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Abstract

Molybdenum complexes bearing bidentate amidate ligands have been synthesized
and characterized using nuclear magnetic resonance spectroscopy (NMR), infrared
spectroscopy (FTIR), and in most cases, single crystal X-ray diffraction (XRD). Three
classes of bis(amidate) complexes are presented herein; dioxo, oxo/imido, and bis(imido)
species. The tight bite-angle of the amidate ligand generates Mo complexes that exhibit
distorted octahedral geometries. Density functional theory (DFT) calculations were
employed to investigate the potential for isomerization and hemilability of the amidate
ligand. A feature of the amidate complexes bearing imido groups, is a general trans-
influence on the amidate ligand. This manifests as long Mo-O bonds for the amidate trans
to the imido fragment in the case of the oxo/imido class. Hemilability is observed
structurally with the [®UNO™'],MoON'Bu-THF complex 3.9. These complexes were
utilized for various group transfer reactions. The dioxo class exhibits catalytic activity in
oxygen atom transfer and epoxidation of various alkenes. The oxo/imido class
demonstrates oxygen atom transfer capability, as well as catalytic epoxidation of cis-
cyclooctene. The bis(imido) class enables some activity toward the cross metathesis of
imines. Future directions of this work includes expansion of the amidate ligand set to
alternative electron-withdrawing ligands, incorporation of sulfur to make thioamidate
ligands, synthesis of new Mo-element multiple bonds via group transfer reactions,
expansion of the reaction scope for epoxidation and imine metathesis, and the full

investigation into deoxydehydration reactions of the Mo-oxo complexes.
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Chapter 1: Introduction

Figure 1.1 The structure of dimethyl sulfoxide reductase (DMSOR) from Rhodobacter
capsulatus (PDB id: 1E5V).

1.1  Chemistry Inspired by Nature

Nature has been using chemistry since the beginning of the universe. The success
of life in all areas on Earth, including even the harshest environments on the planet, is
owed to the ability of transition metals to move atoms around, providing the energy
needed for life.? Nature has been using complex organometallic chemistry for millennia,
so it is only logical for us learn from what nature has discovered. Not only is metal
chemistry important for the health of organisms, but the overall health of the environment

as well .2



For example, dimethyl sulfoxide (DMSOQ) in the ocean serves as an oxygen
(ultimately energy) source for phytobacteria.?® This phytobacteria converts the DMSO
to dimethyl sulfide (DMS) using enzymes to remove the oxygen atom, which is then used
in anaerobic respiration.>® The DMS is then slowly pulled into the atmosphere around
large plumes of these bacteria, which serves to seed clouds over the ocean.?? The clouds
formed from this process help to cover the ocean often shielding reefs from bleaching,
since the bacteria are often found in large reefs.>® Furthermore, the increase of DMS in
the atmosphere attracts birds to the area, where they eat the bacteria affecting bird
migration patterns.>3 It is remarkable that all of these large-scale effects are due to a
simple oxygen atom transfer (OAT) reaction that occurs at a molybdoenzyme, DMSO

reductase (DMSOR; Figure 1.1).23
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Scheme 1.1 (A) Reduction of dimethylsulfoxide by DMSOR and (B) the net reaction.

The OAT reaction that DMSOR performs is a simple oxygen abstraction and
concomitant oxidation of a secondary substrate, as shown in Scheme 1.1. The concept
that we are interested in harnessing is the controlled transfer of atoms to substrates using

appropriate metal complexes. An industrial example of this is the epoxidation of
2



propylene. Propylene is epoxidized to generate propylene oxide on the scale of over
8 million tons per year.* This is a highly important reaction as propylene oxide is used to
make polyols which can be polymerized into polyurethane polymers for various
applications, such as sponges and paint products.* A leading industrial method for the
production of the propylene oxide uses a heterogeneous molybdenum salt as the catalyst.*
The epoxidation of other alkenes has been demonstrated by many Mo complexes that are

functional analogues to the DMSO reductase active site.’

Nitrification

(Nitrite oxidoreductase]

L NH,OH > NO, Y

Nitrate Assimilation

NH; = NO, = , NOS

. N Assirﬁi/iatory
Nitrogen Fixation Nitrate Respiratory
- Reductase =---[ Nijtrate
- Nitrogenase
“ Reductase

Denitrification

Ny «=——— NoO =—— NO =«—— NO;y =———
Figure 1.2 Simplified depiction of the global nitrogen cycle showing the application of
Mo-containing enzymes in nature.

Molybdenum is found in nature at the active sites of over 30 distinct enzymes,
and found in low abundance throughout every living organism.®1° These enzymes are
responsible for the growth and health of organisms, and cycling carbon, nitrogen, and
sulfur in the atmosphere. In the global nitrogen cycle, molybdenum’s role in the

iron-molybdenum cofactor (FeMoco) found in nitrogenase enzymes that fix N2 to NHs,



has been extensively studied.*:** However, molybdenum also plays a role in many other
steps of the nitrogen cycle, and is found in the nitrite oxidoreductase, respiratory nitrate
reductase, and  assimilatory  nitrate  reductase = enzymes  (Figure 1.2).
Molybdenum-containing enzymes are also key parts of almost every step of the inorganic
sulfur cycle. 519 % As mentioned earlier, DMSOR enzymes catalyze the reduction of

DMSO to DMS, a key step in the inorganic sulfur cycle.™
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O
N
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204PO | A

07 N7 N7 ONH,
H

C

molybdopterin

Figure 1.3 Active site structure of the three major families of Mo-containing enzymes
and the molybdopterin cofactor.

The versatility of molybdenum is interesting, but what is even more important is
that all the active sites of these seemingly different enzyme families are remarkably
similar.® '° There are three families of molybdenum-containing enzymes: molybdenum
hydroxylase, DMSOR, and sulfite oxidase, as seen in Figure 1.3.2% 8 1516 Al Mo

containing enzymes, other than FeMoco, have at least one molybdopterin ligand bound

4



bidentate to the metal center.?38 1416 Also, there are one or two doubly bound chalcogens
to the Mo-center of these enzymes.>3 8 14-16

Considering the structure of the active sites of molybdoenzymes featuring a
bidentate chelating ligand molybdopterin, it is not surprising that much of the
investigation into mimicking the enzyme reactivity has focused on bidentate dithiolene
type ligands.’*'®> These dithiolene complexes are great structural analogues to the
DMSOR active site.!” The dithiolene ligands have been studied on transition metals since
the 1960s and have presented as “non-innocent” ligands exhibiting redox chemistry,
valence tautomerization, and geometric isomerization as shown in Figure 1.4.17%

Consequently, to our knowledge complexes bearing dithiolene ligands have not exhibited

activity in the epoxidation reaction of alkenes.

R e R e R
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R R
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B) I >|\/|n+ - I >|\/|(n-‘|)+ - I/ >M(n-2)+
X A
R

R R

N N
CO N
) U
Oy, Dsp

Figure 1.4 (A) Redox chemistry of dithiolenes, (B) valence tautomerization of dithiolene
metal complexes, and (C) geometric isomers of tris(dithiolene) complexes.
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1.2 Molybdenum and Catalysis

In addition to dithiolene complexes, researchers have made several non-dithiolene
contributions to the area of Mo dioxo complexes that react analogously to DMSOR.20-24
Generally, complexes that are active in OAT reactions are also active for epoxidation
processes.?%?*  Theoretical investigations have found that a key intermediate in the
DMSOR mechanism is approximately trigonal-prismatic.?> Only a handful of [M0O;]?*
complexes have been synthesized that distort the metal center significantly enough to
approach trigonal-prismatic geometry.?6-?” While reduction of DMSO to DMS isn’t of
major importance to industry, the ability of complexes, featuring [MoO2]** cores, to
perform epoxidation reactions is of great significance, and epoxidation of a number of
alkenes is performed on an industrial-scale by Mo dioxo species.?®-?° Several complexes
have been made to study the oxo transfer reaction of DMSO to DMS. Many of these
complexes utilize bidentate and tridentate N,O chelating ligands.??-2 30-36

Transition metals have advantageous properties that allow for reactivity not
observed for nearly any other elements on the periodic table. The d-orbitals allow for
expanded coordination and the multiple oxidation states available to the metals allow for
interaction with many different types of molecules and bonds. The d-orbitals in the
middle of the transitions metal block often have vacancies allowing for various z-bond
interactions. These interactions, whether it be back donation into ligand orbitals or
w-electron donation from the ligand into empty d-orbitals, can have a drastic effect on the

electronics of the metal and surrounding ligands.



Molybdenum, a Group 6 transition metal, is stable in many oxidation states from
Il to VI making it optimum for redox reactions, and it can accommodate coordination
numbers ranging from 4 to 8.2° This versatility is illustrated by the breadth of chemistry
already demonstrated by natural molybdoenzymes and synthetic molybdenum
complexes.

Molybdenum compounds are used in industrial catalysis, for example, in alkene
metathesis and epoxidation.®” These reactions generate value-added feedstock chemicals
on the order of millions of tons for use in industrial materials synthesis.* The epoxidation
of propylene yields propylene oxide which is easily converted to polyether polyols used
in the synthesis of polyurethane plastics. 4 Olefin metathesis by molybdenum catalysts is
used for the conversion of propylene to ethylene and 2-butenes (Scheme 1.2B), as well
as, the reverse process to generate propylene.* The metathesis reaction is also applied
selectively in the total synthesis of complex drug targets, and in the ring-opening

polymerization of strained cyclic alkenes, such as norbornene (Scheme 1.2C).%8-%



catalyst 0]

A) /\ heat g /<]
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B) ) /\ catalyst _ /\/ .\ /
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Scheme 1.2 (A) Epoxidation of propylene to propylene oxide, (B) cross metathesis of
propylene to form ethylene and 2-butene, and (C) the ring-opening metathesis
polymerization (ROMP) of norbornene.

Schrock's metathesis catalyst Anderson epoxidation catalyst

Figure 1.5 Representation of an early olefin metathesis catalyst by Schrock and
coworkers and a mixed oxo-imido complex for alkene epoxidation by Anderson and
coworkers.

Dioxo species featuring the unusual #%-pyrazolate ligands have been used to generate

distorted Mo(V1) complexes and applied to OAT reactions.?® 441 These complexes

exhibit improved catalytic activity towards OAT due to their pseudo-trigonal prismatic
8



geometry, when compared to similar octahedral Mo dioxo species.?® * %° The analogous
oxo-imido complex featuring »?-pyrazolate ligands has also been prepared and its
capacity for OAT reactivity was studied for comparison to the dioxo systems, but these
molecules were prone to hydrolysis during catalysis.** However, other Mo(V1) oxo-imido
complexes have been reported that exhibit OAT and epoxidation reactivity (Figure 1.5).%%
3032, 42 Interestingly, oxo-imido species of molybdenum are rare when compared to the
dioxo and bis(imido) complexes that have been reported and the reactivity of these
complexes has been poorly studied.*

Many imido ligands featured on Mo complexes are used as ancillary ligands to affect
the metal center and not participate directly in reactivity. This can be observed with the
Schrock metathesis catalyst family (Figure 1.5), which features an imido group as an
ancillary ligand. The imido fragment serves to influence the steric environment and
control the electronic properties of the metal center, instead of being directly involved in
the metathesis reactions occurring at the metal center. Thus, an important area of inquiry
is whether the imido group can have an impact on the epoxidation reaction.

It has also been shown with bis(imido) complexes of Mo that the imido ligand can
participate in metathesis reactions of imines. This reaction is useful for general
cross-metathesis purposes as shown in Scheme 1.3A, but also has the potential for
ring-opening metathesis polymerization (ROMP) of imines for the generation of new
materials (Scheme 1.3B).*® While the cross-metathesis reactivity of Mo-imido complexes
has been known for about 20 years, there have been surprisingly few reports in the
area.*>*® The ring-opening of a cyclic imine was first reported in 2000, but progress

towards ROMP of imines has not been made with Mo-imido complexes. It is of interest
9



to explore this imine metathesis reaction with a new ligand system on Mo(VI)

bis(imido)complexes, as well as oxo-imido complexes, which have yet to exhibit this type

of reactivity.

A) Imine Cross-Metathesis
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Scheme 1.3 (A) General cross-metathesis reactions of imines. (B) First example of
ring-opening metathesis of a cyclic imine.
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1.3  Amidate Ligands

Sc|Ti |V |Cr{Mn|Fe|Co| Ni [Cul|Zn

Y [ Zr [Nb[Mo| Tc [Ru|[Rh|Pd|Ag|Cd

Lu|Hf | Ta| W |[Re|Os| Ir | Pt [Au|Hg

Figure 1.6 Section of periodic table to illustrate the use of amidate ligands in transition
metal coordination chemistry. The green elements are those that have amidate complexes
reported.

The use of amidate ligands on transition metals has seen substantial growth in
recent years, with complexes of over 17 different transition metals (Figure 1.6). This
increase in interest is partly due to the success of Group 4 amidate complexes for
hydrofunctionalization reactions such as the hydroamination of alkynes (Figure 1.7).%°
Since this early work, the amidate ligand has been applied to almost every transition metal
group and just recently expanded into actinides with the synthesis of the first uranium
amidate complexes.*® Recently, bis(imido) W(VI) bis(amidate) complexes were reported
as the first of Group 6 species, while the complexes presented in this work are the first
Mo(V1) bis(amidate) complexes.>! The other more practical reasoning for the increased
use of amidate ligands is that the ligand has many advantageous properties starting with

their preparation.
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Figure 1.7 The catalytic hydroamination of alkynes by a bis(amido) Ti(IV) bis(amidate)
complex.

Amide syntheses require one synthetic step in most cases, can be made in large
quantities, and use cheap simple starting feedstocks namely anilines/amines and acyl
chlorides. This modular synthesis allows for greater ligand design control, easily varying
steric and electronic characteristics of the amides themselves. The amidate ligand features
two points of control in this respect at R and R’ as seen in Scheme 1.4. Starting with steric
control, consider the change in the R group. If this is a bulkier group it will crowd the
metal center, and influence the auxiliary bonds to the metal center, such as a Mo=0 bond.
If this group is less bulky, then the effect is reversed, and more room is allowed for
reactivity at the metal center. The electronics of the ligand can be tuned at both R and R’
by using electron donating or withdrawing groups. The stronger the withdrawing effect,
the more electron density will be pulled from the metal center, making the molybdenum
center more electrophilic. More electron withdrawing ligands have been shown to
increase OAT reactivity.>? The variance in amide characteristics leads to varied structural

and electronic characteristics when the ligand is coordinated to a metal.
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Scheme 1.4. General synthetic procedure for amide proligands of the form [R(NO)RH.

The amidate ligand can exhibit varied binding modes (k! 2, p?, etc.) when
coordinated to a metal as seen in Scheme 1.5. When the ligand is bound «2, it creates a
4-membered metallocycle with a tight bite angle, providing distorted octahedral geometry
at the metal center. For Mo complexes, this distortion of geometry means that the bonds
of the molybdenum center are contorted in strained angles. These strained bonds can be
advantageous if the goal is to make and break bonds, as is the case in catalysis. Some
dioxo and oxo-imido complexes have been synthesized with distorted geometries,
showing the utility of this in ligand design. The amidate ligand can also exhibit
hemilability which can be very useful when performing reactions that require open sites
at the metal center.>*>* Hemilability is the ability of the k>-bound ligand to disengage
from the metal center and become x*-bound as shown in Scheme 1.5. This ligand now
still provides an electronic effect, but also has opened a vacancy at the metal center for

coordination of an incoming substrate.
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Scheme 1.5 (A) Possible amidate binding modes and (B) hemilability.

It is the goal of this research to exploit all these advantageous traits of the amidate
ligand while trying to improve or develop new processes that Mo(VI) complexes can
perform. The amidate ligand binds in such a tight bite angle, the metal center deviates
significantly from octahedral geometry. The amidate ligands used in this study display
the desired control at the metal center, as verified by single crystal X-ray crystallographic
studies, and the electronic properties have been varied to affect the reactivity of the metal
centers towards catalysis. Chapter 2 introduces a series of the first dioxo Mo(VI)
bis(amidate) complexes and presents reactivity studies of these complexes towards OAT
and alkene epoxidation. Chapter 3 introduces a series of the first oxo-imido Mo(VI)
bis(amidate) complexes, solid-state structural evidence of hemilability, and their ability
to promote epoxidation reactions as well as OAT. Chapter 4 introduces a series of the
first bis(imido) Mo(VI1) bis(amidate) complexes, including the synthesis of two
complexes featuring amidate ligands that have not been reported for any system, and

initial imine metathesis results. Chapter 5 discusses the future directions of this work,
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including the targeted variations of the amidate ligands, reactivity studies, and some

preliminary results for different group transfer reactions.
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Chapter 2: Dioxo Amidate Complexes: Synthesis, Characterization
and Group Transfer Applications

Catalyst
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2.1 Introduction

Oxygen atom transfer reactions performed by molybdenum (V1) dioxo metal
complexes have importance in both industrial processes and biological transformations.!*
Whether it is the removal of oxygen in bioderived materials via deoxydehydration

(DODH),%8 or the addition of oxygen to alkenes to create value added epoxides,®*? metal
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complexes capable of catalyzing these processes are of interest to large-scale industrial
applications. Molybdoenzymes found in nature contain at least one doubly bonded oxo
unit, and are involved in various degradation pathways of metabolites,? > 1318 while
industrial catalysts for epoxidation feature molybdenum oxide materials.’® Many
examples of Mo-0xo species acting as effective catalysts for oxygen transfer chemistry
are known,?%?! as well as a few examples of distorted geometry having an effect on
catalytic reactivity.?2-%*

The molybdenum dioxo moiety found at the active site of many enzymes provides
a natural starting point for oxygen atom transfer catalyst design. The simplest OAT
reaction to study is the dimethylsulfoxide reductase (DMSOR) reaction, where an oxygen
atom is transferred from dimethylsulfoxide (DMSO) to a receptor substrate. In the case
of the test reactions, trimethylphosphine (PMes) is typically the phosphine of choice.
Conveniently, the progress of this reaction can be monitored using 3P NMR
spectroscopy, which makes it an ideal candidate for assessing the catalytic reactivity of
metal complexes.?

