absolute Referencing used H3PO4 external and Ratio of 40.480742
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Figure 4.48: *'P{"H} NMR spectrum of 4.6 in C¢D¢ (162 MHz)

The 1D "™C{'H} NMR spectrum of 4.6 resolves all expected carbon
resonances except for the alkylidyne carbon under these particular
experimental conditions (Fig. 4.49). A phosphorus-coupled doublet is observed
at 40.75 ppm for the phosphinimide quaternary carbon nuclei, a singlet is seen
at 29.80 ppm for the phosphinimide primary methyl carbons, along with a
singlet at 2.78 ppm for the trimethylsilyl fragment of the alkylidyne ligand, and
two singlets for the alkyl ligand with one at 3.06 ppm for the trimethylsilyl

fragment and one at 23.33 ppm for the methylene fragment.
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Absolute Referencing used Me4Si CDCI3, ¢ = 1% and Ratio of 25.145020
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Figure 4.49: *C{"H} NMR spectrum of 4.6 in CsDs (101 MHz)

The alkyl methylene carbon resonance was further verified by multiple
2D NMR experiments. A "H-{"*C} gHMBCAD experiment shows cross-peaks for
the trimethylsilyl fragment to the methylene carbon and the methylene protons

to the trimethylsilyl carbons (Fig. 4.50).
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Figure 4.50: 'H-{"*C} gHMBCAD NMR spectrum of 4.6 in CsDs (*>C decoupled

during acquisition) (500 MHz, 126 MHz)

A "H-{"*C} gHSQCAD experiment was also carried out, and clearly
resolves the cross-peak for the directly bonded methylene fragment (Fig. 4.51),
and a coupled 'H->C gHSQCAD experiment resolves a doublet for the
methylene fragment (Fig. 4.52). The one-bond coupling constant of 110 ppm for
this resonance is similar to other CH, fragments bonded to molybdenum and

tungsten."
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Figure 4.51: "H-{"3C} gHSQCAD NMR spectrum of 4.6 in CsDs (*°C decoupled

during acquisition) (500 MHz, 126 MHz)
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Figure 4.52: "H-">C gHSQCAD NMR spectrum of 4.6 in CsDs (500 MHz, 126

MHz)
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3C NMR resonances for M-CH, fragments in complexes with alkylidyne
ligands have been previously reported further downfield in the range of 88-103
ppm, yet these are within complexes that are more electropositive than 4.6.
While structurally distinct, a tungsten complex with P(CHs); ligands shifts
exhibits a W-CH, resonance at 53.5 ppm.""

As the alkylidyne carbon was not resolved by one dimensional NMR
techniques, a 2D 'H-{"*C} gHMBC NMR experiment was carried out to enable
measurement of the alkylidyne carbon signal through a cross peak with the
trimethylsilyl fragment of the alkylidyne ligand. The resonance is found at 325.1
ppm, which is within the expected range for this type of ligand fragment in

related molybdenum and tungsten complexes (Fig. 4.53)."""°
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Figure 4.53: "H-{"*C} gHMBC NMR spectrum of 4.6 in C¢Ds (°C decoupled

during acquisition) (500 MHz, 126 MHz)

4.2.4 Organophosphorus Chemistry

There are two known routes to synthesize phosphaketenes, which are
severely limited by the use of extremely hazardous reagents. The primary
hazardous reagents encountered in this chemistry are phosgene (Cl,CO) and
phosphine (PH3). Both of these chemicals are highly toxic and reactive, and can
only be produced in specialized laboratories.

The first synthetic route requires the use of phosgene, and generates a
phosphaketene through chlorotrimethylsilane elimination reactions. This
chloride elimination pathway has been reported for both supermesityl

phosphine and tert-butyl phosphine (Fig. 4.54).
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Figure 4.54: Phosphaketene synthesis with trimethylsilyl chloride elimination

Hydrogen chloride elimination has also been reported for trityl phosphine
(Fig. 4.55). Both types of elimination were also reported for the tert-butyl

derivative by starting with 'BuPH(Si(CHs)3).

o @)
Trt . I toluene - )l\ Et,0 - c 0
PHe O - HCl ~p - HCl ~p”
ci ci ¥
Trt = CPhg

Figure 4.55: Phosphaketene synthesis with hydrogen chloride elimination

Another reported route is a synthesis specific to generating HPCO, and
likely cannot be used effectively for the synthesis of more general molecules
(Fig. 4.56). Synthesis of the starting NaPCO salt is difficult, and requires the

use of phosphine (PHs3).