Amidate complexes of many main group elements and transition metals have been
utilized for a wealth of purposes.?®#4 The amide proligand is desirable for the ease of its
modular synthesis and the wide range of steric and electronic variation possible.?® Amides
are prepared by the reaction of an acyl chloride and a primary amine in the presence of a
base. 26 A general scheme for the synthesis of the amide proligands used in this work is
shown in Scheme 2.1, where R and R’ can be changed by using the appropriate acyl

chloride and amine starting materials, respectively.
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Scheme 2.1. General synthetic procedure for amide proligands of the form [R(NO)R]H.

The primary ligands used in this research are shown in Figure 2.1. Likewise, the
abbreviated notation used throughout for these ligands is illustrated in Scheme 2.1, where

R is the substituent on the N of the ligand and R’ is the substituent on the carbonyl group.

O O
R \\// _R R = phenyl (Ph), 2,6-dimethylphenyl (DMP), or 2,6-
N_/MO_N diisopropylphenyl! (DIPP)
Z‘I“'O O R' = tBu, Ph, or pentafluorophenyl (PFP)
R' R'

Figure 2.1 Varied functional groups used in this work.

While amidate complexes of many transition metals have been well studied as
illustrated in Figure 2.2, 265! to our knowledge the use of the amidate ligand with Mo(V1)
metal centers has not yet been reported. This chapter will focus on the synthesis,
characterization, and reactivity of Mo(VI) dioxo bis(amidate) complexes. Nuclear
magnetic resonance (NMR) spectroscopy, Fourier transform infrared (FTIR)
spectroscopy, single crystal X-ray diffraction (XRD), and density functional theory
(DFT) have all been employed to understand the bonding of amidate ligands to the Mo
metal centers.
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Sc|Ti|V|Cr|Mn|Fe|Co| Ni |Cu|Zn

Y | Zr |[Nb|Mo| Tc |[Ru|Rh|Pd|Ag|Cd

Lu[Hf | Ta| W |Re|[Os| Ir | Pt | Au|Hg

Figure 2.2 Section of the transition metals to illustrate the use of bidentate amidate
ligands in metal chemistry.

The extensive use of molybdenum as catalysts for group transfer reactions!**?
5254 s largely due to its ability to readily change oxidation states by + 2 during reactions.>®
One of the most famous Mo catalytic reactions is the metathesis of C=C double bonds,**
%657 \which afforded Robert H. Grubbs (Ru®®), Yves Chauvin (Ni, Ti, W®*8), and Richard
R. Schrock (M) the Nobel prize in chemistry in 2005, for their work on the metathesis
reaction using various metal complexes. Molybdenum has also been observed to perform
group transfer reactions in nature, as in the case of molybdoenzymes. 52 %-5°

Amidate ligands have been shown to stabilize hard d° metal centers, like high
oxidation state Group 4 metals, thus Mo(VI)-amidate complexes are legitimate targets.
The addition of amidate ligands to transition metals can proceed by either protonolysis
or salt metathesis.®* ** Many of the Group 4 complexes are prepared through protonolysis
methods, as with the tungsten amidate complexes recently reported by Schafer and
coworkers.2 We have found that Mo(V1) amidate complexes can be generated using salt
metathesis by employing readily available Cl2MoE2(DME) type starting materials.®°

This work reports the first complexes of Mo(V1) bearing amidate ligands, and our

investigations into the ability of these complexes to perform oxygen atom transfer (OAT)
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reactions. The tight bite angles of the amidate ligands result in dioxo species that exhibit
heavily distorted 6-coordinate geometries, which can have an effect on OAT activity.?>2®
%1 Here we discuss the scope of reactivity of this family of complexes, and the effect of

varied steric and electronic changes to the amidate ligand framework on reactivity

patterns towards oxygen atom transfer reactions.
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2.2 Results and Discussion

2.2.1 Mo(VI) Bis-Amidate Syntheses

Group 4 amidate complexes have been extensively studied,®® and synthetic routes
to these complexes often use protonolysis with starting materials such as Ti(NMe2)s> or
Zr(CH2Ph)s*, which allow for the easy removal of volatile byproducts like HNMe; or
PhCHa. However, the analogous protonolysis materials for Mo(V1) are not as accessible
so initially we focused on salt metathesis methods. Fortunately, in the case of Mo(VI)
amidate complexes, salt metathesis methods are sufficient to cleanly generate the desired

products, which can be easily separated from salt byproducts.

o THF R{
R )I\ NaN(SiMes), )N\Na
N R' ) > Ses
N “HN(SiMes), o S0
R O o O
“N-—Na cI—N—cl THF Ry R
2 )\ ' f 30°Clort. AN
Lot —0 oO— - L. . A
r” © | R0 Ok

Scheme 2.2 General reaction scheme for the deprotonation of amides to generate the
corresponding Na-amidate salts and dioxo Mo(V1) bis-amidate complexes.

To generate the Na salt of the amidate ligand, 1 equivalent of Na-N(SiMes)2 is
used to deprotonate [R(NO)RTH as shown in Scheme 2.2. The easily prepared precursor
Cl2MoO2(DME) is then treated with [R(NO)X]Nain a 1:2 stoichiometric ratio in dry THF

at -30 °C. The mixture is stirred while slowly warming to room temperature, leading to
28



the formation of complexes of the type LoMoOz. The crude reaction mixture is then
isolated by evaporation of volatiles, and the desired complexes are successfully separated
from salt byproducts by filtration of a suspension of the reaction mixture in toluene over
a celite plug. The isolated complexes are stable in air in the solid state for short periods
and are sensitive to moisture when in solution. The complexes can be stored for extended
periods of time in a glovebox. Dioxo complexes of amidate ligands 2.1-2.7 have been
synthesized and isolated in yields ranging from 60 - 97%, and have been characterized in
the solution phase by NMR spectroscopy, and in the solid-state by single crystal XRD

and FTIR.

2.2.2 Alternative Deprotonation Protocols

R
\ .
(A) MeLi, (B) LiNMe, N-\ ______ L'
R' ©
O : AN
(C) NaN(SiMes), N-----Na
R\N)kR, > “k\\\ l"
H r- O
_ R
(D) KN(SiMes3),, (E) KH SN-—-K

Scheme 2.3 General synthetic routes to ligand salts.
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Multiple alkali metal bases [MeLi, LiNMe, (LDA), NaN(SiMes),, KH, and
KN(SiMes),] have been used in the deprotonation of the amidate proligand
[PMP(NO)®UIH (2.2) as shown in Scheme 2.3. Due to some of the alkali metal bases
requiring special handling, the protocols vary. Experimental details for these experiments
are in Section 2.4.4. Deprotonation using MeL.i yields the lithium salt of the ligand (L-L1i).
The salt metathesis of L-Li with CIl.MoO2(DME) yields pure product, but in poor yield
(34%). The deprotonation of the amidate ligand using LDA is incomplete leading to a
significant free ligand impurity in the product. It should be noted that attempts to use NaH
as a deprotonating agent yielded insoluble blue products upon Mo addition. Using KH as
a deprotonating agent required an elevated temperature during deprotonation and an extra
filtration step. The best results still yielded an impure product and very low yield (18 mg,
17%). Using KN(SiMes). as a deprotonating reagent led to multiple unknown byproducts.

H NMR spectra for these reactions are given in Figure 2.3.
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8 7 6 5 4 3 2 1 (

Figure 2.3 'H NMR spectra for complex 2.9 via different salt metathesis routes (A) K-H,
(B) KN(SiMes)2, (C) NaN(SiMes)2, (D) LDA, (E) MeLi.

A route to the LoMoO, complexes using CI-SiMez elimination has also been shown to
afford clean product as illustrated in Scheme 2.4. The deprotonation of the amidate ligand
using MeLi followed by reaction with CI-SiMes affords L-SiMes as shown in Figure
2.4C. Reaction of L-SiMes with CIMoO2(DME) at 90 °C in toluene selectively yields
Lo>MoO> with no evidence of formation of LoMoCI20, indicating the elimination of
CI-SiMes, rather than O(SiMes)2. The *H NMR spectra of complex 2.9 synthesized by

both salt metathesis and CI-SiMes elimination are presented in Figure 2.4A-B.
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Scheme 2.4 Synthetic scheme for the CI-SiMegs elimination route to Mo(V1) bis-amidate
complex 2.9.

o LN
O OA\( 1

2 20 M
I
|
A) | Salt metathesis A
B) , CISiMe, elimination | |
C)  [PMP(NO)®BUI-SiMe, l 1

D)  [PYP(NO)BYH l ‘

7 6 5 4 3 2 1 0
f1 (ppm)

Figure 2.4 *H NMR spectra for (A) complex 2.9 synthesized by salt metathesis and (B)
CISiMes elimination, (C) 2.2-SiMes, and (D) 2.2.
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2.2.3 Characterization

The family of bis(amidate) dioxo Mo(VI) complexes are soluble in many
non-polar (pentane, hexane, benzene, toluene) and polar (THF, DCM, DCE, diethyl ether,
DME, DMSO) solvents. The complexes were all characterized by *H and *C NMR
spectroscopy in De-benzene. For the DMP derivatives 2.9-2.11, the methyl groups appear
as one singlet in the *H NMR spectra, indicating free rotation about the C-N bond, and
C, symmetry about the metal center. The *H NMR spectrum of complex 2.9 is presented
in Figure 2.5, showing the 'Bu groups at 0.98 ppm (A), the aryl methyl groups at 2.46

ppm (B), and the aryl protons as a large peak at 6.83 ppm (C).

>
Z| w
<
/CIJ\O
Lz
098 O

6.02 qLe 83 >
1 12.06f——0 246 W@
18 00{%

S5 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0
f1 (ppm)

Figure 2.5 'H NMR spectrum of complex 2.9.

For the DIPP derivatives 2.12-2.14, the methine proton signal is broad as shown
in peak B in the spectrum of complex 2.12 (Figure 2.6), and the isopropyl methyl protons
appear as a set of 2 doublets, indicating rotational strain about the C-N bond. This strain

is expected with the added bulk around the metal center in these complexes.
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Figure 2.6 *H NMR spectrum for complex 2.12.

The IR spectra of all complexes show two strong bands (Table 2.1) that are
characteristic of the asymmetric and symmetric vu=o) stretches in the [MoO2]?* moiety.>>
6263 The frequencies for complexes 2.11 and 2.14 are notably closer to those of the
Cl2Mo0O2(DME) starting material than the other complexes, likely due to the more anionic
character of the amidate ligands in 2.11 and 2.14 resulting from the electron withdrawing
nature of the perfluorophenyl group. In general, these frequencies are consistent with

reported similar Mo-dioxo compounds. 6% 66-67
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Table 2.1. IR frequencies for 2.8-2.14 symmetric and asymmetric M=0O vibrations.

V(Mo=0)

Complex Asym. Sym.

2.8 916.62 947.06
2.9 912.16 941.15
2.10 913.46 940.39
2.11 920.74 959.08
2.12 915.89 942.12
2.13 918.02 942.88
2.14 931.40 962.12
Cl2MoO2(DME) 921.39 958.34

2.2.4 X-ray Crystallography

Molecular structures of complexes 2.8-2.12 and 2.14 were determined by
single-crystal X-ray diffraction analysis. Crystals suitable for X-ray crystallography of
complexes 2.8, 2.11, and 2.14 were grown from slow evaporation of 1:1 DCM/hexane
solutions at room temperature. Crystals of complexes 2.9 and 2.12 were grown from slow
evaporation of toluene solutions at room temperature. Crystals of complex 2.10 were
grown from a 1:1 solution of Et2O/toluene at room temperature. The solid-state structures
show that all of the complexes have cis-dioxo ligands with two x?>-amidate ligands bound
with their N donors in a pseudo-trans arrangement. Relevant crystallographic information
for these complexes is collated in Appendix A.

The X-ray crystal structure for complex 2.8 is presented in Figure 2.7. The Mo
oxo bond distances are 1.685(5) A. The amidate bond distances Mo(1)-O(1) and
Mo(1)-N(1) are 2.237(5) and 2.098(5) A, respectively. The amidate ligand backbone

bond lengths, O(1)-C(7) and N(1)-C(7) are 1.275(7) and 1.317(8) A, respectively. The
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metal oxygen bond lengths for the amidate ligands again indicate an amido-ketone
bonding character in the amidate ligands. This is consistent with the shorter C-O bonds,
which indicate more double bond character than the ligand C-N bonds.

The trans bond angles N(1)-Mo(1)-N(1)#1 and O(2)-Mo(1)-O(1)#1 are 144.3(3)°
and 152.1(2)° respectively. These all deviate heavily from a traditional octahedral
complex, where the trans ligands should be 180° apart. The bond angle between the cis
oxo ligands, O(2)-Mo(1)-O(2)#1, is 104.6(4)°, while the cis amidate O(1)-Mo(1)-O(1)#1
bond angle is 81.7(3)°. The amidate bite-angle is 59.38(17)°. These angles are typical for
amidate complexes of transition metals. The selected bond angles and distances are

presented in Table 2.2 for complex 2.8.

Figure 2.7. X-ray crystal structure of complex 2.8 shown at 50% probability with
hydrogen atoms omitted for clarity.
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Table 2.2 Selected Bond Distances (A) and Angles (°) for [?"(NO)®'],M00, 2.8.

Lengths (A) Angles (°)
Mo(1)-0(2)  1.685(5) 0(2)-Mo(1)-0Q)#1  104.6(4)
Mo(1)-N(1)  2.098(5) 0(2)-Mo(1)-N(L)#1  94.0(2)
Mo(1)-0(1)  2.237(5) 0(2-Mo(1)-N(1)  107.8(2)
O(1)-C(7)  1.275(7) N(L)-Mo(1)-N(L)#L  144.3(3)
N(1)-C(7)  1.317(8) 0(2)-Mo(1)-O(L)#1  152.1(2)

N(1)-Mo(1)-O(L)#1  92.60(18)
0(2)-Mo(1)-0(1)  92.3(2)
N(1)-Mo(1)-O(1)  59.38(17)
O(1)-Mo(1)-O(1)#1  81.7(3)

The X-ray crystal structure for complex 2.9 is presented in Figure 2.8. The Mo
oxo bond distances are 1.6955(10)) and 1.6992(10) A. The amidate bond distances
Mo(1)-O(3A), Mo(1)-O(3B), Mo(1)-N(1A), and Mo(1)-N(1B) are 2.2353(10),
2.2500(9), 2.0958(11), and 2.0944(11) A, respectively. The amidate ligand backbone
bond lengths, O(3A)-C(1A), O(3B)-C(1B), N(1A)-C(1A), and N(1B)-C(1B) are
1.2801(16), 1.2759(16), 1.3277(17), and 1.3322(17) A, respectively.

The trans bond angles N(1A)-Mo(1)-N(1B), O(1)-Mo(1)-O(3A), and
0(2)-Mo(1)-O(3B) are 144.45(4)°, 152.01(4)°, and 151.26(4)°, respectively. The bond
angle between the cis oxo ligands, O(1)-Mo(1)-0(2), is 105.78(5)°, while the cis amidate
O(3A)-Mo(1)-O(3B) bond angle is 75.78(4)°. The amidate bite angles,
N(1A)-Mo(1)-O(3A) and N(1B)-Mo(1)-O(3B), are 59.86(4)° and 59.57(4)°, respectively.

The selected bond angles and distances are presented in Table 2.3 for complex 2.9.
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Figure 2.8. X-ray crystal structure of complex 2.9 shown at 50% probability with
hydrogen atoms omitted for clarity.

Table 2.3 Selected Bond Distances (A) and Angles (°) for [°PMP(NO)®'],M002, 2.9

Mo(1)-0(2)

Mo(1)-O(1)

Mo(1)-N(1B)
Mo(1)-N(1A)
Mo(1)-O(3A)
Mo(1)-O(3B)
O(3A)-C(1A)
N(LA)-C(1A)
0(3B)-C(1B)
N(1B)-C(1B)

Lengths (A)

1.6955(10)
1.6992(10)
2.0944(11)
2.0958(11)
2.2353(10)
2.2500(9)

1.2801(16)
1.3277(17)
1.2759(16)
1.3322(17)

0(2)-Mo(1)-O(1)
0(2)-Mo(1)-N(1B)
O(1)-Mo(1)-N(1B)
0(2)-Mo(1)-N(1A)
O(1)-Mo(1)-N(1A)
N(1B)-Mo(1)-N(1A)
0(2)-Mo(1)-O(3A)
O(1)-Mo(1)-O(3A)
N(1B)-Mo(1)-O(3A)
N(1A)-Mo(1)-O(3A)
0(2)-Mo(1)-O(3B)
0(1)-Mo(1)-O(3B)
N(1B)-Mo(1)-O(3B)
N(1A)-Mo(1)-O(3B)
0(3A)-Mo(1)-0(3B)

Angles (°)

105.78(5)
93.49(5)
107.41(5)
105.25(5)
96.35(5)
144.45(4)
95.39(5)
152.01(4)
88.97(4)
59.86(4)
151.26(4)
92.82(4)
59.57(4)
93.96(4)
75.78(4)

The X-ray crystal structure for complex 2.10 is presented in Figure 2.9. The Mo

oxo bond distances are 1.6928(10) and 1.7016(10) A. The amidate bond distances

Mo(1)-O(1), Mo(1)-0(2), Mo(1)-N(1), and Mo(1)-N(2) are 2.2708(10), 2.2723(10),

2.0953(11), and 2.0838(10) A, respectively. The amidate ligand backbone bond lengths,
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O(1)-C(1), O(2)-C(16), N(1)-C(1), and N(2)-C(16) are 1.2786(16), 1.2759(15),
1.2252(16), and 1.3378(16) A, respectively.

The trans bond angles N(1)-Mo(1)-N(2), O(1)-Mo(1)-O(3), and
0(2)-Mo(1)-O(4) are 142.37(4)°, 152.51(4)°, and 153.70(4)° respectively. The bond angle
between the cis oxo ligands, O(3)-Mo(1)-O(4), is 105.27(5)°, while the cis amidate
0O(1)-Mo(1)-O(2) bond angle is 74.34(4)°. The amidate bite angles, N(1)-Mo(1)-O(1) and
N(2)-Mo(1)-0(2), are 59.93(4)° and 59.95(4)°, respectively. The selected bond angles and

distances are presented in Table 2.4 for complex 2.10.