[Na(dioxane),PCO] + " ——>» H C +

C .
Hsc(Hzo)w/ \OH - dioxane P

Figure 4.56: HPCO synthesis through salt metathesis

To improve on these existing methods, reactions similar to the synthesis

of some types of ketenes were evaluated for their use in the synthesis of
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phosphaketenes, with the overall goal being to use less hazardous reagents

(vide infra).

4.2.5 Phosphaketene Reactivity with Metal-Oxido Ligands

Terminal phosphinidene ligands on metal complexes have been
previously synthesized by salt metathesis methods or CO elimination methods.
These synthetic approaches are labor intensive, have poor atom economy, and
often use extremely hazardous reagents. To overcome all of these limitations of
known techniques, a new synthetic approach was envisioned where CO; could
be eliminated through cycloaddition of a phosphaketene species with a terminal
metal oxido complex.

It has been previously shown that a terminal phosphinidene complex
could be generated through oxidative addition of a phosphaketene proligand to
a low oxidation state W center. The P=C bond undergoes fragmentation to
eliminate one equivalent of CO, which coordinates to the phosphinidene

complex (Fig. 4.3).

4.2.5.1 Phosphaketene Synthesis

Synthesis of the phosphaester compound 4.9 was achieved using a
modified version of a reported synthesis, where hydrogen chloride is eliminated

and neutralized by potassium carbonate (Fig. 4.57).
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Figure 4.57: Phosphaester synthesis through reaction of phenylphosphine and

phenylorthchloroformate

The 'H NMR spectrum of 4.9 contains the *'P-coupled doublet for the PH
proton at 6.12 ppm (‘Jey = 236.1 Hz), a minimal signal for the precursor
phenylphosphine at 3.83 ppm, and a number of unassigned aryl proton signals
for the two phenyl groups of 4.9 that appear in the expected region from 6.8-7.5

ppm region (Fig. 4.58).
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Figure 4.58: "H NMR spectrum of 4.9 in C¢Dg (400 MHz)
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The *'P{"H} NMR spectrum of 4.9 contains the expected singlet at -50.69
ppm (Fig. 4.59), and the "H-coupled *'P NMR spectrum exhibits the expected
doublet of triplets at -50.69 ppm (‘Jpy = 235.9 Hz, *Jpy = 8.09 Hz) with strong
coupling to the directly bonded proton and weaker 3-bond coupling to ortho

protons in the phenyl fragment (Fig. 4.60).
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Figure 4.59: *'P{"H} NMR spectrum of 4.9 in C¢Dg (162 MHz)
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Figure 4.60: *'P NMR spectrum of 4.9 in C¢Ds (162 MHz)

Attempts were made to convert 4.9 to the corresponding phosphaketene

derivative (4.10) through deprotonation with a suitable base and subsequent

elimination of an aryloxide salt (Fig. 4.61).

Q NaN(Si(CHg)s)»
)k CHNGI(CHY)e ”°
- ' 3)3)2 =
f © - NaOPh P

Figure 4.61: Attempted synthesis of 4.10 through deprotonation and aryloxide

elimination
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Formation of an orange product material indicates a reaction occurs
between 4.9 and sodium bis(trimethylsilyl)Jamide. Rapid NMR analysis of the
reaction solution reveals complete conversion of 4.9 as the P-H 'H NMR
doublet is not detected (Fig. 4.62) and the presence of bis(trimethylsilyl)amine,

yet the remaining aryl protons do not provide much structural insight.

* = bis(trimethylsilyl)amine
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Figure 4.62: '"H NMR spectrum of attempted synthesis of 4.10 in CgDg (300

MHz)
The 3'"P{'"H} NMR spectrum (Fig. 4.63) reveals signals at -48.23 ppm, -

4.08 ppm which are assigned to P«Phy oligomers, and an unknown minor signal

at 11.57 ppm.
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Absolute Referencing used H3PO4 external and Ratio of 40.480742
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Figure 4.63: *'P{’"H} NMR spectrum of attempted synthesis of 4.10 in C¢Dg (121

MHz)

Attempts were made to isolate product material from this conversion,

with the removal of salts through filtration. The NMR spectral data for this

material is similar, with more decomposition observed (Fig. 4.64, Fig. 4.65) and

interestingly the formation of a *'P NMR signal further downfield at 157.91 ppm,

which is tentatively assigned to the dimer of 4.10 (Fig. 4.66). The 'H-coupled

spectrum of this signal reveals a triplet with similar coupling to that observed in

4.9 (Fig. 4.67).
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* = decomposition products, ** = silylamines
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Figure 4.64: "H NMR spectrum of attempted isolation of 4.10 in CgDs (400 MHz)

Absolute Referencing used H3PO4 external and Ratio of 40.480742
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Figure 4.65: *'"P{'"H} NMR spectrum of attempted isolation of 4.10 in C¢Dg (162

MHz)
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Absolute Referencing used H3PO4 external and Ratio of 40.480742
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Figure 4.66: *'P{'"H} NMR spectrum of attempted isolation of 4.10 in CgDs

focused downfield (162 MHz)
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Figure 4.67: *'P NMR spectrum of attempted isolation of 4.10 in CsDs focused

downfield (162 MHz)
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Compound 4.10 has not been previously reported, and it is believed be
thermally unstable based on the properties of other phosphaketenes with low
steric bulk and likely forms a dimer. Density functional (DFT) calculations were
carried out to provide additional support for the experimentally observed p
NMR peak at 157 ppm.

Use of compound 4.9 as the *'P NMR chemical shift reference allows
estimation of the *'P NMR signals for 4.10 and both the cis (Fig. 4.68, left) and
trans (Fig. 4.68, right) isomers (relative phenyl group orientation) of
phenylphosphaketene dimer. Monomeric 4.10 was calculated to have a far
upfield *'P NMR chemical shift of -209.3 ppm, which was not observed

experimentally (Table 4.8).

3 i
i

£0

o’

Figure 4.68: Calculated geometries of cis (left) and trans (right) isomers of
phenylphosphaketene dimer (ORCA'®, PBEO"" density functional with D3BJ"®"

correction, def2-TZVPP? basis set)
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The isomers of 4.10 dimer are calculated to have average *'P NMR
chemical shifts of 124.6 ppm (cis) and 93.4 ppm (trans). While both of these
calculated values do not match the experimentally observed peak at 157.91
ppm, the calculations indicate the expected region for the phosphorus signals to
be observed. Solvent interactions may impact the accuracy of these
calculations, as the same type of calculations estimate the PhPH, *'P NMR
signal at -134.5 ppm, which is approximately 10 ppm lower than the
experimentally observed resonance. This level of error is common in the

literature for calculated >'P NMR chemical shifts.

Table 4.8: Calculated and experimental >'P NMR chemical shifts

Calculated Experimental
Compound
(Ppm) (Ppm)
4.10 -209.3 -
4.10 dimer (cis) 124.6 -
4.10 dimer (trans) 93.4 -
Phenylphosphine (PhPH;) -134.5 -123.91
Supermesitylphosphaketene (Mes*P=C=0) -219.6 -207.4%
Phosphaketene (HP=C=0) -349.7 -316.7%
Trimethylphosphine (P(CHzs)3) -68.2 -62%
Trimethylphosphine oxide (O=P(CHjs)s) 22.3 36.2
Phosphine (PH3) -270.4 -240.6%
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While the NMR spectral data suggests formation of 4.10 or a dimer, and
there is reasonable correlation with the DFT predicted values, additional studies
are required to definitively prove the synthesis of 4.10. Synthesis of known
phosphaketenes using this methodology should provide the most expedient
validation. Reaction of 4.10 with a substrate to generate a more stable product
could also help verify formation of 4.10. Additional DFT studies could shed light
on the identity of the compound that gives rise to the *'P NMR signal observed

at -48 ppm, such as analysis of other oligomeric forms based on 4.10.

4.3 Conclusions

Molybdenum oxido bonds in phosphinimide complexes were assessed
for reactivity with heteroallene molecules, including isocyanates and ketenes. A
rare example of an ene-diolate complex was isolated from the reaction between
diphenyl ketene and oxido-dichlorido complex 2.4. Analysis of decomposition
products derived from attempted alkylation reactions suggested the formation of
low-coordinate phosphinimide complexes containing alkyl, alkylidyne, and
imido-phosphane ligands. Synthesis of a novel tetrabromido complex enabled
the mechanistic evaluation of an intermediate tetraalkyl species, which gives
rises to an alkyl-alkylidyne complex. A new synthetic approach to the synthesis
of phosphaketenes was evaluated and shows a path forward toward larger
scale synthesis and use of phosphaketenes with less hazardous reagents and

atom economic processes.