Figure 2.9. X-ray crystal structure of complex 2.10 shown at 50% probability with
hydrogen atoms omitted for clarity.
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Table 2.4 Selected Bond Distances (A) and Angles (°) for [°MP(NO)""]2M003, 2.10

Lengths (A) Angles (°)
Mo(1)-O(4) 1.6928(10)  O(4)-Mo(1)-O(3)  105.27(5)
Mo(1)-0(3) 1.7016(10)  O(4)-Mo(1)-N(2)  98.64(5)
Mo(1)-N(2) 2.0838(10)  O(3)-Mo(1)-N(2)  104.08(4)
Mo(1)-N(1) 2.0935(11)  O(4)-Mo(1)-N(1)  107.67(5)
Mo(1)-O(1) 2.2708(10)  O(3)-Mo(1)-N(1)  94.55(4)
Mo(1)-0(2) 2.2723(10)  N(2)-Mo(1)-N(1)  142.37(4)
O(1)-C(1)  1.2786(16)  O(4)-Mo(1)-O(1)  93.13(5)
0(2)-C(16) 1.2759(15)  O(3)-Mo(1)-O(1)  152.51(4)
N(1)-C(1)  1.3352(16)  N(2)-Mo(1)-O(1)  92.87(4)
N(2-C(16) 1.3378(16)  N(1)-Mo(1)-O(1)  59.93(4)
O(4)-Mo(1)-0(2)  153.70(4)
0(3)-Mo(1)-0(2)  95.41(4)
N(2-Mo(1)-0(2)  59.95(4)
N(1)-Mo(1)-0(2)  86.29(4)
O(1)-Mo(1)-0(2)  74.34(4)

The X-ray crystal structure for complex 2.11 is presented in Figure 2.10. The Mo
oxo bond distances are 1.6880(15) and 1.6908(16) A. The amidate bond distances
Mo(1)-O(1A), Mo(1)-O(1B), Mo(1)-N(1A), and Mo(1)-N(1B) are 2.2662(16),
2.2834(15), 2.0904(18), and 2.0983(18) A, respectively. The amidate ligand backbone
bond lengths, O(1A)-C(9A), O(1B)-C(9B), N(1A)-C(9A), and N(1B)-C(9B) are
1.269(3), 1.262(3), 1.320(3), and 1.326(3) A, respectively.

The trans bond angles N(1A)-Mo(1)-N(1B), O(1)-Mo(1)-O(1A), and
0(2)-Mo(1)-O(1B) are 138.11(7)°, 154.72(7)°, and 154.94(7)° respectively. The bond
angle between the cis oxo ligands, O(1)-Mo(1)-0(2), is 105.51(8)°, while the cis amidate
O(1A)-Mo(1)-O(1B) bond angle is 77.25(6)°. The amidate bite angles,
N(1A)-Mo(1)-O(1A) and N(1B)-Mo(1)-O(1B), are 60.01(6)° and 59.76(6)°, respectively.

The selected bond angles and distances are presented in Table 2.5 for complex 2.11.

40



Figure 2.10 X-ray crystal structure of complex 2.11 shown at 50% probability with
hydrogen atoms omitted for clarity.

Table 2.5 Selected Bond Distances (A) and Angles (°) for [°MP(NO)"™"],M003, 2.11.

Mo(1)-0(2)

Mo(1)-O(1)

Mo(1)-N(1A
Mo(1)-N(1B
Mo(1)-O(1A
Mo(1)-O(1B
O(1A)-C(9A
N(LA)-C(9A
O(1B)-C(9B
N(1B)-C(9B

Lengths (A)

1.6880(15)
1.6908(16)
2.0904(18)
2.0983(18)
2.2662(16)
2.2834(15)
1.269(3)
1.320(3)
1.262(3)
1.326(3)

0(2)-Mo(1)-0(1)
0(2)-Mo(1)-N(1A)
0(1)-Mo(1)-N(1A)
0(2)-Mo(1)-N(1B)
0(1)-Mo(1)-N(1B)
N(1A)-Mo(1)-N(1B)
0(2)-Mo(1)-O(1A)
0(1)-Mo(1)-O(1A)
N(1A)-Mo(1)-O(1A)
N(1B)-Mo(1)-O(1A)
0(2)-Mo(1)-O(1B)
0(1)-Mo(1)-O(1B)
N(1A)-Mo(1)-O(1B)
N(1B)-Mo(1)-O(1B)
O(1A)-Mo(1)-O(1B)

Angles (°)

105.51(8)
108.29(7)
96.95(7)
97.30(7)
107.67(8)
138.11(7)
92.56(7)
154.72(7)
60.01(6)
86.89(7)
154.94(7)
92.09(7)
86.60(6)
59.76(6)
77.25(6)

The X-ray crystal structure for complex 2.12 is presented in Figure 2.11. The Mo

oxo bond distances are 1.690(2) and 1.699(2) A. The amidate bond distances Mo(1)-O(1),

Mo(1)-0O(2), Mo(1)-N(1), and Mo(1)-N(2) are 2.229(2), 2.231(3), 2.100(3), and 2.084(3)
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A, respectively. The amidate ligand backbone bond lengths, O(1)-C(1), O(2)-C(18),
N(1)-C(1), and N(2)-C(18) are 1.287(4), 1.278(4), 1.327(4), and 1.332(4) A, respectively.

The trans bond angles N(1)-Mo(1)-N(2), O(1)-Mo(1)-O(3), and
0(2)-Mo(1)-O(4) are 140.74(11)°, 152.95(11)°, and 153.16(11)° respectively. The bond
angle between the cis oxo ligands, O(3)-Mo(1)-0(4), is 106.05(12)°, while the cis amidate
0(1)-Mo(1)-O(2) bond angle is 75.52(9)°. The amidate bite angles, N(1)-Mo(1)-O(1) and
N(2)-Mo(1)-0(2), are 59.99(9)° and 60.03(10)°, respectively. The selected bond angles

and distances are presented in Table 2.6 for complex 2.12.

Figure 2.11. X-ray crystal structure of complex 2.12 shown at 50% probability with
hydrogen atoms omitted for clarity.
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Table 2.6 Selected Bond Distances (A) and Angles (°) for [P'P°(NO)®'],M00>, 2.12.

Lengths (A) Angles (°)
Mo(1)-0(4)  1.690(2) O(4)-Mo(1)-0(3)  106.05(12)
Mo(1)-0(3)  1.699(2) O(4)-Mo(1)-N(2)  97.37(12)
Mo(1)-N(2)  2.084(3) 0(3)-Mo(1)-N(2)  106.50(11)
Mo(1)-N(1)  2.100(3) O(4)-Mo(1)-N(1)  108.32(11)
Mo(1)-0(1)  2.229(2) O(3)-Mo(1)-N(1)  94.56(11)
Mo(1)-0(2)  2.231(3) N(2-Mo(1)-N(1)  140.74(11)
O(1)-C(1)  1.287(4) O(4)-Mo(1)-0(1)  91.74(10)
0(2)-C(18)  1.278(4) 0(3)-Mo(1)-0(1)  152.95(11)
N(1)-C(1)  1.327(4) N(2)-Mo(1)-O(1)  90.81(10)
N(2-C(18)  1.332(4) N(1)-Mo(1)-O(1)  59.99(9)
O(4)-Mo(1)-0(2)  153.16(11)
0(3)-Mo(1)-0(2)  94.98(11)
N(2)-Mo(1)-0(2)  60.03(10)
N(1)-Mo(1)-0(2)  85.93(10)
O(1)-Mo(1)-0(2)  75.52(9)

The X-ray crystal structure for complex 2.14 is presented in Figure 2.12. The Mo
oxo bond distances are 1.6854(11) and 1.6877(11) A. The amidate bond distances
Mo(1)-O(1), Mo(1)-O(2), Mo(1)-N(1), and Mo(1)-N(2) are 2.3189(13), 2.2611(11),
2.0906(11), and 2.0983(13) A, respectively. The amidate ligand backbone bond lengths,
0(1)-C(13), 0O(2)-C(32), N(1)-C(13), and N(2)-C(32) are 1.2626(15), 1.2692(15),
1.3259(16), and 1.3207(16) A, respectively.

The trans bond angles N(1)-Mo(1)-N(2), 0O(1)-Mo(1)-O(4), and
0(2)-Mo(1)-O(3) are 143.20(4)°, 153.11(4)°, and 151.53(4)° respectively. The bond angle
between the cis oxo ligands, O(3)-Mo(1)-O(4), is 105.91(5)°, while the cis amidate
0(21)-Mo(2)-O(2) bond angle is 73.87(3)°. The amidate bite angles, N(1)-Mo(1)-O(1) and
N(2)-Mo(1)-0(2), are 59.30(4)° and 59.91(4)°, respectively. The selected bond angles and

distances are presented in Table 2.7 for complex 2.14.
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Figure 2.12. X-ray crystal structure of complex 2.14 shown at 50% probability, with
hydrogen atoms omitted for clarity.

Table 2.7 Selected Bond Distances (A) and Angles (°) for [°'P°(NO)"""].M00, 2.14.

Lengths (A) Angles (°)
Mo(1)-O(4)  1.6854(11)  O(4)-Mo(1)-0(3)  105.91(5)
Mo(1)-0(3) 1.6877(11)  O(4)-Mo(1)-N(1)  96.64(5)
Mo(1)-N(1)  2.0906(11)  O@3)-Mo(1)-N(1)  106.43(5)
Mo(1)-N(2)  2.0983(13)  O(4)-Mo(1)-N(2)  105.03(4)
Mo(1)-0(2) 2.2611(11)  O@3)-Mo(1)-N(2)  95.89(4)
Mo(1)-O(1)  2.3189(13)  N(1)-Mo(1)-N(2)  143.20(4)
O(1)-C(13)  12626(15)  O(4)-Mo(1)-0(2)  95.53(5)
N(1)-C(13)  1.3259(16)  O(3)-Mo(1)-0(2)  151.53(4)
0(2)-C(32)  12692(15)  N(1)-Mo(1)-0(2)  89.06(4)
N(2-C(32) 1.3207(16)  N(2)-Mo(1)-0(2)  59.91(4)
O(4)-Mo(1)-O(1)  153.11(4)
0(3)-Mo(1)-O(1)  93.36(4)
N(1)-Mo(1)-O(1)  59.30(4)
N(2)-Mo(1)-O(1)  91.13(4)
0(2)-Mo(1)-O(1)  73.87(3)
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The crystal structures indicate pseudo C> symmetry, which is also observed in
solution by *H NMR spectroscopy. The complexes exhibit identical connectivity about
the Mo-center leading to very similar bond lengths and angles. The amidate ligands are
coordinated to the Mo-center with the N donors trans to each other and the amidate O
donors trans to the Mo=0 fragments. The Mo-Namia bond lengths are between 2.084(3)
and 2.100(3) A for all complexes. These bond lengths are very similar due to the highly
ionic nature of the bonding in the amidate ligands.%* The Mo-Oamia bonds are longer,
ranging between 2.229(2) A and 2.3189(13) A. The longer bond for the amidate oxygen
atoms is likely due to the trans influence of the Mo=0 moieties, which have very strong
n-donating properties. The amidate N-C backbone bond lengths are also consistently
longer (Avg. 1.33 A) than the corresponding amidate O-C backbone bond lengths (Avg.
1.28 A). These deviations together with the longer Mo-O and shorter Mo-N bonds for the
amidate ligands indicate an amido-ketone bonding character in these complexes (Fig.
2.3). This is in contrast to well-studied Group 4 systems, where the amidate ligand

binding is more consistent with the alkoxy-imine description.26:33: 65

T | |
N N N
N 2N J "X
R— oM R—{ M R— M
O/ O/ O/
amido-ketone intermediate alkoxy-imine

Figure 2.13. Resonance forms of amidate ligand illustrating amido-ketone wvs.
alkoxy-imine forms.
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The amidate ligands have characteristic tight bite angles, with an average N-Mo-O

bond angle of 59.7°. This deviation from octahedral geometry is observed with the

majority of bond angles about the metal center. For example, the average Namid-Mo0-Namid

bond angle is 143.01°, while the trans arranged oxygen atoms have an average bond angle

of 152.44°. The cis-oxo angles for the complexes are from 104.6(4)°-106.05(12)°.

The goal of using various R groups for the N-substituent of the amidate ligand to

control the access to the reactive metal center is realized as shown in Figure 2.14. The

partial spacefill models illustrate the increase in bulk about the metal center where Ph <

DMP < DIPP.
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Figure 2.14 Changes in N-bound R group affects steric bulk around the metal center, as
seen in the partial spacefill models of complexes 2.8, 2.9, and 2.12 (top) and illustrated

representations (bottom).
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2.2.5 Density Functional Theory Studies

Given the variable binding nature of the amidate ligands, computational studies
were undertaken to investigate the potential for isomerization and ligand hemilability.
The hemilabile ligand would allow for the opening of a coordination site at the Mo metal
center. These open coordination site are important for a variety of catalytic reactions
including epoxidation.® %7 To better understand the capability of the amidate ligand to
isomerize in solution, density functional theory (DFT) calculations were performed on
the three possible isomers, where the variation in the binding of the amidate ligands leads
to complexes that are Ci symmetric, or C> symmetric with either the O-donors
pseudo-trans or the N-donors pseudo-trans. These relative geometries were labeled C;,
O-trans and N-trans. The relative energies of these isomers are the most obvious starting
point for the analysis of bonding in this family of Mo(VI) bis(amidate) complexes. The
relative energy diagram for complex 2.8 is shown in Figure 2.15. The O-trans isomer is
the highest energy at 0.35 eV above the ground state N-trans isomer. This result is
expected considering the steric bulk at the N-donors of the amidate ligands. The C1 isomer
has an intermediate degree of steric congestion, and is 0.16 eV higher in energy than the
N-trans isomer. This energy gap is significant, but is still sufficiently low that it could be

accessible at higher temperatures.
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Figure 2.15 Relative energy diagram for complex 2.8.

The calculated structures for the isomers of the dimethylphenyl series 2.9-2.11 are
shown in Figure 2.16. Not surprisingly, the differences in the relative energies of the
isomers are higher than those seen for the less sterically encumbered complex 2.8. The
steric demand causes a larger effect especially on the O-trans species, leading to a relative
energy difference nearly double that observed for complex 2.9 at 0.64 eV. The more
electron withdrawing amidate ligands [°MP(NO)""] and [P°MP(NO)P""] are not coordinated

strongly enough, and the [PMP(NO)?"*] (2.11) complex becomes hemilabile when forced
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into the O-trans configuration as shown in Figure 2.16. The C1 isomers of the DMP series
are all relatively close in energy at 0.26, 0.23, and 0.27 eV for complexes 2.9, 2.10, and
2.11, respectively. The relative energies of the calculated isomers are summarized in

Table 2.8.
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Figure 2.16 Relative energies and calculated structures for the DMP series.
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Table 2.8 Relative energies (eV) of isomers for the DMP series.
N-trans 0.00
2.9 C1 0.26
O-trans 0.64
N-trans 0.00
2.10 o] 0.23
O-trans 0.57
N-trans 0.00
2.11 C1 0.27
O-trans 0.47

In the case of the DIPP series of complexes 2.12-2.14, the steric effects are more
pronounced for the calculated structures as shown in Figure 2.17. The Cy isomer of
complex 2.12 exhibits a hemilabile amidate ligand. This is likely purely due to steric bulk,
however the C1 isomer of complex 2.13 manages to maintain 2 bidentate ligands, albeit
with longer bond lengths. The C; isomer of complex 2.14 is «* likely due to both extreme
steric interactions, and the very low donating capability imparted by the perfluorophenyl
substituted ligand. All O-trans isomers for the DIPP series exhibit 1 monodentate amidate
ligand and one bidentate amidate ligand. The relative energies for the structures are 0.77,
0.70, and 0.87 eV for complexes 2.12, 2.13, and 2.14, respectively. The relative energies

for the DIPP calculated structures are shown in Table 2.9.

50



1.00

”
0.90 -
( O-trans wmm () 87
0.80
O-trans wmm (.77
A
0.70 O-trans ==m (.70 i
A1
< 0.60 C, wmm (.61
3 /
>
o
2
5 0.50
2
©
& 0.40
0.30
0.20
0.10
2.12 2.13 a Yy
0.00 N-trans wmm 3 00 N-trans ==m Q.00 N-trans ==m (.00

Figure 2.17 Relative energies and calculated structures of isomers for DIPP series.
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Table 2.9 Relative energies (eV) of isomers for the DIPP series.

N-trans 0.00
2.12 C1 0.42
O-trans 0.77
N-trans 0.00
2.13 C1 0.34
O-trans 0.70
N-trans 0.00
2.14 C1 0.61
O-trans 0.87

There are some obvious trends in the HOMO-LUMO gap shown in Table 2.10,
with the complexes bearing more electron withdrawing ligands having smaller gaps than
the complexes with more electron donating ligands. Interestingly, the HOMO-LUMO gap
significantly drops when one ligand is «! to the metal center. The farther away the amidate
ligand is from the metal center, the lower the HOMO-LUMO gap. This is observed with
C1 isomers of complexes 2.9 and 2.10, where the N atom of one ligand is trans to an oxo
fragment. In these cases, the Mo-N bond is significantly longer, to the point of nearly
being unconnected. For the complexes bearing large DIPP groups on the N of the ligand,
some isomers are not stable, presumably due to steric hindrance, optimizing to x* isomers

instead.
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Table 2.10. HOMO/LUMO gap in eV for all calculated isomers in order of relative
energy from 2.8-2.14

HOMO-LUMO Gap for Isomers (eV)
Complex N-trans Ci O-trans
2.8 4.1629 3.9291 3.7044
2.9 3.7969 3.3384 3.2263
2.10 3.7177 3.3389 3.2779
211 3.5985 3.1906 2.71632
212 3.7436 2.8834 2.5289
2.13 3.7133 3.2769 2.7022
2.14 3.4919 2.4864 2.6201

2.2.6 Catalytic DMSO Reduction

The [M0O2]*? moiety has been extensively studied with many ligand systems and
it can be stated there are a few key features that are desirable. The ligands should be able
to stabilize the Mo metal center during redox reactions, the ligands should sufficiently
protect the metal center from side reactivity, and the metal center should deviate from
octahedral geometry to some degree.?>> As discussed herein, the amidate ligand is
capable of stabilizing Mo(VI), varied ligand structures offer the opportunity to tune the
steric bulk about the metal center, and the tight bite-angle of the amidate ligand causes a
significant deviation from octahedral geometry. In order to study the overall effects of
these complexes we investigated their capabilities in the catalytic reduction of DMSO

(Scheme 2.5), a biologically relevant process.
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Scheme 2.5 Reduction of DMSO to DMS, using PMez and a Mo=0 catalyst.