219



4.4 Experimental

General Experimental Procedures

Unless otherwise specified, all reactions and manipulations were
performed under a dry oxygen-free atmosphere of dinitrogen in either a
Vacuum Atmospheres NEXUS model drybox equipped with a 40CFM Dual
Purifier NI-Train, or by using standard Schlenk techniques. Glassware was
dried in an oven at 150 °C overnight prior to use.

NMR spectra were collected using a Varian Inova 600 MHz NMR
spectrometer with a 5 mm indirect detection probe, Varian VNMRS 500 MHz
NMR spectrometer with a tunable 5 mm "H{"°N-*'"P} PFG probe, Varian VNMRS
400 MHz spectrometer with an auto-tunable 5 mm Dual Broadband "°N-*'P {'H}
PFG probe optimized for broadband detection, or Oxford Mercury VX-300 300
MHz NMR spectrometer with a 5 mm 4-nuclei ("H/*C/*°F/*'P) auto-switchable
PFG probe. Chemical shifts for 'H, "'B, *C, "°F, #°Si, and *'P NMR spectra are
reported in parts per million (ppm), and were referenced to residual solvent
impurities, or when stated on the spectra with the absolute unified scale
corresponding to the following standards using the relevant = / % frequency
ratios: ''B, 32.083974 (BF3*Et,0O CDCls, ¢ = 15 %); °C, 25.145020 (Si(CHs)s
CDCls, ¢ = 1 %); °F, 94.094011 (FCCls); ?°Si, 19.867187 (Si(CHs)s CDCls, ¢ =
1 %); *'P, 40.480742 (HsPO, external).?** All NMR spectral data were
processed with the MestReNova 11.0.2 software package.

The 2D NMR experiments used unmodified pulse sequences from the

Agilent software package VNMRJ 4.2 with specific parameters reported for
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each compound. Relaxation delays for the 2D NMR experiments were
optimized so that the recycle time equaled 1.3 times T¢ of the target proton
resonances, with T4 measured using INVREC NMR experiments with default
parameters from VNMRJ 4.2.

Elemental analyses were performed at Midwest Microlab LLC. Single
crystal X-ray diffraction data were collected using a Bruker APEX2
diffractometer with a CCD area detector and graphite-monochromated Mo Ka
radiation (A = 0.71073 A) Structural solution and refinement were accomplished
using the APEX2, SAINT, SADABS, TWINABS, and SHELXL programs.?®2®
Details regarding data collection for each structure are provided in the individual
CIF files.

Except where otherwise noted, reagents were purchased from
commercial suppliers and used without further purification. Benzene-ds,
chloroform-d, dichloromethane-d,, and toluene-ds, were purchased from
Cambridge Isotope Laboratories (99.9%D) and were purified by storage over 4
A molecular sieves under N, prior to use. Celite (Aldrich) and 4 A molecular
sieves (Aldrich) were dried under dynamic vacuum at 250 °C for 48 h prior to
use. All solvents were purchased from commercial suppliers and dried and
deoxygenated with the appropriate VAC Atmospheres Solvent Purifier modules
and stored over activated 4 A molecular sieves prior to use.

Calculated molecular geometries were optimized using the PBEO"
density functional with D3BJ'®'® correction and def2-TZVP? basis set within the

ORCA'® software package. NMR chemical shifts were calculated using the
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EPT/NMR module of ORCA, which uses Gauge Including Atomic Orbitals

(GIAOs), with the def2-QZVPP basis set and def2/JK*® auxiliary basis set.

Synthesis of [(‘BusP=N);Mo(=N(2,6-(CH;)2CsH4))Cl.] (4.1): A dichloromethane
solution (5 mL) of [(tBusP=N),MoOCl;] (2.4) (0.292 mmol) was prepared in a 20
mL scintillation vial. A dichloromethane solution (4 mL) of 2,6-
dimethylphenylisocyanate (0.293 mmol) was prepared and added dropwise to
the solution of 2.4 at ambient temperature. The yellow solution of 2.4 slowly
grew darker after addition. After 24 hours, the solution is dark brown/red and
volatiles were removed under reduced pressure, yet excess 2,6-
dimethylphenylisocyanate could not be removed entirely. '"H NMR (400 MHz,
benzene-d6, 25°C) & = 1.47 (d, >Jpn = 13.6 Hz, 54 H, PC(CHs)s), 3.06 (s, 6H,
(0-CHs)), (aryl signals overlapped with isocyanate) 6.71, 6.76, 6.96. *'P{'H}

NMR (162 MHz, benzene-d6, 25°C) & = 55.52 (s, 2 P, PC(CHs)3).