The reduction of dimethylsulfoxide to dimethyl sulfide via oxygen atom transfer
in molybdoenzymes can be modeled using trimethylphosphine as the oxygen-receiving
molecule. The dioxo complexes presented here were screened at 5% and 10% catalyst
loading for the catalytic reduction of DMSQO. The precatalysts 2.8-2.14 (Figure 2.18) were
dissolved in De-DMSQO, and an appropriate amount of trimethylphosphine was added.
This solution was stirred at 85°C for 3 hours with aliquots being taken at 1 and 3 hours.
Using 3P NMR spectroscopy, the ratio of OPMes:PMes can be determined and converted

to % conversion. The data for these catalytic runs is presented in Figure 2.19.
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Figure 2.18 Complexes 2.8-2.14 illustrating the progression in steric bulk and electron
withdrawing properties of the ligands.

Looking at the 5% catalyst loading data, there is a clear progression of speed of
conversion in precatalysts 2.9-2.11 at the 1 hour timepoint, and this trend is also observed
for the precatalysts 2.13-2.14. This can be attributed to the electronic changes in the
backbone of the ligand where we expected a trend in overall reaction rates where ‘Bu <
Ph < PFP. This trend is observed, however, complex 2.12 appears to be the most effective
in the OAT reaction based on overall yields at 5% catalyst loading. This is possibly due
to the electron donating ability of the ligand, however the other r.t. data suggests the
reaction rates increases with the increasing electron withdrawing character of the amidate
ligand. It is likely that the steric bulk around the reactive metal center controls this

reactivity. The active site of the molybdoenzymes feature thiolate-type ligands, which

55



have softer S donors, and dimerization of metal centers in the active site is not a problem,
due to the complex pocket created by the protein’s structure. The [P'PP(NO)®"]" ligand is
bulky enough to prevent the dimerization of two Mo centers, maintaining the
monometallic catalyst species in solution. While [P'™P(NO)""].M00, (2.13) and
[P'"P(NO)PFP12M00- (2.14) both perform more slowly than their less bulky analogues
[PMP(NO)P"2M002 (2.10) and [PMP(NO)"12M00; (2.11), [PPP(NO)BU:Mo0; (2.12)
outperforms the less bulky [P°MP(NO)®'],Mo00- (2.9) at 5% catalyst loading. This is likely
due to the bulkier aryl groups on the amidate ligand preventing the dimer formation
observed as a catalyst end point for complex 2.9 (vide infra). At 10% catalyst loading for
all precatalysts, the reaction proceeds similarly for 1 hour and almost quantitatively after
3 hours.

Overall for the OAT reaction it appears the backbone group (R’ = 'Bu, Ph, or PFP)
is not completely controlling the electronics, thus the reactivity, of the metal centers as
evidenced with the complexes 2.11 and 2.12 having very similar yield at 5% loading. It
appears that there is a ‘sweet spot’ for reactivity where the ligand is donating and bulky,

complex 2.12.
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Figure 2.19 Catalytic oxygen atom transfer from DMSO to PMes using precatalysts
2.8-2.14 at 5% and 10% catalyst loading. Percent conversion is calculated from the ratio
of OPMes:PMe; determined by 3P NMR spectroscopy.

2.2.7 Catalyst Decomposition

The oxygen atom transfer reaction from dimethylsulfoxide to a substrate requires
an initial reduction of the Mo(V1) center to Mo(IV).% This reduction occurs readily with
trimethylphosphine as the reductant. The reaction is easily recognized by a color change
of the metal complex solution from a pale-yellow color to a deep red color. This reaction
was investigated crystallographically, because the products formed could not be observed
by 'H NMR spectroscopy. Mo complex 2.9 was dissolved in Ds-benzene, and 1.6 eq of
trimethylphosphine was added while the solution was stirred. The reaction occurs over
the course of an hour, as evidenced by the observed color change from yellow to red. The
single red crystals obtained for X-ray diffraction analysis precipitated from the solution

over the course of 24 hours.
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The solid-state structure, determined by X-ray diffraction, indicated the formation
of a bridged oxo dimer species, ([°M?(NO)®!],Mo(0)])2(1-O) (2.15), and is shown in
Figure 2.20. The structure clearly shows that two amidate ligands are still attached to each
Mo center after the reduction reaction occurs. This key result shows that the amidate
ligands are capable of surviving redox-type reactivity at a metal center. The bond between
the Mo centers and the bridging O, Mo(1)-O(1) and Mo(2)-O(1) are 1.8688(18) and
1.8711(18) A, respectively. These bonds are consistent with a Mo-O single bond,
indicating the Mo centers are both in the +5 oxidation state. Selected bond distances and

angles for the complex are presented in Table 2.11.

Figure 2.20 X-ray crystal structure of complex 2.15 shown at 50% probability with
hydrogen atoms omitted for clarity.

58



Table

2.11.

Selected

Bond

([P°MP(NO)®",M0(0))2(1-0), 2.15

Distances

(A)

and  Angles

(°) for

O(1B)-C(1B)
O(1D)-C(1D)
C(1A)-N(1A)
N(1C)-C(1C)
N(1D)-C(1D)
N(1B)-C(1B)
0(1C)-C(1C)
C(1A)-O(1A)
Mo(1)-0(2)

Mo(2)-0(3)

Mo(1)-O(1)

Mo(2)-O(1)

Mo(1)-O(1A)
Mo(2)-O(1C)
Mo(2)-N(1D)
Mo(1)-N(1B)
Mo(2)-N(1C)
Mo(2)-O(1D)
Mo(1)-O(1B)
Mo(1)-N(1A)

1.295(3)
1.297(3)
1.307(3)
1.314(4)
1.317(3)
1.318(4)
1.319(3)
1.327(3)
1.6812(19)
1.685(2)
1.8688(18)
1.8711(18)
2.0805(19)
2.086(2)
2.171(2)
2.176(2)
2.193(2)
2.2018(19)
2.2044(19)
2.208(2)

N(1B)-Mo(1)-O(1B)
N(1D)-Mo(2)-O(1D)
O(1A)-Mo(1)-N(1A)
0(1C)-Mo(2)-N(1C)
N(1C)-Mo(2)-O(1D)
O(1B)-Mo(1)-N(1A)
0(1)-Mo(2)-O(1D)
0(3)-Mo(2)-N(1D)
0(1)-Mo(1)-O(1B)
0(1)-Mo(2)-0(1C)
O(1B)-Mo(1)-C(1A)
0(2)-Mo(1)-N(1B)
0(1)-Mo(1)-O(1A)
0(1D)-Mo(2)-C(1C)
O(1A)-Mo(1)-O(1B)
0(2)-Mo(1)-N(1A)
O(1)-Mo(1)-N(1B)
0(1)-Mo(2)-N(1D)
0(1C)-Mo(2)-0(1D)
0(3)-Mo(2)-N(1C)
0(2)-Mo(1)-0(1)
N(1D)-Mo(2)-N(1C)

59.28(8)
59.40(8)
61.03(8)
61.20(7)
82.25(7)
85.07(8)
87.28(7)
89.21(9)
89.59(7)
89.92(7)
91.35(8)
91.65(9)
91.70(7)
91.82(8)
93.92(8)
95.74(9)
95.91(8)
97.81(8)
98.78(7)
100.88(8)
102.61(9)
103.41(8)

0(3)-Mo(2)-0(1)
0(2)-Mo(1)-C(1A)
N(1B)-Mo(1)-N(1A)
0(3)-Mo(2)-C(1C)
0(3)-Mo(2)-0(1C)
N(1A)-C(1A)-O(1A)
N(1C)-C(1C)-O(1C)
O(1B)-C(1B)-N(1B)
O(1D)-C(1D)-N(1D)
0(2)-Mo(1)-O(1A)
0(1)-Mo(2)-C(1C)
0(1)-Mo(1)-C(1A)
N(1D)-Mo(2)-C(1C)
N(1B)-Mo(1)-C(1A)
0(1)-Mo(2)-N(1C)
0(3)-Mo(2)-O(1D)
0(2)-Mo(1)-O(1B)
O(1)-Mo(1)-N(1A)
O(1A)-Mo(1)-N(1B)
0(1C)-Mo(2)-N(1D)
Mo(1)-O(1)-Mo(2)

104.43(9)
104.61(9)
105.04(8)
107.11(9)
110.72(8)
111.7(2)
111.7(2)
112.0(2)
112.0(2)
112.99(9)
119.50(8)
122.35(8)
132.34(8)
132.49(8)
147.00(8)
147.98(8)
149.74(8)
151.66(8)
151.94(8)
156.18(8)
173.12(11)

A possible mechanism for the formation of dimeric complex 2.15 is given in

Figure 2.21. Initial reduction of 2.9 by trimethylphosphine is proposed to give a putative

Mo(IV) species 2.9red, With concomitant elimination of OPMes. Nucleophilic attack on

2.9red by another molecule of 2.9 results in the formation of the stable dimeric complex

2.15. While magnetic susceptibility studies were not performed on 2.15, the absence of

'H NMR resonances for this complex suggests a d*-d* electronic configuration with no

magnetic coupling present between the two metal centers. Initial tests show that once the

dimer is formed it is irreversible, as has been reported with similar complexes.®®"°
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Figure 2.21 Proposed mechanism for dimer formation.

2.2.8 C=C Epoxidation

The biomimetic reduction of DMSO is useful to gauge the complexes ability to
undergo redox reactions and maintain solution stability, but a more impactful reaction is
the epoxidation of alkenes. The current industrial epoxidation reactions by Mo complexes
require the use of heat and pressure.'® The use of distorted metal centers and electronically
tunable amidate ligands could allow for the development of an effective epoxidation
catalyst that can operate at room temperature.

To probe the efficacy of the amidate ligand framework towards alkene
epoxidation, complexes 2.8-2.14 were screened for the catalytic epoxidation of four
different alkene substrates: cis-cyclooctene (S1), norbornene (S2), styrene (S3), and
1-octene (S4) (Scheme 2.6). Tertbutylhydroperoxide (TBHP) was chosen as the oxidant
for these catalyst studies. Stock solutions of olefin (0.15 M), mesitylene standard (0.075
M), and TBHP (0.30 M) in DCE were prepared. To an aliquot of solution was added the

precatalyst at 1 mol% loading, and the resulting solution was heated for 1 h. The reaction

60



was quenched by adding an excess of MnO2 powder. The % conversion results are based
on the disappearance of the starting olefin peak in the GC-MS spectrum.

The epoxidation of cis-cyclooctene is well-studied as an initial benchmark
substrate for epoxidation catalysts.!'> Mo precatalysts featuring multidentate chelates,
bridged metal centers, and various oxidation states have been shown to be catalytically
active in this epoxidation reaction. 2 Our system features a distorted metal center,
hemilabile ligand capability, and an electron deficient metal center, which we sought to

exploit for the epoxidation reaction.

Qb0

S3 S4

Scheme 2.6 Substrates for epoxidation studies.

The epoxidation of cis-cyclooctene (S1) by complexes 2.8-2.14 proceeds to
quantitative completion at 80°C for all precatalysts, except 2.11, with chemospecific
formation of the epoxide, with no other products generated. These results are comparable
to other reported bidentate ligand systems.®? ™ For the series of N-diisopropylphenyl
substituted complexes 2.12-2.14, the catalytic activity at room temperature decreases as
the ligands become more electron withdrawing. For the series of complexes bearing the
'‘Bu substituted backbone, 2.8, 2.9, and 2.12, the reactivity is highest with the least bulky
of the series. This is likely due to the ability of complex 2.8 to accommodate a higher

coordination number, or the ease of hemilability of the amidate ligands in this case.
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For the epoxidation of norbornene, trends in reactivity are less noticeable. The
reaction proceeds at room temperature, reaching up to 64% completion in one hour (2.9),
while at 80 °C the reaction nears completion (91% completion, complex 2.12). All of the
dioxo complexes exhibit 100% selectivity for the epoxide product, with no evidence of
alternate product formation. As was observed for cis-cyclooctene, the precatalysts with
'Bu groups in the backbone of the amidate lead to higher yields, but the differences are
small.

For the more challenging epoxidation of styrene (S3), all catalysts perform
essentially the same regardless of temperature or ligand, with the exception that complex
2.8 is notably worse than the others. There are 2 products formed during the reaction of
styrene and TBHP in the presence of the bis(amidate) dioxo precatalysts, the anticipated
epoxide and the alcohol as determined by the mass spectrum. The selectivity could not

be determined.
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Figure 2.22. Epoxidation of cis-cylcooctene (A), norbornene (B), styrene (C), and
1-octene (D) in 1,2 dichloroethane at 25 °C and 80 °C by Mo(VI) dioxo bis-amidate
precatalysts at 1% catalyst loading.

The most difficult substrate 1-octene (S4) was epoxidized at 80°C by all of the

precatalysts, with approximately 30-35% conversion after 1 hour. However, at room

temperature the more electron deficient metal centers (2.11 and 2.14) perform the best,

and are almost as effective as they are 80°C, with 22-26% conversion after 1 hour. The
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complexes 2.10, 2.12, and 2.13 also enable catalytic epoxidation at room temperature,
converting S4 to the epoxide, but in only 8-9% conversion. The increased electron
withdrawing nature of the ligand can be considered as the cause of this increased
reactivity, but it somehow negatively impacts the epoxidation of cis-cyclooctene. The
reasoning for the contrast in reactivity results could be partly due to loss of the amidate
ligand during reaction. The cis-cyclooctene substrate is bulkier and could be forcing an
amidate ligand to become labile, while the 1-octene molecule is less bulky allowing for
the amidate ligand to remain bound in some fashion. The PFP derivatives are observed to
have the weakest interaction with the Mo center due to their electron withdrawing
character, so it is feasible that these ligands are the easiest to displace. It is also of note
that the bulkier complex 2.12 reacts more quickly than the less bulky DMP and DIPP
systems. This can be an example of the steric bulk of the ligand protecting the active
catalyst from decomposition in situ. The epoxide is detected along with multiple other
byproducts of the epoxidation reaction, thus selectivity cannot be determined for these
reactions.

Table 2.12. Tabulated % conversion values for epoxidation reactions by dioxo
recatalysts.

Cis-cyclooctene Norbornene Styrene 1-Octene
Precatalyst | 25°C | 80°C 25°C 80°C | 25°C | 80°C | 25°C |80°C
2.8 41% | 97% 53% 87% |26% |35% |2% 33%
2.9 14% 98% 64% 90% |39% |36% |1% 35%
2.10 31% 95% 53% 89% |38% |49% |8% 30%
2.11 0% 65% 51% 86% |34% |39% |26% |30%
2.12 28% | 99% 59% 91% |30% |38% |9% 33%
2.13 17% 95% 51% 89% |39% |36% |9% 35%
2.14 4% 96% 52% 85% |40% |37% |22% | 30%
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2.3  Summary and Conclusions

Bis(amidate) complexes of Mo(V1) featuring two oxo ligands can be synthesized
readily by salt metathesis, using CI2MoO2(DME) as a starting material. These complexes
exhibit solubility in a variety of solvents, and have been characterized in both the
solid-state and in solution. These dioxo amidate complexes of Mo are stable under inert
conditions for long periods of time, and have demonstrated applications in 0xo group
transfer reactions, and are suitable for the epoxidation of a range of reactive alkenes
(cis-cyclooctene and norbornene); however, they do not perform well with more
challenging substrates such as 1-octene and styrene.

Density functional theory calculations have been applied to the expected isomers
of the bis(amidate) complexes to better understand the bonding in the complexes.
Computational studies have shown that the ligands have the potential to become
hemilabile under the right conditions, thus indicating the possibility of exploiting the

reactivity of the Mo complexes using higher temperatures, coordinating solvents, etc.
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2.4  Experimental

2.4.1 General Considerations

All synthetic procedures were carried out under dry N2 using a VAC Atmospheres
Nexus Il glovebox. All solvents were purified using a VAC Atmospheres solvent
purification system and stored in a glovebox over 4A molecular sieves prior to use.
Benzene-ds and toluene-ds were dried over 4A molecular sieves and stored in a glovebox
until use. All other reagents were purchased from commercial sources and used as
received. *H, *C{*H}, 3P and °F nuclear magnetic resonance (NMR) spectroscopic data
were collected on a Varian Mercury VX 300 MHz NMR spectrometer or a Varian
VNMRS 400 MHz spectrometer at ambient temperature unless otherwise stated.
Chemical shifts are all referenced against residual protio solvent peaks. Infrared spectra
were collected using attenuated total reflectance (ATR) on a Thermo Scientific Nicolet
6700 FT-IR spectrophotometer. Amide proligands* were prepared using literature
procedures. Elemental analyses were performed by Midwest Microlab, LLC. GCMS data
were collected on an Agilent 7890A Gas Chromatograph, an Agilent 5975C MSD with
an Electron Impact (EI) ionization source, and a Chem Station instrument control and
data handling system with a NIST 2008 database library (Agilent Technologies, Inc.
Santa Clara, CA, USA).

Starting reagents and materials were used as received from Sigma Aldrich or
Strem Chemicals. The molybdenum starting material, Cl.-MoO2(DME) was prepared

according to published procedures.®® The amide proligands were prepared using literature
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procedures.?® The *H NMR spectral data for the proligands is provided for comparative

purposes to the Mo complexes in this work.

[PM(NO)®BYIH (2.1).
'H NMR (400 MHz, Benzene-ds) & 1.04 (s, 9H, C-(CHs)s), 6.90 (s, 1H, N-H),

6.99 (s, 1H, Ar-H), 7.09 — 7.15 (m, 2H, Ar-H), 7.55 — 7.62 (m, 2H, Ar-H).

[DMP(No)tBu]H (2_2)
'H NMR (400 MHz, Benzene-ds) & 1.09 (s, 9H, C-(CHs)3), 2.04 (s, 6H,
Ar-(CHa)2), 6.42 (s, 1H, N-H), 6.91 (s, 1H, Ar-H), 6.93 (s, 1H, Ar-H), 6.99 (d, J = 14.8

Hz, 1H, Ar-H).

[PMP(NO)P"IH (2.3)
IH NMR (400 MHz, Benzene-ds) & 2.12 (s, 6H, Ar-(CHzs)2), 6.62 (s, 1H, N-H),
6.99 (s, 3H, Ar-H), 7.04 (dd, J = 8.6, 6.2 Hz, 1H, Ar-H), 7.10 (s, 3H, Ar-H), 7.73 (dd, J

=7.4,19Hz, 2H, Ar-H).

[PMP(NO)PFPIH (2.4)

'H NMR (400 MHz, Benzene-ds) & 2.15 (s, 6H, Ar-(CHs)2), 5.93 (s, 1H, N-H),
6.91 (d, J = 7.5 Hz, 2H, Ar-H), 6.99 (t, J = 8.4 Hz, 1H, Ar-H). °F NMR (376 MHz,
Benzene-de) 6 -161.17 — -160.83 (m, 2F), -152.99 (t, J = 21.4 Hz, 1F), -141.46 — -141.28
(m, 2F).

[DIPP(No)tBu]H (2_5)
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IH NMR (400 MHz, Benzene-ds) & 1.13 (s, 9H, C-(CHa)s), 1.21 (d, J = 6.9 Hz,
12H, CH-(CHs)3), 3.08 (s, 2H, CH-(CHs)3), 6.24 (s, 1H, N-H), 7.11 (d, J = 7.6 Hz, 2H,

Ar-H), 7.21 (t, J = 7.8 Hz, 1H, Ar-H).

[DIPP(No)Ph]H (2.6)
'H NMR (400 MHz, Benzene-ds) 5 1.20 (d, J = 6.9 Hz, 12H, CH-(CHa)s), 3.15
(s, 2H, CH-(CH3)3), 6.81 (s, 1H, N-H), 7.07 (dd, J = 8.5, 6.5, 1.6 Hz, 2H, Ar-H), 7.13 (d,

J=9.8Hz, 2H, Ar-H), 7.24 (d, J = 7.6 Hz, 1H, Ar-H), 7.73 (d, J = 6.8 Hz, 2H, Ar-H).

[PPP(NO)PFPIH (2.7)

IH NMR (400 MHz, Benzene-ds) & 1.26 (d, J = 6.9 Hz, 12H, CH-(CH3)3), 3.17
(sept., J = 7.0 Hz, 2H, CH-(CH3)3), 5.99 (s, 1H, N-H), 7.09 (s, 2H, Ar-H), 7.21 (d, J =
15.4 Hz, 1H, Ar-H). 1*F NMR (376 MHz, Benzene-ds) 5 -160.76 (td, J = 21.8, 6.7 Hz,

2F), -152.84 (t, J = 21.3 Hz, 1F), -141.50 (d, J = 15.1 Hz, 2F).

2.4.2 Synthesis

Standard deprotonation protocol. [R(NO)XTH is dissolved in an appropriate
amount of THF. A vial is charged with 1 eq of NaN(SiMes)2. The sodium amide is
dissolved in THF. The two solutions are mixed and stirred at ambient temperature for 2
hours. The volatiles are removed in vacuo and the resulting [R(NO)R]Na salt is used

immediately without further purification.
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Synthesis of [P"(NO)®!]2Mo00O2 (2.8)

Ph(NO)®BUINa (3.76 mmol, 2 eq.) was dissolved in
["(NO)™]Na ( q.) @\ \/ N/O

ca. 20 mL of THF and cooled to -100 °C. In a scintillation >/LNO}V|O\;‘X\<
vial 0.544 g (1.88 mmol, 1 eq.) of O2MoClz(DME) was : :
dissolved in ca. 5 mL of THF and cooled to -100°C. After both solutions were at -100°C,
the metal starting material solution was added to the flask containing the stirring solution
of the amidate salt. The solution was allowed to warm to r.t. and react for 2 h. After 2 h
the solvent was removed in vacuo from the pale green suspension. The pale green/tan
solid was suspended in toluene and filtered over celite yielding a transparent tan solution.
The solvent was removed to afford 71% (0.644 g) of tan product. Crystals were grown
from slow evaporation from a 1:1 DCM/hexane solution. FTIR(ATR) (cm™): 3310.6,
3064.4, 2966.1, 2869.5, 1654.9, 1594.5, 1480.9, 1435.3, 1362.1, 1316.8, 1244.2, 1186.2,
1070.9, 1027.6, 947.06, 916.62, 844.55, 783.89, 751.06, 695.54, 590.21, 533.24. *H NMR
(400 MHz, CeDs, 25°C): & 1.01 (s, 18H, C(CHa)3), 6.85 (t, 2H, p-Ar-H), 6.96 (m, 4H,
m-Ar-H), 7.14 (d, 4H, o-Ar-H). 3C{*H} NMR (101 MHz, CsDs, 25°C): & 27.33, 40.88,

126.03, 129.49, 128.59, 144.77, 193.28.

Synthesis of [PMP(NO)®U]2M002 (2.9)

[PMP(NO)®'INa (2.4 mmol, 2 eq.) was dissolved O O
N \}/I// N
—Ne—
in 40 mL of THF and cooled to -35°C. In a scintillation

-35°C. >/L /' \ A\(
O O
vial 0.352 g (1.2 mmol, 1 eq.) of O2MoCIl(DME) was : :

dissolved in 15 mL of THF and cooled to -35°C. After both solutions were at -35°C the

metal starting material solution was added to the flask containing the stirred solution of
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ligand salt. The solution was allowed to warm to r.t. and react for 24 h. After 24 h the
solvent was removed in vacuo from the pale green suspension. The pale green/tan solid
was suspended in toluene and filtered through celite yielding a transparent tan solution.
The solvent was removed to afford 87% (0.567 g) of tan product. Crystals were grown
from slow evaporation of a toluene solution. FTIR(ATR) (cm™): 3271.1, 3023.8, 2956.2,
2920.4, 2868.4, 2736.2, 1648.5, 1583.9, 1471.1, 1429.7, 1360.8, 1244.1, 1218.9, 1185.9,
1093.5, 1058.3, 1029.3, 941.15, 912.16, 837.56, 774.69, 674.16, 607.13, 575.91, 532.68.
). 'H NMR (400 MHz, CsDs, 25°C): 5 0.99 (s, 18H, C(CHs)3), 2.46 (s, 12H, Ar(CHa)2),
6.82 (br s, 6H, Ar-H). 3C{"H} NMR (101 MHz, CeDs, 25°C) & 19.19, 27.17, 41.25,
127.20, 128.48, 134.04, 142.90, 193.85. Anal. Calcd. for C2sH3sMoN20O4: C, 58.20; H,

6.76: N, 5.22. Found: C, 58.42; H, 7.01; N, 5.22.

Synthesis of [PMP(NO)P"]2Mo00O: (2.10)

[PMP(NO)P"Na (3.95 mmol, 2 eq.) was dissolved qN O\bl//o Nﬁ

— 5=

in ca. 20 mL of THF. In a scintillation vial 0.570 g (1.974 ‘/“o/ \O"\‘
mmol, 1 eq.) of O2MoCl2(DME) was dissolved in ca. 5 Q/L *Q
mL of THF. The metal starting material solution was added to the flask containing the
stirred solution of sodium amidate salt at r.t. and stirred for 2 h. After 2 h the solvent was
removed in vacuo from the pale green suspension. The pale green/tan solid was suspended
in toluene and filtered over celite yielding a transparent tan solution. The solvent was
removed to afford 60% (0.684 g) of tan product. Crystals were grown from slow

evaporation of a 1:1 Et,O/toluene solution. FTIR(ATR) (cm™): 3898, 3851.5, 3800.1,

3731.6, 3709.1, 3673.9, 3647.1, 3585.7, 3564.6, 3273.1, 3058, 3020, 2953, 2920.5, 2858,
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2742.1, 2627.5, 2595.6, 2330.7, 2182.2, 2028, 1992.8, 1960.5, 1930, 1856.2, 1808.7,
1773.7, 1643.8, 1599.2, 1469.9, 1299.5, 1262.1, 1233.3, 1179.5, 1123, 1090.8, 1026.3,
990.41, 940.39, 913.46, 840.36, 802.14, 765.3, 708.63, 636.63, 591.42, 555.14. *H NMR
(400 MHz, CsDs, 25°C): § 2.51 (s, 12H, Ar(CHs)y), 6.74 (t, 4H, p-Ar-H), 6.90 (br s, 8H,
m-Ar-H, 7.62 (d, 4H, o-Ar-H). 3C{*H} NMR (101 MHz, C¢Ds) & 18.59, 127.17, 128.18,

128.76, 128.90, 130.65, 132.92, 133.55, 142.48, 181.40.

Synthesis of [PMP(NO)PFP]2M0o0O2 (2.11)
[PMP(NO)P™INa (2.34 mmol, 2 eq.) was
dissolved in ca. 20 mL of THF and cooled to -35 °C. In

a scintillation vial 0.338 g (2.17 mmol, 1 eq.) of

0O2MoCl2(DME) was dissolved in ca. 5 mL of THF and
cooled to -35°C. After both solutions were at -35°C the metal starting material solution
was added to the flask containing the stirred solution of amidate salt. The solution was
allowed to warm to r.t. and react for 13 h. After 13 h the solvent was removed in vacuo
from the pale green suspension. The pale green/tan solid was suspended in toluene and
filtered over celite yielding a transparent tan solution. The solvent was removed to afford
87% (0.770 g) of tan product. FTIR(ATR) (cm™): 3889.8, 3851.8, 3800.5, 3733.5,
3709.5, 3674.3, 3647.8, 3023.8, 2962.5, 2928.6, 2868.8, 2408.2, 1653.5, 1517.9, 1475.6,
1380.8, 1329.6, 1257.4, 1217.4, 1167.2, 1109.8, 993.01, 959.08, 920.74, 874.7, 812.71,
768.22, 732.41, 694.4, 637.82, 580.43, 521.09. *H NMR (400 MHz, CsDs, 25°C): 6 2.51
(s, 12H, Ar(CHs)2), 6.77 (br s, 6H, Ar-H). °F NMR (376 MHz, CsDs, 25°C): 6 -159.61

(t, 2F, p-Ar-F), -146.53 (dd 4F, m-Ar-F), -136.62 (dd, 4F, 0-Ar-F). *C{*H} NMR (101
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MHz, CesDs, 25°C): 6 17.95, 18.22, 21.01, 125.29, 128.71, 128.92, 133.88, 137.49,

139.39, 175.38.

Synthesis of [P'PP(NO)®B']aM00O:2 (2.12)
[P'PP(NO)®BUINa (4.87 mmol, 2 eq.) was dissolved

in ca. 20 mL of THF. In a scintillation vial 0.703 g (2.43 N—Mo—N

/N A
- o=
mmol, 1 eq.) of O2MoClIl>(DME) was dissolved in ca. 5 >/L ‘l\<

mL of THF. The metal starting material solution was added to the flask containing the
stirred solution of amidate ligand salt at r.t. and stirred for 12 h. After 12 h the solvent
was removed in vacuo from the pale green suspension. The pale green/tan solid was
suspended in toluene and filtered over celite yielding a transparent tan solution. The
solvent was removed to afford 80% (1.260 g) of tan product. Crystals were grown by
slow evaporation of a toluene solution. FTIR(ATR) (cm™): 3313.9, 2962.9, 2926.5,
2867.5, 1647.1, 1463.8, 1429.3, 1362.3, 1326.4, 1233.3, 1172.6, 1103.8, 1056.3, 942.12,
915.89, 846.56, 805.15, 770.88, 737.26, 681.76, 631.36, 590.72, 524.68. 'H NMR (400
MHz, CsDe, 25°C): ¢ 1.07 (s, 18H, C(CHa)s), 1.22 (d, 12H, CH(CHa)2), 1.59 (d, 12H,
CH(CHsa)2), 3.54 (br s, 4H, CH(CHs3)2), 7.02 (m, 6H, Ar-H). 3C{*H} NMR (101 MHz,

Ceds) 0 22.24, 23.34, 25.69, 27.26, 28.28, 41.31, 123.43, 139.46, 143.99, 193.28.

Synthesis of [P'PP(NO)P"2MoO2 (2.13)

[P'PP(NO)P"INa (3.71 mmol, 2 eq.) was dissolved

o 0
: o N/
in ca. 20 mL of THF. In a scintillation vial 0.535 g (1.85 N—Mo—N

/N
g =
mmol, 1 eq.) of OoMoCl2(DME) was dissolved in ca. 5 Q/L A\Q

mL of THF. The metal starting material solution was added to the flask containing the
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stirred solution of ligand salt at r.t. and stirred for 12 h. After 12 h the solvent was removed
in vacuo from the pale green suspension. The pale green/tan solid was suspended in
toluene and filtered over celite yielding a transparent tan solution. The solvent was
removed to afford 97% (1.234 g) of tan product. FTIR(ATR) (cm™): 3269.2, 3063.1,
2963, 2926.9, 2867.1, 1642.5, 1600.5, 1505, 1457.8, 1423.9, 1383, 1328, 1301.6, 1254,
1216.4, 1181.1, 1097.2, 1056, 1027.2, 942.88, 918.02, 844.77, 779.1, 746.22, 702.81,
623.19, 560.78. 'H NMR (400 MHz, C¢Ds, 25°C): 6 0.96 (d, 12H, CH(CHs)2), 1.59 (d,
12H, CH(CH3)2), 3.83 (br s, 4H, CH(CHa)2), 6.76 (t, 4H, Ar-H), 6.90 (t, 2H, Ar-H), 7.12
(m, 6H, N-Ar-H), 7.75 (d, 4H, Ar-H). 3C{*H} NMR (101 MHz, ceds) & 23.06, 24.66,

28.47, 124.26, 128.26, 129.92, 130.24, 132.94, 139.76, 143.85, 181.70.

Synthesis of [P'PP(NO)PFP].M00O: (2.14)
[PPP(NO)P™PINa (1.78 mmol, 2 eq.) was
dissolved in ca. 20 mL of THF. In a scintillation vial

0.257 g (0.89 mmol, 1 eq.) of O.MoCl>(DME) was

dissolved in ca. 5 mL of THF. The metal starting
material solution was added to the flask containing stirred ligand salt at r.t. and stirred for
1 h. After 1 h the solvent was removed in vacuo from the pale green suspension. The pale
green/tan solid was suspended in toluene and filtered over celite yielding a transparent
tan solution. The solvent was removed to afford 91% (0.700 g) of tan product. Crystals
were grown by slow evaporation from a 1:1 DCM/hexane solution. FTIR(ATR) (cm™):
3184.3, 3064.4, 3022.7, 2967.1, 2930.2, 2870.4, 2726.2, 1654.1, 1590.1, 1515.5, 1462.5,

1384.1, 1327.8, 1245.2, 1200.9, 1147.8, 1100.2, 1054.9, 991.92, 962.12, 931.4, 874.51,
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801.49, 731.11, 693.67, 643.27, 584.29, 547.12. *H NMR (400 MHz, C¢De, 25°C): 9 1.11
(d, 12H, CH(CHs)2), 1.60 (d, 12H, CH(CHs)2), 3.64 (br s, 4H, CH(CHs)z), 6.95 (m, 6H,
Ar-H). 1°F NMR (376 MHz, CsDs, 25°C): 6 -159.87 (t, 2F, p-Ar-F), -147.67 (t, 4F,
m-Ar-F), -136.74 (t, 4F, 0-Ar-F). 3C NMR (101 MHz, ceds) & 22.06, 23.42, 25.69, 28.30,

28.73, 123.51, 123.91, 129.26, 136.26, 144.80, 175.81.

Synthesis of ([PMP(NO)®B']aMo(0))2(u-0O) (2.15)

Complex 2.9 (35 mg, 1 eq) was dissolved in 2 mL of De-benzene. An excess of
PMes (8 mg, 1.6 eq) was added to the stirring solution. After about 30 mins the solution
began to turn red. After 24 h the solution was a dark red brown slurry. A *H NMR
spectrum was collected from an aliquot of the solution and was found to be NMR silent.
Solvent was removed from the remainder of the reaction slurry affording a dark red
residue. The red solid residue was recrystallized from a solution of THF/hexane ina 1:1

ratio.

Alternative Deprotonation Protocols

Amide deprotonation with MeLi. A vial was charged with 0.811 g (3.6 mmol) of
[PMP(NO)®BUIH (2.2), which was dissolved in ca. 5 mL of THF. The solution was chilled
in a freezer at -30 °C. To the cold ligand solution, 2.17 mL of MeLi solution (1.6M in
Et>O) was added quickly. The solution was stirred for 1 hour and the volatiles were
removed in vacuo. The isolated salt [PMP(NO)®'ILi was dissolved in THF and chilled
to -30 °C. In another vial 0.520 g (0.67 mmol) of Cl2Mo0O2(DME) was added and

dissolved in THF. The metal solution was added to the stirring salt solution and was
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allowed to warm to room temperature. After 18 hours, the volatiles were removed from
the tan solution. The isolated tan solid was suspended in toluene and filtered over celite,
0.073 g (20%) of tan solid (2.9) was isolated after removal of solvent.

Amide deprotonation with lithium dimethyl amide (LDA). A vial was charged with
0.104 g (0.46 mmol) of [PMP(NO)®UIH (2.2), which was dissolved in ca. 4 mL of THF.
To another vial 0.023 g (0.45 mmol) of LiNMe; was added and dissolved in ca. 4 mL of
THF. The two solutions were mixed and stirred for 2 hours at ambient temperature and
the volatiles were removed in vacuo. The isolated salt [PMP(NO)®"]Li was dissolved in
THF and chilled to -30 °C. In another vial 0.061 g (0.21 mmol) of ClzMoO2(DME) was
added and dissolved in THF. The metal solution was added to the salt solution and stirred,
warming to room temperature, initially turning a light green color. After 24 hours, the
volatiles were removed from the resultant red/brown solution. The brown solid isolated
was suspended in toluene and filtered over celite in toluene. A brown solid (2.9 +
impurities) was isolated after removal of solvent.