Synthesis of [(‘BusP=N),Mo(=NPh)Cl,] (4.2): A dichloromethane solution (5
mL) of [(tBusP=N),MoOCl;] (2.4) (0.292 mmol) was prepared in a 20 mL
scintillation vial. A dichloromethane solution (4 mL) of phenylisocyanate (0.293
mmol) was prepared and added dropwise to the solution of 2.4 at ambient
temperature. The yellow solution of 2.4 turned red during the addition. After 24
hours, the solution is dark red and volatiles were removed under reduced
pressure, yet excess phenylisocyanate could not be removed entirely. '"H NMR

(400 MHz, benzene-d6, 25°C) & = 1.54 (d, Jpn = 14.4 Hz, 54 H, PC(CHs)3),
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(aryl signals overlapped with isocyanate) 7.02, 7.15, 7.25. *'P{'"H} NMR (162

MHz, benzene-d6, 25°C) 6 = 70.03 (s, 2 P, PC(CHs)3).

Synthesis of [(‘BusP=N);Mo(0.C=CPh;)Cl,] (4.3): A dichloromethane solution
(5 mL) of [(tBusP=N)_MoOClI;] (2.4) (0.292 mmol) was prepared in a 20 mL
scintillation vial and cooled to -30 °C. A dichloromethane solution (3 mL) of
diphenylketene (0.293 mmol) was prepared, cooled to -30 °C, and added
dropwise to the solution of 2.4. The yellow solution of 2.4 immediately turned
dark red during the addition, and slowly converted to dark green over 5 minutes.
Volatiles were removed under reduced pressure after 1 hour, resulting in 220
mg (0.287 mmol, 98 % yield) of 4.3 as a dark green powder. Single crystals
suitable for X-ray diffraction were obtained from a concentrated solution of
dichloromethane at -30 °C. "H NMR (400 MHz, dichloromethane-d2, 25°C) & =
1.68 (d, *Jpn = 14.4 Hz, 54 H, PC(CHs)3), 6.83 (m, 2H, (p-CH)), 7.26 (m, 8 H, (o-
CH, m-CH)). *'P{'"H} NMR (162 MHz, dichloromethane-d2, 25°C) & = 71.70 (s, 2
P, PC(CHs)3). 'H-*C gHMBCAD NMR (dichloromethane-d, 25 °C) [("H, 500
Mhz), (*C, 126 MHz)] & = [7.3, 262.8] (s, C(O),=C(CsHs)), [7.3, 273.7] (s,
C(0)2=C(CeH5)), [7.3, 325.9] (s, C(0O)=C(CeHs)), [7.3, 337.0] (s,
C(0)2=C(CsHs)). The "H-">*C gHMBCAD NMR experiment used a 'H spectral
window of 409.6 Hz, centered at 7.06 ppm, with a 0.156 s acquisition time (64
data points), and a 1.075 s relaxation delay; a "*C spectral window of 25133.5
Hz, centered at 299.89 ppm; and 8 scans per time increment, 256 time

increments, a Jnxn of 8 Hz, and non-uniform sampling density of 50%. Elemental
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analysis found: C, 57.82; H, 8.42; N, 3.56. C3gHgsCl2MON,O,P, requires: C,
56.37; H, 7.97; N, 3.46; which does not match given the observed thermal

decomposition of this complex.

Synthesis of [(‘BusP=N);Mo(0,C=CPh,)CI][B(3,5-(CF3)Cc¢Hs] (4.4): A
dichloromethane solution (3 mL) of 4.3 (0.033 mmol) was prepared in a 20 mL
scintillation vial and cooled to -30 °C. A dichloromethane solution (2 mL) of
sodium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate  (0.033 mmol) was
prepared, cooled to -30 °C, and added dropwise to the solution of 4.3. The
green solution of 4.3 became light transparent yellow over a few minutes, then
converted to an opaque light green colored solution. After one hour, the solution
was opaque turquoise in appearance, and the solution was filtered cold (-30 °C)
through Celite. Volatiles were removed under reduced pressure, resulting in 46
mg (0.029 mmol, 88 % vyield) of 4.4 as a turquoise powder. '"H NMR (400 MHz,
dichloromethane-ds, 25.0 °C) & = 1.47 (d, ®Jpy = 14.5 Hz, 54 H, PC(CHs)3), 7.30
(m, 8 H, (ene-diolate 0-CH, m-CH)), 7.59 (m, 4 H, (borane p-CH), 7.75 (m, 10
H, (ene-diolate p-CH; borane o-CH). *'"P{'H} NMR (162 MHz, dichloromethane-
dz, 25.0 °C) & = 69.79 (s, 2 P, PC(CHs)s). "™C{'H} NMR (101 MHz,
dichloromethane-ds, 25.0 °C) & = 28.50 (s, PC(CHs)s), 39.23 (d, "Jpc = 39.7 Hz,
PC(CHzs)3), 117.42 (m, (borane p-CH)), 124.55 (q, "Jcr = 272.3 Hz, CF3), 128.97
(m, (ene-diolate CH, CCF3)), 134.74 (s, BCC), 161.72 (q, "Jsc = 49.9 Hz, BC),
ene-diolate carbons not detected by 1D NMR. "B NMR (128 MHz,