Amide deprotonation with KN(SiMes).. A small flask was charged with 0.500 g
(2.43 mmol) of [PMP(NO)®B'TH (2.2), which was dissolved in ca. 10 mL of THF. To a 20
mL vial 0.488 g (2.43 mmol) of KN(SiMes). was added and dissolved in ca. 10 mL of
THF. The two solutions were mixed and stirred for 2 hours at ambient temperature and
the volatiles were removed in vacuo. The isolated salt [PMP(NO)®']K was dissolved in
THF and chilled to -30 °C. In another vial 0.352 g (1.22 mmol) of CI.MoO2(DME) was
added and dissolved in THF. The metal solution was added to the stirring salt solution
and allowed to warm to room temperature. After 18 hours, the volatiles were removed

from the resultant red/brown solution. The brown solid isolated was suspended in toluene
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and filtered over celite. A brown solid (2.9 + impurities) was isolated after removal of
solvent.

Amide deprotonation with KH. Many different variations of this reaction were
attempted, but the following method yielded the purest product. A 100 mL Schlenk flask
charged with 1.071 g (5.21 mmol) of [PMP(NO)®YIH (2.2), 0.209 g (5.21 mmol) of KH,
and 25 mL of THF was equipped with a condenser on the Schlenk line. The system was
maintained under N throughout the reaction. The mixture was stirred and refluxed at 73
°C for 18 hours. The solvent was removed in vacuo to isolate [PMP(NO)®"]K. 0.100 g
(0.41 mmol) of [PMP(NO)®BY]K was slurried in ca. 3 mL of toluene and stirred. A solution
of 0.059 g (0.21 mmol) of CI2MoO2(DME) in ca. 3 mL toluene was added slowly to the
stirring mixture. 1 mL of THF was added to increase solubility. The reaction was stirred
for 24 h and the volatiles were removed. The dark brown solid was suspended in hexanes
and filtered over a celite plug. The solvent was removed to afford 0.019 g (17%) of tan
product (2.9).

Preparation of 2.2-SiMes. A 50 mL vacuum flask was charged with 1.00 g (4.80
mmol) of [PMP(NO)®B“IH (2.2) and 10 mL of diethyl ether. The solution was chilled
to -100 °C. To the stirring solution, 3.04 mL (4.80 mmol) of 1.6 M MeL.i solution was
added quickly and stirred for 1 h. After 1 h, 0.61 mL (4.80 mmol) of CISiMe3 was added
and the mixture was stirred for 18 h at r.t. After 18 h the volatiles were removed in vacuo.
The off-white solid material was suspended in toluene and filtered through celite, 0.944
g (71%) of colorless product was obtained.

Synthesis of [P°MP(NO)®“],M00> (2.9) via CISiMes elimination. A 20 mL vial was

charged with 0.944 g (3.40 mmol) of [PMP(NO)®Y]SiMes (2.2-SiMes), 0.492 g (1.70
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mmol) of CI2MoO2(DME), and ca. 10 mL of toluene. The solution was heated to 90 °C
and stirred for 18 h. After 18 h the solution was cooled to r.t. and the solution was filtered
over celite. The remaining volatiles were removed in vacuo yielding 0.352 g (39%) of

[PMP(NO)™®]:M00:2 (2.9).

2.4.3 Reactivity Studies

General Procedure for DMSO Reductions

A small vial was charged with a magnetic stir bar and precatalyst complex (0.05
or 0.10 eq). The catalyst was then dissolved in ca. 2 mL De-DMSO. Trimethylphosphine
(1 eq) was added, and the solution was stirred and heated to 85°C, with aliquots taken
after 1 h and 3 h of reaction. *H and 3P NMR spectra of these aliquots were acquired as

soon as the aliquots were collected.

General Procedure for the Epoxidation of Alkenes

A stock solution of olefin (0.15 M), mesitylene standard (0.075 M), and
tertbutylhydroperoxide (TBHP) (0.30 M) in DCE was prepared. To an aliquot of solution
was added the precatalyst at 1 mol% loading, and the resulting solution was heated for 1
h. The reaction was quenched by adding an excess of MnO2 powder. Samples were
analyzed by GCMS, with all mass spectra acquired in EI mode with full scan. Ultra-High
Purity Helium carrier gas was set to a column head pressure of 12.5 psi maintaining a

constant flow rate of 1.0 mL/min. Aliquots of 1 uL were injected into the instrument with
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a 25:1 split and a detector delay of 3 min. GC separations were done with a Agilent
Technologies HP-5 column (30 m, 0.25 mm i.d. and 0.25 pum thickness) programmed to
start at 40°C with a 5 min hold, then linear ramp to 250°C at 20°C/min with a 10 min
hold at 250°C. MS conditions were as follows: 230°C source, 150°C quadrupole, 150°C
interface, 240°C injector and EM voltage of 1.04kV. Full scans were collected over the
mass range of 25-500 at 2.86 scans/sec. Compound identification was verified by

comparison of sample spectra to spectra available in the NISTO8 library.

2.4.4 X-ray Crystallographic Studies

X-ray diffraction data were collected for complexes 2.8, 2.9, 2.10, 2.12, and 2.14
on a diffractometer with a Bruker APEX CCD area detector’>"® with
graphite-monochromated Mo Ka radiation (A = 0.71073 A). Selected crystals were
mounted using high vacuum grease or Paratone oil onto a cryoloop and cooled to the data
collection temperature of 100 K. Cell parameters were determined from a non-linear least
squares fit. The data were corrected for absorption by the empirical method’’ giving
minimum and maximum transmission factors. The space groups were determined by
systematic absences and statistical tests and verified by subsequent refinement. The
structure was solved by direct methods and refined by full-matrix least-squares methods
on F2.7%7° The positions of hydrogens were initially determined by geometry and were
refined using a riding model. Non-hydrogen atoms were refined with anisotropic
displacement parameters. Hydrogen atom displacement parameters were set to 1.2 (1.5

for methyl) times the isotropic equivalent displacement parameters of the bonded atoms.
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2.4.5 Theoretical Calculations

Density functional theory (DFT) calculations were carried out on the OU
Supercomputing for Education and Research (OSCER) high performance computing
system on Intel Xeon “Haswell” processors using the Gaussian09 suite of programs.
Computational input files for various complexes were generated from their
crystallographic structures in Gaussview. Geometry optimization was performed using
the hybrid density-functional/Hartree-Fock method RB3LYP. For the Mo center in each
calculation the LANL2DZ basis set was employed. For all other atoms the 6-311G(D)
basis set was utilized. Initial guesses for the geometric isomers were prepared in
Gaussview by rotation of the amidate ligand about the dihedral angle illustrated in Figure

2.30.

Figure 2.30 Illustration of the dihedral angle used to generate initial guesses for isomer
calculations.
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Chapter 3. Oxo-Imido Amidate Complexes: Synthesis,
Characterization and Group Transfer Applications

3.1 Introduction

Mixed oxo-imido complexes of Mo are relatively rare when compared to
well-studied dioxo and bis-imido species, often being overlooked as unwanted
byproducts.1*® These complexes are of interest for both the epoxidation and imine
metathesis capabilities exhibited by dioxo and bis(imido) compounds, respectively, but
we will focus on their biological relevance. The molybdoenzymes that inspire the dioxo
research discussed in Chapter 2 feature a Mo=0O moiety often accompanied by another
fragment like a sulfide.? 1*"1* Mixed oxo/sulfide species are difficult to generate, as they
tend to dimerize through the sulfide ligands.>?° Thus, alternative functionalities like

imido groups are useful to model the effect of the ancillary ligands on OAT reactions.?
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Figure 3.1 Representation of an early olefin metathesis catalyst by Schrock and a mixed
oxo-imido complex for alkene epoxidation by Anderson and coworkers.

Mixed oxo-imido complexes could provide better reactivity towards oxygen atom
transfer reactions due to the n-donating ability of the imido fragment. The R group of the
imido fragment can also prevent the dimerization problem observed with many dioxo
species.???® Only a few examples of oxo-imido complexes are reported to perform the
epoxidation reaction of alkenes, one example being Anderson’s epoxidation catalyst is
shown in Figure 3.1. Distorted trigonal prismatic oxo-imido derivatives reported by
Mosch-Zanetti and coworkers have also been shown to exhibit OAT reactivity,?% 2° but
the observed reactivity of these species was inferior to the dioxo analogues, with steric
congestion being the predominant reasoning.? 2 In addition to oxygen atom transfer
processes, there have been examples of Mo(VI) oxo-imido complexes as intermediates
in heterometathesis reactions of ketones and N-sulfinylimines.?®
Other notable examples of Group 6 imido groups in catalysis are the Schrock olefin
metathesis catalysts where the imido group is ancillary to the reactive alkylidene.® ?° The

first generation of Schrock’s metathesis catalysts featured simple bulky imido groups that
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served as m-donors and provided steric protection for the reactive metal center (Figure
3.1).%2%-%0 The pace of development of new oxo-imido complexes has increased since the
development of a protocol to prepare Cl,MoON'Bu(DME) via disproportionation.’2% 31
This easy-to-isolate starting material, has allowed for much quicker access to mixed
oxo-imido complexes, and provided a convenient entry point into oxo-imido complexes

bearing amidate ligands. 03
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3.2 Results and Discussion

3.2.1 Synthesis

Molybdenum bis(amidate) complexes featuring both an oxo and an imido ligand
fragment have been generated in moderate to excellent yields (41-95%) by salt
metathesis, as shown in Scheme 3.1. These mixed oxo-imido complexes are significantly
less common in Mo(V1) chemistry when compared to dioxo and bis imido complexes.3?-33
These complexes have been characterized by NMR and FTIR spectroscopies, as well as

by X-ray crystallography.

Na )/ ...$'<
(O iy THF

N O
e Cl_|| N o
~ N7 + ~N & o R\ \\// /R
R AN /'VI'O\C| -100°C > rt. N—NIo—N

/NN
R,/Lo o) R

R =Ph, R'='Bu (3.2)
R = DMP, R' = 'Bu (3.3), Ph (3.4), PFP (3.5)
R = DIPP, R' = 'Bu (3.6), Ph (3.7), PFP (3.8)
R =Bu, R' = 'Bu (3.9)

Scheme 3.1 General synthetic scheme for bis(amidate) Mo(V1) oxo-imido complexes and
naming convention.

In contrast to the dioxo complexes, these species exhibit solution phase dynamic
behavior and ligand hemilability confirmed by X-ray crystallography (vide infra). As
presented in Figure 3.2, the *H NMR spectrum for complex 3.2 is simple, featuring only

asinglet at 1.09 ppm for the ‘Bu imido fragment, a singlet at 1.13 ppm for the ‘Bu groups
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of the amidate ligands, a triplet at 6.86 ppm (J = 7.5 Hz, 2H), a virt. triplet at 7.01 ppm

(4H), and a doublet at 7.24 ppm (J = 7.5 Hz, 2H) for the ligand aromatic protons.
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Figure 3.2 *H NMR spectrum of complex 3.2.

The 'H NMR spectra for complexes featuring DMP groups on the amidate N have
distinctive broad peaks for the aryl methyl protons due to the asymmetry of the molecule,
and steric interactions with the added bulk of the Mo=N'Bu fragment as compared to the
dioxo complexes, these described in Chapter 2. These broad peaks were investigated by
variable-temperature *H NMR spectroscopy for complex 3.3 ([°MP(NO)®“],MoON'Bu)
as shown in Figure 3.3. The data shows that when the solution is cool enough (about 0°C),
the broad peak becomes 3 separate peaks. One peak is likely due to free rotation of the
aryl group closest to the oxo group about its N-Cispo bond, with the other two peaks
corresponding to the rotation-restricted aryl group closest to the imido group. The peak

for the aryl group closest to the oxo eventually separates into two peaks at about -20°C.
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The broad peak observed at 20-30°C separates into two peaks at higher temperatures due

to the C1 symmetry of the molecule.
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“\< A | NN 90°C
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Figure 3.3. Variable temperature *H NMR spectra of complex 3.3 from -40°C to 100°C.
The spectra between 0°C and 30°C have been enhanced to show the broad peak around

2.5 ppm.

Evaluation of the related complexes bearing N-2,6-dimethylphenyl substituents

on the amidate ligands shows similar behavior to 3.3. The *H NMR spectrum of complex

3.4 ([°MP(NO)P"2MoONBu) exhibits a broad peak for the methyl groups at 2.50 ppm and

the imido 'Bu protons resonate at 0.98 ppm. The 'H NMR spectrum of the

perfluorophenyl derivative [°MP(NO)*""].MoON'Bu (3.5) exhibits a similar broad peak at

96



2.51 ppm for 2 of the methyl groups accompanied by a sharper peak at 2.36 for the other
2 methyl groups and the imido 'Bu protons resonate at 1.08 ppm.

The oxo-imido complexes bearing N-2,6-diisopropylphenyl substituted amidate
ligands feature very complex *H NMR spectra as expected, due to the asymmetry of the
complexes and the steric bulk provided by the N-bound group. This complexity presents
as 4 septets between 3-4.5 ppm, and 8 doublets between 0.5-2 ppm (often overlapping)
for the isopropyl groups, and a sharp singlet for the imido protons at about 1 ppm. A
representative example can be seen in the 'H NMR spectrum of complex 3.6

([°P"PP(NO)™®'],MoON'Bu) shown in Figure 3.4.
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Figure 3.4 'H NMR spectrum of [P'""P(NO)®“],MoON'Bu (3.6).
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3.2.2 X-ray Crystallography

Crystals of [P°MP(NO)®'],MoON'Bu (3.3) were obtained from slow evaporation of
a toluene solution at ambient temperature. A thermal ellipsoid plot of complex 3.3 is
shown in Figure 3.5. The trans bond angles N(1A)-Mo(1)-N(1B), O(1)-Mo(1)-O(1B),
and N(1C)-Mo(1)-O(1A) are 142.90(9)°, 150.89(9)° and 155.08(9)°, respectively. These
are large deviations from the expected 180° for an octahedral complex. The trans nitrogen
atoms of the amidate ligands deviate from linearity considerably, likely due to the bulky
2,6-dimethylphenyl substituents. The imido bond angle is 158.3(2) which is slightly bent,
but suggests a high degree of z-donation to the Mo center.3* The amidate bite angles
N(1A)-Mo(1)-O(1A) and N(1B)-Mo(1)-O(1B) are tight at 59.03(8)° and 59.49(8)°,
respectively, as expected. The oxo-imido N(1C)-Mo(1)-O(1) angle is 104.84° and the
O(1A)-Mo(1)-O(1B) angle is 75.36(8)°.

The Mo=N'Bu bond length is 1.733(3) A and the Mo=0 bond length is 1.710(2)
A, consistent with other Mo(V1)-oxo and Mo(V1)-imido species.8 27 3% 33, 35-36 The
Mo(1)-N(1A) and Mo(1)-N(1B) bond lengths are 2.099(2) and 2.142(2) A, respectively,
while the Mo(1)-O(1A) and Mo(1)-O(1B) bond lengths are 2.306(2) and 2.221(2) A,
respectively. The longer Mo-O bond for the amidate ligand A (2.306 A) is compensated
for by the shorter Mo-N bond (2.099 A) and is likely due to the trans-influence of the
imido ligand. This can be compared to the analogous dioxo complex (2.9) distances,
which average 2.243 A and 2.0951 A for the Mo-O and Mo-N bonds, respectively. In the
case of both amidate ligands on 3.3, a shorter Mo-N bond is observed indicating
amido-ketone type binding, as is the case for the dioxo species. This designation is further

supported by the C-O and C-N bond lengths for the amidate ligands, O(1A)-C(9A),
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O(1B)-C(9B), N(LA)-C(9A), and N(1B)-C(9B), which are 1.264(4), 1.288(3), 1.344(4)

and 1.325(4) A, respectively. These distances also show that the amidate ligand trans to

the imido group has even greater amido-ketone character as the C-O bond is closer to a

double bond. Selected bond distances and angles for complex 3.3 are shown in Table 3.1.

0(1B)

O(1A)

Figure 3.5 Thermal ellipsoid plot of [PMP(NO)®'],MoON'Bu (3.3) shown at 50%
probability with hydrogen atoms omitted for clarity.

Table 3.1 Selected Bond Distances (A) and Angles (°) for [°MP(NO)*®'],MoON'Bu, 3.3.

O(1A)-C(9A)
O(1B)-C(9B)
N(1B)-C(9B)
N(1A)-C(9A)
N(1C)-C(1C)
Mo(1)-O(1)

Mo(1)-N(1C)
Mo(1)-N(1A)
Mo(1)-N(1B)
Mo(1)-O(1B)
Mo(1)-O(1A)

Lengths (A)

1.264(4)
1.288(3)
1.325(4)
1.344(4
1.460(4)
1.710(2)
1.733(3)
2.099(2)
2.142(2)
2.221(2)
2.306(2)

N(1A)-Mo(1)-O(1A)
N(1B)-Mo(1)-O(1B)
O(1B)-Mo(1)-O(1A)
N(1B)-Mo(1)-O(1A)
N(1A)-Mo(1)-O(1B)
0(1)-Mo(1)-O(1A)
0(1)-Mo(1)-N(1B)
N(1C)-Mo(1)-O(1B)
N(1C)-Mo(1)-N(1A)
0(1)-Mo(1)-N(1A)
0(1)-Mo(1)-N(1C)
N(1C)-Mo(1)-N(1B)
N(1A)-Mo(1)-N(1B)
0(1)-Mo(1)-O(1B)
N(1C)-Mo(1)-O(1A)
C(1C)-N(1C)-Mo(1)

Angles (°)

59.03(8)
59.49(8)
75.36(8)
89.48(8)
91.48(8)
92.18(9)
94.86(9)
96.32(10)
98.46(10)
104.67(10)
104.84(11)
106.71(10)
142.90(9)
150.89(9)
155.08(9)
158.3(2)
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X-ray quality single crystals for complexes 3.5, 3.6, and 3.7 were grown from 1:1
solutions of DCM/Hexanes at ambient temperature. A thermal ellipsoid plot of
[PMP(NO)PFP12.MoON'Bu (3.5) is shown in Figure 3.6. The bond angles for the trans atoms
N(1)-Mo(1)-N(2), O(2)-Mo(1)-O(3), and O(1)-Mo(1)-N(3) are 143.17(11), 151.53(11)
and 155.32(11)°, respectively. The imido bond angle is 158.0(3), which is again slightly
bent.3* The amidate bite angles O(1)-Mo(1)-N(1) and O(2)-Mo(1)-N(2) are 58.45(10) and
59.49(9)°, respectively. The oxo-imido angle O(3)-Mo(1)-N(3) is 104.93(13)°, while the
amidate oxo angle O(1)-Mo(1)-0O(2) is 77.90(9)°. These angles are consistent with
complex 3.3, which is expected due to the similar steric properties of the ligands.

The Mo=N'Bu bond length is 1.721(3) A, and the Mo=0 bond length is 1.697(3)
A, consistent with previously reported Mo(V1)=0 and Mo(V1)=NR bond lengths.8%2":3%
33,35-36 The amidate Mo-N bond lengths are 2.088(3) and 2.147(3) A for Mo(1)-N(1) and
Mo(1)-N(2), respectively, while the amidate Mo-O bond lengths are 2.393(2) and
2.273(2) A for Mo(1)-O(1) and Mo(1)-O(2), respectively. Again, the trans influence is
observed with the amidate ligand trans to the imido group a having longer Mo-O bond,
which is compensated for by a shorter Mo-N bond. The C-N and C-O bond lengths
0(1)-C(9), O(2)-C(24), N(1)-C(9), and N(2)-C(24) are 1.262(4), 1.285(4), 1.328(4) and
1.305(4) A, respectively. These bond lengths show that for the amidate ligand trans to
the imido group, the C-O bond exhibits significant double bond character, thus the
amidate resonance is more amido-ketone in character. Selected bond lengths and angles

for complex 3.5 are presented in Table 3.2.
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Figure 3.6 Thermal ellipsoid plot of [PMP(NO)""].MoON'Bu (3.5) shown at 50%

probability with hydrogen atoms omitted for clarity.

Table 3.2 Selected Bond Distances (A) and Angles (°) for [°MP(NO)°""],MoON'Bu, 3.5

0(1)-C(9)
0(2)-C(24)
N(2)-C(24)
N(1)-C(9)

N(3)-C(31)
Mo(1)-0(3)
Mo(1)-N(3)
Mo(1)-N(1)
Mo(1)-N(2)
Mo(1)-0(2)
Mo(1)-O(1)

Lengths (A)

1.262(4)
1.285(4)
1.305(4)
1.328(4)
1.470(5)
1.697(3)
1.721(3)
2.088(3)
2.147(3)
2.273(2)
2.393(2)

N(1)-Mo(1)-O(1)
N(2)-Mo(1)-0(2)
0(2)-Mo(1)-0(1)
N(1)-Mo(1)-0(2)
0(3)-Mo(1)-0(1)
N(2)-Mo(1)-O(1)
N(3)-Mo(1)-N(1)
N(3)-Mo(1)-0(2)
0(3)-Mo(1)-N(2)
N(3)-Mo(1)-N(2)
0(3)-Mo(1)-N(3)
0(3)-Mo(1)-N(1)
N(1)-Mo(1)-N(2)
0(3)-Mo(1)-0(2)
N(3)-Mo(1)-O(1)
C(31)-N(3)-Mo(L)

Angles (°)

58.45(10)
59.49(9)
77.90(9)
87.74(10)
88.19(10)
95.73(10)
97.40(12)
97.57(12)
98.05(11)
102.82(12)
104.93(13)
106.09(11)
143.17(11)
151.53(11)
155.32(11)
158.0(3)
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The X-ray crystal structure for [P'"P(NO)®!],MoON'Bu (3.6) is shown in Figure
3.7. The trans bond angles N(1)-Mo(1)-N(2), O(1)-Mo(1)-0(3), and O(2)-Mo(1)-N(3)
are 140.6(4), 152.0(5), and 155.7(6)°, respectively. The trans nitrogen atoms of the
amidate ligands show a larger degree of deviation from linearity than the previous
complexes, likely due to larger isopropyl groups. The imido bond angle is 174.2(14),
which is almost completely linear and more typical of a triply-bonded imido fragment.3*
3738 The amidate bite angles O(1)-Mo(1)-N(1) and O(2)-Mo(1)-N(2) are 59.1(4) and
59.5(4)°, respectively. The oxo-imido angle N(3)-Mo(1)-O(3) is 106.7(8)° and the
amidate oxygen angle O(1)-Mo(1)-O(2) is 77.3(4)°.

The Mo=N'Bu bond length is 1.718(16) A and the Mo=0 bond length is 1.692(12)
A. The imido bond length is consistent with an Mo=N triple bond.*’"* The amidate Mo-N
bond lengths Mo(1)-N(1) and Mo(1)-N(2) are 2.140(11) A and 2.082(11) A, respectively,
while the amidate Mo-O bond lengths Mo(1)-O(1) and Mo(1)-O(2) are 2.230(11) A and
2.255(10) A, respectively. The imido trans influence is again observed, but to a lesser
extent with this complex. This could be due to the steric bulk of the 2,6-diisopropylphenyl
group preventing the amidate nitrogen from moving closer to the metal center. The bond
distances for O(1)-C(1), 0O(2)-C(18), N(1)-C(1), and N(2)-C(18) are 1.266(17),
1.236(17), 1.327(18), and 1.335(18) A, respectively. These bond lengths again show that
the ligand trans to the imido has a shorter C-O bond, but the effect is less obvious than
the previous oxo-imido complexes. Selected bond angles and distances for complex 3.6

are presented in Table 3.3.
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Figure 3.7 Thermal ellipsoid plot of [PPP(NO)®'],MoON'Bu (3.6) shown at 50%
probabilty with hydrogen atoms omitted for clarity.

Table 3.3 Selected Bond Distances (A) and Angles (°) for [°'"°(NO)*®'],MoON'Bu, 3.6
Lengths (A) Angles (°)

0(2)-C(18)  1.236(17) N(1)-Mo(1)-O(1)  59.1(4)
0(1)-C(1) 1.266(17) N(@2)-Mo(1)-0(2)  59.5(4)
N(1)-C(1) 1.327(18) 0O(1)-Mo(1)-0(2)  77.3(4)
N(2)-C(18)  1.335(18) N(1)-Mo(1)-0(2)  88.9(4)
N@3)-C(35)  1.53(3) N@2)-Mo(1)-O(1)  89.2(4)
Mo(1)-0(3)  1.692(12) 0(3)-Mo(1)-0(2)  91.9(5)
Mo(1)-N(3)  1.718(16) N@3)-Mo(1)-0(1)  92.0(7)
Mo(1)-N(2)  2.082(11) 0(3)-Mo(1)-N(1)  95.4(5)
Mo(1)-N(1)  2.140(11) N@3)-Mo(1)-N(2)  99.1(5)
Mo(1)-O(1)  2.230(11) N@3)-Mo(1)-N(1)  104.3(6)
Mo(1)-0(2)  2.255(10) 0(3)-Mo(1)-N(3)  106.7(8)
0(3)-Mo(1)-N(2)  107.6(5)
N@2)-Mo(1)-N(1)  140.6(4)
0(3)-Mo(1)-0(1)  152.0(5)
N@3)-Mo(1)-0(2)  155.7(6)
C(35)-N(3)-Mo(1)  174.2(14)
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The X-ray crystal structure of [P'""(NO)"":,MoON'Bu (3.7) is shown in Figure
3.8. The trans bond angles N(1)-Mo(1)-N(2), O(1)-Mo(1)-0O(3), and O(2)-Mo(1)-N(3)
are 140.58(9), 152.64(8), and 155.86(10)°, respectively. These angles are similar to the
corresponding angles in the 'Bu backbone complex 3.6. The imido bond angle is
171.5(2)°, which is consistent with a linear triply bound imido group as mentioned for
complex 3.6. The amidate bite angles O(1)-Mo(1)-N(1) and O(2)-Mo(1)-N(2) are
59.37(8) and 59.82(8)°, respectively. The oxo-imido angle O(3)-Mo(1)-N(3) is
105.93(11)°, and the amidate oxygen ligand angle O(1)-Mo(1)-O(2) is 76.40(7)°.

The Mo=N'Bu bond length is 1.733(2) A and the Mo=0 bond length is 1.705(2)
A. The amidate ligand Mo-N bonds Mo(1)-N(1) and Mo(1)-N(2) are 2.134(2) and
2.095(2) A, respectively, while the amidate ligand Mo-O bonds Mo(1)-O(1) and
Mo(1)-0(2) are 2.2725(19) A and 2.2767(19) A, respectively. This reduced
trans-influence is likely due to the steric bulk of the ligand as was previously described
for complex 3.6. The reduced influence is observed with the amidate ligand bonds
O(1)-C(1), O(2)-C(20), N(1)-C(1), and N(2)-C(20) which are 1.277(3), 1.275(3),
1.321(4), and 1.334(3) A, respectively. These homologous bonds are essentially identical,
except for the longer C-N bond for the trans ligand suggesting more single bond character
for the C-N bond. Selected bond distances and angles of complex 3.7 are presented in

Table 3.4.
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Figure 3.8 Thermal ellipsoid plot of [P'PP(NO)".MoON'Bu (3.7) shown at 50%
probability with hydrogen atoms omitted for clarity.

Table 3.4 Selected Bond Distances (A) and Angles (°) for [°'P°(NO)""].MoON'Bu, 3.7.

0(2)-C(20)
0(1)-C(1)

N(1)-C(1)

N(2)-C(20)
N(3)-C(39)
Mo(1)-0(3)
Mo(1)-N(3)
Mo(1)-N(2)
Mo(1)-N(1)
Mo(1)-O(1)
Mo(1)-0(2)

Lengths

1.275(3)
1.277(3)
1.321(4)
1.334(3)
1.454(4)
1.705(2)
1.733(2)
2.095(2)
2.134(2)
2.2725(19)
2.2767(19)

N(1)-Mo(1)-O(1)
N(2)-Mo(1)-0(2)
0(1)-Mo(1)-0(2)
N(2)-Mo(1)-O(1)
N(1)-Mo(1)-0(2)
0(3)-Mo(1)-0(2)
N(3)-Mo(1)-O(1)
0(3)-Mo(1)-N(1)
N(3)-Mo(1)-N(2)
N(3)-Mo(1)-N(1)
0(3)-Mo(1)-N(3)
0(3)-Mo(1)-N(2)
N(2)-Mo(1)-N(1)
0(3)-Mo(1)-0(1)
N(3)-Mo(1)-0(2)
C(39)-N(3)-Mo(1)

Angles

59.37(8)
59.81(8)
76.40(7)
88.01(8)
89.29(8)
91.91(9)
93.32(10)
96.42(9)
98.60(10)
104.36(10)
105.93(11)
107.60(9)
140.58(9)
152.64(8)
155.86(10)
171.5(2)
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Overall, bond lengths for the Mo=0 fragments of all complexes featuring both
amidate ligands bound in a «? fashion are fairly consistent at 1.701 A Avg., with 1.692(12)
A for 3.6 being the shortest and 1.711(3) A for 3.3 as the longest. The Mo=N'Bu bond
was also consistent with an average length of 1.726 A, with 1.718(16) A being the shortest
(3.6) and 1.733(3) A (3.3 and 3.7) being the longest among the related complexes. A
general trans influence is observed, where the amidate ligand trans to the imido group
can be characterized as having more amido-ketone character. The stronger trans influence
is also accompanied by more bent character of the imido ligand. The increased linearity
of the imido fragment for complexes 3.6 and 3.7 might be due to the steric pressure of the
N-DIPP groups of these complexes. The C-O bonds of amidate ligands are significantly
shorter (1.269 A Avg.) and the C-N bonds are longer (1.327 A Avg.) in all complexes.
The Mo-O and Mo-N bonds for the amidate ligands trans to the Mo=N'Bu group are also
observed to have longer Mo-O bonds and shorter Mo-N bonds. The average amidate
Mo-O and Mo-N bond lengths for the oxo-imido complexes are 2.278 A and 2.116 A,
respectively, compared to 2.258 A and 2.094 A for the dioxo series. This average increase

in Mo-O bond length can be attributed to the trans influence of the imido fragments.

3.2.3 Hemilability

Synthesis of the analogous bis(amidate) complex bearing all tertbutyl
substituents, [BY(NO)®“],MoON'Bu, results in an unusual situation where on of the
amidate ligands can readily become «* in solution as shown in Figure 3.9, complex 3.9

([®BY(NO)™B'],MoON'Bu) exhibits a structure where a THF molecule occupies one

106



coordination site displacing a N-donor of an amidate ligand. The trans angles
O(2A)-Mo(1A)-N(1A), O(1A)-Mo(1A)-O(3A), and N(3A)-Mo(1A)-O(4A) are
145.63(11), 147.05(11), and 175.21(12)°, respectively. These angles are once again
distorted from octahedral, but the THF-Mo-imido bond angle (175.21°) is the closest to
180° of any Mo amidate complex reported thus far. This is likely due to the relieved steric
pressure of the amidate ligand when it is bound «? and the relieved torsion of the tight
bite angle it forces on the metal center. This tight bite angle is observed with the «? bound
amidate ligand, where the bond angle O(1A)-Mo(1A)-N(1A) is 59.47(10)°, consistant
with k2 amidate ligands in other related complexes. The imido bond angle is 175.21(12)
which is consistent with a linear, triply-bound imido moiety. The oxo-imido angle
O(3A)-Mo(1A)-N(3A) is 103.61(13)° and the bond angle of the amidate oxygen atoms
O(1A)-Mo(1A)-O(2A) is 88.39(10)°, however this angle is not directly comparable to

other complexes due to the «*-bound ligand.
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Figure 3.9 Formation of the THF coordinated complex 3.9
([®“(NO)®®“],MoON'Bu-(THF)).
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The Mo=N'Bu bond length is 1.734(3) A and the Mo=0 bond length is 1.706(2)
A, which are both similar to the other oxo-imido Mo bis(amidate) complexes presented
in this work. The amidate ligand bond lengths Mo(1A)-O(1A), Mo(1A)-O(2A), and
Mo(1A)-N(1A) are 2.151(2), 1.949(2), and 2.192(3) A, respectively. These bond lengths
are a considerable deviation from the rest of the series, with the x*-bound amidate ligand
exhibiting alkoxy-imine character instead of amido-ketone character. The Mo-O bond for
the «!-bound amidate ligand is much shorter than any of the other Mo-N or Mo-O amidate
bonds presented in this work. The intra-amidate bond lengths O(1A)-C(1A),
O(2A)-C(10A), N(LA)-C(1A), and N(2A)-C(10A) are 1.295(4), 1.351(4), 1.314(4), and
1.257(5) A, respectively. These bond lengths suggest that the k> bound amidate has more
amido-ketone character, while the x!-bound amidate ligand is bound more like an
alkoxy-imine. The Mo-THF bond distance is 2.459(3) A, which is characteristic of
neutrally coordinated oxygen donors on Mo(V1).3%-40

This complex is isolated as an orange oil and darkens over time (<24 h) with the
ligand crystallizing as needles out of the material at room temperature in inert atmosphere.
This instability suggests the ligand binding is weak and this is consitant with the structure
bearing a hemilabile amidate ligand and a coordinated THF. Due to this instability, a *H
NMR spectrum without contamination of free ligand has not been obtained. This
observation is also consistant with attempted syntheses of the dioxo and bis(imido)

complexes bearing the [®Y(NO)®Y]" ligand.
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Figure 3.10 Thermal ellipsoid plot of [®Y(NO)®“],MoON'Bu-(THF) (3.9) shown at 50%
probability with hydrogen atoms omitted for clarity.

Table 3.5 Selected Bond Distances (A) and Angles (°) for [®Y(NO)®®“],MoON'Bu-(THF),
3.9.

Lengths (A) Angles (°)

N(2A)-C(10A) 1.257(5)  O(1A)-Mo(1A)-N(1A)  59.47(10)
O(1A)-C(1A)  1.295(4)  O(1A)-Mo(1A)-O(4A)  72.44(9)
N(1A)-C(1A)  1.314(4)  O(2A)-Mo(1A)-O(4A)  78.24(9)
O(2A)-C(10A)  1.351(4)  N(1A)-Mo(1A)-O(4A)  80.38(10)
N(3A)-C(19A) 1.458(5)  O(3A)-Mo(1A)-O(4A)  80.90(10)
Mo(1A)-O(3A) 1.706(2)  O(2A)-Mo(1A)-O(1A)  88.39(10)
Mo(1A)-N(3A) 1.734(3)  N(3A)-Mo(1A)-N(1A)  97.26(13)
Mo(1A)-O(2A) 1.949(2)  O(3A)-Mo(1A)-N(1A)  97.74(11)
Mo(1A)-O(1A) 2.151(2)  N(3A)-Mo(1A)-O(2A)  101.90(12)
Mo(1A)-N(1A) 2.192(3)  N(3A)-Mo(1A)-O(1A)  102.77(12)
Mo(1A)-O(4A) 2.459(3)  O(3A)-Mo(1A)-N(3A)  103.61(13)
O(3A)-Mo(1A)-O(2A)  105.03(11)
O(2A)-Mo(1A)-N(1A)  145.63(11)
O(3A)-Mo(1A)-O(1A)  147.05(11)
C(19A)-N(3A)-Mo(1A)  157.4(3)
N(3A)-Mo(1A)-0(4A)  175.21(12)
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3.2.4 Oxygen Atom Abstraction From an Oxo-imido Complex

=0
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Scheme 3.2 Oxo abstraction from complex 3.3 using trimethylphosphine.

Oxo abstraction from an oxo-imido complex was investigated for comparison to
the dioxo complexes studied in Chapter 2. The imido ligands have been used as a
substitute for sulfides due to their stability as an alternative heteroligand for DMSO
reductase model chemistry.? 2! It is of interest to observe the differences in oxygen atom
abstraction from an oxo-imido complex versus the analogous dioxo complex. As shown
in Scheme 3.2, the reaction of complex 3.3 with 4 equiv of PMes generates OPMes, and
a new Mo complex with coordinated PMes based on the 3P NMR. This reaction is
evidence of a stable Mo(IV) bis(amidate) species. Access to a Mo(lV) bis(amidate)

species allows for possible oxidation routes to new Mo(V1) bis(amidate) complexes.
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Figure 3.11 3P NMR spectrum for the reaction of complex 3.3 and PMes.