dichloromethane-ds, 25.0 °C) & = -6.61 (s, 1 B, B-aryl). "’F{"H} NMR (376 MHz
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dichloromethane-d», 25.0 °C) & = -62.81 (s, 20 F, CFs). "H-"*C gHMBCAD NMR
(dichloromethane-d>, 25 °C) [("H, 500 Mhz), (**C, 126 MHz)] & = [7.4, 282.4] (s,
C(0),=C(C¢Hs)), [7.4, 317.5] (s, C(0),=C(Cg¢Hs)). The "H-"C gHMBCAD NMR
experiment used a 'H spectral window of 283.7 Hz, centered at 7.25 ppm, with
a 0.902 s acquisition time (256 data points), and a 0.795 s relaxation delay; a
3C spectral window of 25133.5 Hz, centered at 299.87 ppm; and 8 scans per
time increment, 256 time increments, a Jnxn of 8 Hz, and non-uniform sampling

density of 50%.

Synthesis  of  [(‘BusP=N);Mo(=0)CI][B(3,5-(CF3)CeHs3] (4.5): A
dichloromethane solution (4 mL) of 2.4 (0.0812 mmol) was prepared in a 20 mL
scintillation vial and cooled to -30°C. A dichlromethane suspension (3 mL) of
sodium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate (0.0812 mmol) at ambient
temperature was added slowly to the solution of 2.4 while it returned to ambient
temperature. The yellow solution of 2.4 became pale yellow/green and slightly
opaque over a few minutes. After one hour, the solution was cooled to -30°C
and filtered cold through Celite. Volatiles were removed under reduced
pressure, resulting in 117 mg (0.0812 mmol, quantitative) of 4.5 as a light green
oily solid. After storage of 4.5 at -30°C for a few days, the material was a
crystalline light green powder. "H NMR (400 MHz, dichloromethane-d>, 25.0 °C)
5 =1.54 (d, ®Jpy = 14.4 Hz, 54H, PC(CHs)3), 7.55 (m, 4 H, (borane p-CH), 7.71
(m, 8 H, (borane o-CH). *'P{"H} NMR (162 MHz, dichloromethane-d>, 25.0 °C) &

=69.84 (s, 2 P, PC(CHs)3). "'B NMR (128 MHz, dichloromethane-d,, 25.0 °C) &
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= -6.64 (s, 1 B, B-aryl). "F{"H} NMR (376 MHz dichloromethane-d>, 25.0 °C) &

=-62.91 (s, 20 F, CF3).

Synthesis of [('BusP=N).MoBr,] (4.8): A trifluorotoluene solution (3 mL) of 2.4
(0.187 mmol) was prepared in a 20 mL scintillation vial. A trifluorotoluene
solution (4 mL) of trimethylsilylbromide (1.633 mmol) was added slowly to the
solution of 2.4 at ambient temperature. The yellow solution became transparent
red during the addition, and transitioned to an opaque orange after a few
minutes. After 20 hours, volatiles were removed under reduced pressure,
resulting in 153 mg (0.180 mmol, 96% yield) of 4.8 as an orange powder. 'H
NMR (400 MHz, benzene-d6, 25°C) & = 1.04 (d, %Jpn = 15.2 Hz, 54 H (41%),
PC(CHs)3), 1.23 (d, *Jpy = 13.9 Hz, 54 H (59%), PC(CHs)3). *'"P{"H} NMR (162
MHz, benzene-d6, 25°C) & = 70.76 (s, 2 P, PC(CHs)s). *C{'H} NMR (101 MHz,
benzene-d6, 25°C) & = 28.86 (s, PC(CHs)s3), quaternary carbons in
phosphinimide ligand not resolved. '"H NMR (400 MHz, chloroform-d, 0°C) & =
1.80 (d, 3Jpn = 15.7 Hz, 54 H, PC(CHs)s), 1.23 (d, °Jpy = 13.9 Hz, 54 H,
PC(CHs)3). *'"P{'"H} NMR (162 MHz, chloroform-d, 0°C) & = 98.33 (s, 2 P,
PC(CHs)3). "*C{"H} NMR (101 MHz, chloroform-d, 0°C) & = 30.62 (s, PC(CHa)s),

46.70 (d, "Jpc = 28.9 Hz, PC(CHs)s).

Synthesis of [(tBusP=N),Mo(=CSi(CHs):)(CH.Si(CH3)s)] (4.6): A hexanes (2

mL) suspension of 4.8 (0.0648 mmol) was prepared in a 20 mL scintillation vial
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and cooled to 9°C. A hexanes solution (4 mL) of LiCH»Si(CHzs)s (0.276 mmol)
was added slowly to the solution of 4.8 while it returned to ambient temperature.
The orange suspension of 4.8 transitioned to dark brown over a few minutes,
and transparent red with fine colorless particles after 10 minutes. After two
hours, the solution was filtered through Celite. Volatiles were removed under
reduced pressure, resulting in 40 mg (0.0571 mmol, 89% vyield) of 4.6 as a
highly crystalline red solid. Single crystals suitable for X-ray diffraction were
obtained from a concentrated solution of hexanes at 8°C. '"H NMR (400 MHz,
benzene-d6, 25°C) & = 0.46 (s, 9H, (CSi(CHs)s), 0.59 (s, 9H, (CH2Si(CHs)3),
1.36 (d, *Jpn = 12.7 Hz, 54 H, PC(CHs)3). *"P{'"H} NMR (162 MHz, benzene-d6,
25°C) d = 47.76 (s, 2 P, PC(CHzs)s). *C{"H} NMR (101 MHz, benzene-d6, 25°C)
0 =2.78 (s, CSi(CHs)3), 3.06 (s, CH2Si(CHs)s), 23.33 (s, MoCH,Si(CHzs)3), 29.80
(s, PC(CHa)s3), 40.75 (d, "Jpc = 46.1 Hz, PC(CHs)s), alkylidyne carbon could not
be detected by 1D NMR. "H-{*C} gHMBCAD NMR (benzene-ds, 18.0 °C) ('H,
500 MHz) & = 0.5 (s, MoCSi(CHs)3)); 0.6 (s, MoCH:Si(CHs)3)), 1.0 (s,
MoCH-Si(CHs)3)); (°C, 126 MHz) & = 2.8 (s, MoCH,Si(CHs)s), 3.1 (s,
MoCSi(CHs)s), 23.2 (s, MoCH.Si(CHs);). The 'H-{"*C} gHMBCAD NMR
experiment used a 'H spectral window of 5506.6 Hz, centered at 4.53 ppm, with
a 0.372 s acquisition time (2048 data points), and a 2.481 s relaxation delay;
and a "*C spectral window of 24509.8 Hz, centered at 82.53 ppm; 4 scans per
time increment, and 512 time increments. 'H-{**C} gHMBCAD NMR (benzene-
de, 25.0 °C) (*H, 500 MHz) & = 0.4 (s, MoCSi(CHs)3)); (°*C, 126 MHz) & = 325.1

(s, MoCSi(CHs)3). The 'H-{*C} gHMBCAD NMR experiment used a 'H spectral
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window of 3742.5 Hz, centered at 3.75 ppm, with a 0.547 s acquisition time
(2048 data points), and a 2.678 s relaxation delay; and a ">C spectral window of
12566.8 Hz, centered at 299.91 ppm; 4 scans per time increment, and 256 time
increments. "H-{*C} gHSQCAD NMR (benzene-ds, 22.0 °C) (*H, 500 MHz) & =
0.5 (s, MoCSi(CHs)3)); 0.6 (s, MoCH,Si(CHs)3)), 1.0 (s, MoCH,Si(CHs)s)); ("°C,
126 MHz) 6 = 2.9 (s, MoCH.Si(CH3)3), 3.1 (s, MoCSi(CHs)3), 23.3 (s,
MoCSi(CHs)s). The "H-{"*C} gHSQCAD NMR experiment used a 'H spectral
window of 4310.3 Hz, centered at 3.83 ppm, with a 0.238 s acquisition time
(1024 data points), and a 2.987 s relaxation delay; and a '*C spectral window of
8295.3 Hz, centered at 22.04 ppm; 8 scans per time increment, and 256 time
increments. 'H-">C gHSQCAD NMR (benzene-ds, 22.0 °C) ('H, 500 MHz) & =
0.5 (d, "Jen= 115 Hz, MoCSi(CHs)3)); 0.6 (d, "Jcn = 115 Hz, MoCH.Si(CHs)s)),
1.0 (d, 'Jen = 110 Hz, MoCH.Si(CHs)3)); ('*C, 126 MHz) & = 2.8 (s,
MoCH,Si(CHs)s), 3.1 (s, MoCSi(CHs)3), 23.2 (s, MoCSi(CHas)3). The 'H-"C
gHSQCAD NMR experiment used a "H spectral window of 4310.3 Hz, centered
at 3.83 ppm, with a 0.238 s acquisition time (1024 data points), and a 2.987 s
relaxation delay; and a "C spectral window of 8295.3 Hz, centered at 22.04

ppm; 8 scans per time increment, and 256 time increments.

Synthesis of PhP(H)C(=O)OPh (4.9): Phenyl phosphine (157 mg, 1.43 mmol)
was weighed out and dissolved in 4 mL of toluene in a scintillation vial.
Potassium carbonate (608 mg, 4.40 mmol) was added directly to the reaction

solution. Phenyl chloroformate (216 mg, 1.38 mmol) was weighed out,
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dissolved in 3 mL of toluene, and added to the reaction solution. The colorless
transparent reaction solution was sealed and heated to +80°C while stirring.

After 5 hours, NMR analysis indicates 73% conversion to 4.9.

Attempted synthesis of PhP=C=0 (4.10): 4.9 (83 mg, 0.36 mmol) was
weighed out and dissolved in 2mL of THF in a scintillation vial. Sodium
bis(trimethylsilyl)amide (67 mg, 0.37 mmol) was weighted out and suspended in
1 mL of THF in a separate vial. Both solutions were cooled to -30 °C. The
sodium amide suspension was added dropwise to the phosphaester solution
while warming to ambient temperature. The reaction solution immediately
turned yellow, became yellow/orange during the addition, and returned to yellow
(slightly opaque) by the end of the addition. The reaction solution was cooled to
-30°C after one hour. Solvent was removed after 3 hours to obtain a light
orange solid, which was filtered through Celite with toluene. Solvent was
removed under vacuum to obtain a high viscosity orange liquid (which had

almost no solubility in hexanes).
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Definitions

1D 1-Dimensional

2D 2-Dimensional

3D 3-Dimensional

ACM Alkyne cross-metathesis
AD Adiabatic

Ar Aryl

A Angstrom

br Broad

bs Band-selected

C Celsius

Cy Cyclohexyl

d Doublet

DCM Dichloromethane
DFT Density functional theory
E Element

EA Elemental analysis
Et Ethyl

Equiv. Equivalent

FID Free induction decay
Fig. Figure

FT Fourier-transform

h Hours
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HMQC

Heteronuclear multiple-quantum correlation

HOMO Highest occupied molecular orbital
HSQC Heteronuclear single quantum correlation
HSAB Hard-soft acid-base

Hz Hertz

'Pr Isopropyl

IR Infrared

J Coupling constant

K Kelvin

L Ligand

LNz Liquid dinitrogen

LUMO Lowest unoccupied molecular orbital
m Multiplet

m Meta

Me Methyl

Mes Mesityl

Mes* Supermesityl

MHz Megahertz

mL Milliliter

mol Mole

mmol Millimole

NMR Nuclear magnetic resonance

o] Ortho
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ou University of Oklahoma

p Para

PFG Pulsed field gradient

Ph Phenyl

q Quartet

R Organic group

RCAM Ring-closing alkyne metathesis
RCM Ring-closing metathesis
ROAMP Ring-opening alkyne metathesis polymerization
ROMP Ring-opening metathesis polymerization
s Singlet

s.u Standard uncertainty

t Triplet

Bu Tert-butyl

TFT a,a,a-Trifluorotoluene

THF Tetrahydrofuran

TMS Trimethylsilyl

Tol Tolyl

UV-Vis Ultraviolet-Visible

XRD X-ray Diffraction

v Wavenumber, (cm™)

° Degree

°C Degrees Celsius
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e} Delta, Chemical shift

A Delta, Change in

A Delta, Elevated temperature
=1 % Frequency ratio
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