3.2.5 Epoxidation of Cis-Cyclooctene By Oxo-Imido Complexes

Epoxidation of cis-cyclooctene was studied with the series of oxo-imido
complexes 3.2-3.8. The results for the reactions at 1% catalyst loading, 80 °C, and 1 hour
reaction times are presented in Figure 3.12. The results show that the bulkier
N-DIPP-substituted oxo-imido complexes, and the more activated complex
[PMP(NO)PFP1.,Mo(O)N'Bu (3.5) were successful in quantitatively converting the
cis-cyclooctene to its corresponding epoxide. The least effective complex featured the
[P"(NO)''] ligand and is likely poor at this transformation due to instability. These results

are comparable to the dioxo species in terms of yield and selectivity.
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Epoxidation of cis-cyclooctene
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Figure 3.12 % conversion data for the epoxidation of cis-cyclooctene by oxo-imido Mo
bis(amidate) complexes for 1 h at 80 °C.
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3.3  Summary and Conclusions

Oxo-imido complexes of Mo featuring amidate ligands have been synthesized and
fully characterized. These are an interesting addition to the relatively small family of Mo
oxo-imido complexes. The amidate ligand, while stabilizing these Mo(VI) centers,
exhibits a distorted octahedral coordination environment. The amidate ligand is affected
by the trans-influence that results in a change in bond length of the amidate ligand trans
to the imido fragment. This results in an overall increase of Mo-O bond length for the
series versus the analogous dioxo complexes in Chapter 2. When using the more donating
[BY(NO)®Y]" ligand, we observe a hemilabile amidate coordination mode when one
N-donor is displaced by a coordinated THF molecule. This provides evidence for the
predicted hemilabile nature of the amidate ligand at a Mo center.

The utility of mixed oxo-imido Mo bis(amidate) complexes in oxygen atom
transfer reactions, such as the epoxidation of alkenes, has been briefly explored, and the
results are promising. It is observed that the oxo group can be abstracted by PMes in
solution to yield OPMesz and a PMes coordinated Mo(1V) species similar to reported
oxo-imido complexes.? 2" and the mixed oxo-imido complexes catalyze epoxidation
reactions at 80 °C with quantitative conversion of cis-cyclooctene to the epoxide, which

is similar to the dioxo analogues (Ch. 2).
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3.4  Experimental

3.4.1 General Considerations

Refer to Chapter 2 for the general working conditions.

[tBu(No)tBu]H (3_1)
This amide was synthesized using literature methods.** *H NMR (400 MHz,

Benzene-Ds) 6 1.05 (s, 9H, C-(CHz)3), 1.26 (s, 9H, N-(CHa)a), 5.02 (s, 1H, N-H).

3.4.2 Synthesis

Synthesis of [P"(NO)®']2MoON'Bu (3.2)

[P"(NO)®¥]Na (0.699 mmol, 2 eq.) was dissolved

in ca. 5 mL of THF and cooled to -30 °C. In a scintillation @\ \\// /@

vial 0.344 g (0.350 mmol, 1 eq.) of ['BuN]MoOCI2(DME) >/£_OMOO_;X\<
was dissolved in ca. 5 mL of THF and cooled to -30°C.

After both solutions were at -30°C the Mo starting material solution was added to the
flask containing the stirred solution of ligand salt. The solution was allowed to warm to
r.t. and react for 36 h. After 36 h the solvent was removed in vacuo from the pale green
suspension. The pale green solid was suspended in toluene and filtered over celite

yielding a transparent green solution. The solvent was removed to afford 91% (0.170 g)

of green product. *tH NMR (400 MHz, Benzene-Ds) & 1.09 (s, 9H, N-C(CHa)s3), 1.13 (s,
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18H, C-C(CHs)3), 6.86 (t, J = 7.5 Hz, 2H, Ar-H), 7.01 (virt. t, 4H, Ar-H), 7.24 (d, J = 7.5
Hz, 4H, Ar-H). 3C NMR (101 MHz, Benzene-Ds) § 27.29, 27.82, 28.94, 41.03, 71.65,

119.86, 125.50, 126.39, 128.39, 139.44, 175.60.

Synthesis of [PMP(NO)®!]2MoON'Bu (3.3)

[PMP(NO)®UINa (5.8 mmol, 2 eq.) was dissolved

e

in 40 mL of THF and cooled to -35°C. In a scintillation q N\\//O ﬁ
N—Vo—N

vial 1.000 g (2.9 mmol, 1 eq.) of ['BuN]JMoOCIz(DME) >/A__O/ \O
was dissolved in 15 mL of THF and cooled to -35°C. After :

both solutions were at -35°C the Mo starting material solution was added to the flask

containing the stirred solution of ligand salt. The solution was allowed to warm to r.t. and
react for 24 h. After 24 h the solvent was removed in vacuo from the green suspension.
The green solid was suspended in toluene and filtered through celite yielding a transparent
green solution. The solvent was removed to afford 86.8% (0.567 g) of olive green product.
Crystals were grown from slow evaporation of toluene solution. *H NMR (300 MHz,
Benzene-De, 25°C): & 1.00 (s, 9H, NC(CH3)3),  1.08 (s, 18H, CC(CHz)3), 5 2.49 (broad
s, 12H, NCgH3(CHa)2), 5 6.88 (broad s, 6H, NCsH3(CHs)2). 3C NMR (101 MHz, C¢Ds)
0 19.19,27.26,27.42,29.08, 40.97, 71.56, 125.83, 127.42, 127.66, 127.91, 134.29. Anal.

Calcd. for C3oHasMoN3O3: C, 60.90; H, 7.67: N, 7.10. Found: C, 60.79; H, 7.79; N, 6.75.
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Synthesis of [PMP(NO)P'2MoON'Bu (3.4)

[PMP(NO)P"Na (0.89 mmol, 2 eq.) was dissolved

ey

in ca. 20 mL of THF and cooled to -100 °C. In a q N\\//O y
N—NMo—N

scintillation vial 0.153 g (0.44 mmol, 1 eq.) of @/Lo/ \O_;\JX\Q
['BuN]MoOCI2(DME) was dissolved in ca. 5 mL of THF

and cooled to -100°C. After both solutions were at -100°C the Mo starting material
solution was added to the flask containing the stirred solution of ligand salt. The solution
was allowed to warm to r.t. and react for 12 h. After 12 h the solvent was removed in
vacuo from the pale green suspension. The green solid was suspended in toluene and
filtered over celite yielding a transparent green solution. The solvent was removed to
afford 42% (0.118 g) of olive green product. IR(ATR) (cm™): 3267, 3114, 3054.6, 3024.2,
2965.2, 2921.6, 2856.7, 1644, 1600, 1512.2, 1476.5, 1449.2, 1298.9, 1264.3, 1232.5,
1180.9, 1132.2, 1092.7, 1027.7, 941.63, 891.16, 842.08, 793.16, 765.9, 706.2, 630.67,
591.17, 539.04. 'H NMR (400 MHz, Benzene-Ds) & 0.98 (s, 9H), 2.08 — 2.50 (m, 12H),
6.94 (s, 6H), 7.13 (dd, J = 8.2, 7.4 Hz, 4H), 7.25 — 7.32 (m, 2H), 7.37 — 7.44 (m, 4H). 13C
NMR (101 MHz, Benzene-Ds) 6 19.05, 21.05, 29.12, 30.72, 72.40, 125.31, 126.24,
127.43, 127.67, 127.91, 127.95, 128.18, 128.26, 128.40, 128.63, 128.95, 130.80, 131.75,

132.51, 134.19.
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Synthesis of [PMP(NO)PF"]2MoON'Bu (3.5)
[PMP(NO)P™INa (0.78 mmol, 2 eq.) was

dissolved in ca. 5 mL of THF and cooled to -100 °C. In

a scintillation vial 0.134 g (0.39 mmol, 1 eq.) of

['BuN]MoOCIz(DME) was dissolved in ca. 2 mL of

THF and cooled to -100°C. After both solutions were

at -100°C, the Mo starting material solution was added to the stirring vial. The solution
was allowed to warm to r.t. and react for 24 h. After 24 h the solvent was removed in
vacuo from the green suspension. The pale green/tan solid was suspended in toluene and
filtered over celite yielding a transparent tan solution. The solvent was removed to afford
38% (0.121 g) of light green product. Crystals were grown from slow evaporation of a
1:1 DCM/hexane solution. IR(ATR) (cm™): 3247.6, 3024, 2972.4, 2926.8, 2860.6,
1655.2, 1593.9, 1494.1, 1444.6, 1327.1, 1249.3, 1215.6, 1107.8, 990.27, 917.78, 871.48,
814.14, 768.14, 712.28, 686.15, 635.62, 580.72, 552.34, 521.01. 'H NMR (400 MHz,
Benzene-Ds) & 1.08 (s, 9H), 2.36 (s, 6H), 2.51 (s, 6H), 6.82 (d, J = 3.5 Hz, 7H).°F NMR
(376 MHz, Benzene-Ds) 6 -160.47 (dd, J = 21.3, 15.5 Hz, 2F), -149.10 — -148.93 (m,
1F), -137.57 — -137.33 (m, 2F). 3C{*H} NMR (101 MHz, Benzene-Ds) & 18.02, 18.69,
19.01, 28.82, 30.40, 71.26, 74.35, 126.53, 127.19, 128.71, 132.82, 134.78, 135.90,

138.38, 142.53, 143.12, 144.97.
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Synthesis of [P'PP(NO)®B'].MoON'Bu (3.6)

[P'PP(NO)®“]Na (1.20 mmol, 2 eq.) was dissolved \<

in ca. 10 mL of THF and cooled to -30 °C. In a @Ni\bé/(i'\l
scintillation vial 0.206 g (0.60 mmol, 1 eq.) of >/Lo/ \O_;‘;g\<
['BUN]MoOCIz(DME)was dissolved in ca. 5 mL of THF : :

and cooled to -30°C. After both solutions were at -30°C the Mo starting material solution
was added to the flask containing the stirred solution of ligand salt. The solution was
allowed to warm to r.t. and react for 18 h, after which the solvent was removed in vacuo
from the green suspension. The green solid was suspended in toluene and filtered over
celite yielding a light green solution. The solvent was removed to afford 95% (0.401 g)
of light green product. Crystals were grown from slow evaporation of a 1:1 DCM/hexane
solution. IR(ATR) (cm™): 3320.6, 3056.8, 2961, 2925.6, 2866.8, 2708.5, 1646.3, 1582.6,
1449.8, 1360.5, 1325.8, 1230.7, 1175.2, 1105.5, 1042.9, 954.43, 898.9, 847.38, 806.08,
772.98,738.32, 677.64, 625.99, 587.33, 544.94. 'H NMR (400 MHz, Benzene-Dg) § 1.08
(s, 3H), 1.09 (s, 9H), 1.12 (s, 9H), 1.16 (s, 9H), 1.25 (dd, J = 12.5, 6.9 Hz, 6H), 1.40 (dd,
J=12.1, 6.8 Hz, 6H), 1.52 (d, J = 6.9 Hz, 3H), 1.72 (d, J = 6.6 Hz, 3H), 1.86 (d, J = 6.5
Hz, 3H), 3.27 (sept, J = 6.7 Hz, 1H), 3.50 (sept, J = 6.9 Hz, 1H), 3.80 (sept, J = 6.8 Hz,
1H), 4.25 (sept, J = 6.7 Hz, 1H), 6.95 (dd, J = 6.7, 2.5 Hz, 1H), 7.00 (dd, J = 7.5, 1.6 Hz,
1H), 7.04 — 7.15 (m, 3H), 7.19 (dd, J = 7.7, 1.7 Hz, 1H). 3C NMR (101 MHz,
Benzene-Dg) 6 192.18, 188.25, 145.31, 143.82, 143.27, 143.14, 143.05, 140.65, 127.94,
127.70, 127.46, 126.90, 126.81, 123.78, 123.61, 123.55, 122.96, 72.11, 41.88, 41.15,

28.29, 27.96, 27.92, 27.74, 27.43, 27.23, 25.66, 25.08, 24.30, 23.48, 23.01, 22.94.
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Synthesis of [P'PP(NO)P"2MoON'Bu (3.7)

[P'PP(NO)P"Na (1.66 mmol, 2 eq.) was dissolved |\<
in ca. 20 mL of THF and cooled to -100 °C. In a
scintillation vial 0.286 g (0.83 mmol, 1 eq.) of ?_'_O/ \O__‘x
['BuN]MoOCI2(DME) was dissolved in ca. 5 mL of THF @/L ‘X\Q
and cooled to -100°C. After both solutions were at -100°C the Mo starting material
solution was added to the flask containing the stirred solution of ligand salt. The solution
was allowed to warm to r.t. and react for 18 h, after which the solvent was removed in
vacuo from the dark green suspension. The green solid was suspended in toluene and
filtered over celite yielding a light green solution. The solvent was removed to afford 59%
(0.366 g) of light green product. Crystals were grown from slow evaporation of a 1:1
DCM/hexane solution. IR(ATR) (cm™): 3286.5, 3245, 3062, 3026.3, 2967, 2924.4,
2865.4, 1640.6, 1600.8, 1478.8, 1435.4, 1382.5, 1358.8, 1329.5, 1299.9, 1233.6, 1177.7,
1132.4,1099.2, 1055.7, 1027.3, 944.28, 903.13, 841.22, 774.08, 745.35, 707.25, 637.29,
560.08. 'H NMR (400 MHz, Benzene-Dg) 5 0.75 (d, J = 6.8 Hz, 3H), 1.03 (d, J = 6.6 Hz,
3H), 1.11 (d, J = 6.8 Hz, 3H), 1.18 (s, 3H), 1.20 (s, 9H), 1.36 (s, 6H), 1.71 (d, J = 6.7 Hz,
3H), 1.81 (d, J = 6.6 Hz, 3H), 3.35 — 3.49 (m, 1H), 3.71 — 3.83 (M, 1H), 4.22 (d, J = 8.2
Hz, 1H), 4.31 — 4.46 (m, 1H), 6.78 — 6.86 (M, 4H), 6.86 — 6.95 (m, 2H), 7.06 (d, J = 7.3
Hz, 2H), 7.20 (d, J = 4.0 Hz, 4H), 7.71 (d, J = 7.7 Hz, 2H), 7.84 (d, J = 7.8 Hz, 2H). 3C
NMR (101 MHz, Benzene-Dg) 6 137.54, 131.72, 129.88, 128.98, 128.22, 127.95, 127.80,

127.71, 127.47, 127.31, 125.35, 124.75, 124.20, 123.52, 72.68, 30.70, 28.76, 28.32,

28.08, 26.25, 24.51, 24.27, 23.80, 23.44, 22.99, 21.09.
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Synthesis of [P'PP(NO)PFP].MoON'Bu (3.8)
[PPP(NO)P™INa (0.13 mmol, 2 eq.) was

dissolved in ca. 5 mL of THF and cooled to -100 °C. In

a scintillation vial 0.022 g (0.06 mmol, 1 eq.) of

['BuN]MoOCIz(DME) was dissolved in ca. 2 mL of

THF and cooled to -100°C. After both solutions were

at -100°C the Mo starting material solution was added to the vial containing the stirred
solution of ligand salt. The solution was allowed to warm to r.t. and react for 24 h, after
which the solvent was removed in vacuo from the pale green suspension. The pale
green/tan solid was suspended in toluene and filtered over celite yielding a transparent
tan solution. The solvent was removed to afford 85% (0.055 g) of light green product.
IR(ATR) (cm): 3181.6, 2967.9, 2930.4, 2871.8, 1654.9, 1504, 1463, 1434.9, 1383,
1337.6, 1203.3, 1151.9, 1098.5, 1055.4, 992.58, 909.26, 873.08, 800.88, 731.06, 695.2,
641.58, 573.92, 528.52. 'H NMR (400 MHz, Benzene-Dg) § 0.81 — 1.06 (m, 6H,
CH-(CHa)2), 1.19 (s, 9H), 1.26 — 1.37 (m, 6H, CH-(CHa)2), 1.41 (d, J = 6.8 Hz, 3H,
CH-(CHa)2), 1.52 (d, J = 6.7 Hz, 3H, CH-(CHa)2), 1.62 (d, J = 6.5 Hz, 3H, CH-(CHa)2),
1.73 (d, J = 6.5 Hz, 3H, CH-(CHa)2), 3.46 — 3.56 (m, 1H, CH-(CHz)2), 3.61 — 3.71 (m,
1H, CH-(CHa)z2), 3.75 (m, 1H, CH-(CHs3)2), 4.08 — 4.17 (m, 1H, CH-(CHj3)2), 6.83 — 7.06
(m, 6H, Ar-H). 3C NMR (101 MHz, Benzene-Ds) & 13.91, 22.17, 22.35, 22.49, 23.10,
23.50, 24.90, 25.39, 26.48, 26.99, 27.49, 27.76, 28.45, 29.84, 74.97, 123.53, 124.13,

128.44.
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Synthesis of [®Y(NO)®B'].MoON'Bu-(THF) (3.9)

[BY(NO)®“INa (1.27 mmol, 2 eq.) was dissolved in ca. 20 %
mL of THF and cooled to -100 °C. In a scintillation vial //o
0.219 g (0.64 mmol, 1 eq.) of ['BuN]JMoOCIz(DME) was ‘“o/ i\o /N
dissolved in ca. 5 mL of THF and cooled to -100°C. After /: @ \ﬂ
both solutions were at -100°C, the Mo starting material solution was added to the flask
containing the stirred solution of ligand salt. The solution was allowed to warm to r.t. and
react for 24 h. After 24 h the solvent was removed in vacuo from the dark green
suspension. The dark green oil was dissolved in toluene and filtered over celite yielding
a transparent tan solution. The solvent was removed to afford 75% (0.238 g) of dark green
oily product. Crystals were grown from slow evaporation of a THF solution. *H NMR
(400 MHz, Benzene-Ds) & 1.05 (s, 9H), 1.28 (s, 9H), 1.39 (s, 9H), 1.57 (s, 9H), 1.66 (s,

9H).

3.4.3 Reactivity Studies

Reaction of complex 3.3 with PMes. A small vial was charged with 100 mg (0.169
mmol) of [PMP(NO)®“],MoON'Bu (3.3). The complex was dissolved in ca. 2 mL
Ds-benzene. To this solution, 51 mg (0.676 mmol, 4 eq) of PMes was added and the
solution was stirred for 24 h, during which time the pale green solution turned dark green.

'H and 3P NMR spectra were collected of the reaction mixture.
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General procedure for epoxidation of cis-cyclooctene.

A stock solution of olefin (0.15 M), mesitylene standard (0.075 M), and
tertbutylhydroperoxide (TBHP) (0.30 M) in DCE was prepared. To an aliquot of solution
was added catalyst at 1 mol % loading, and the resulting solution was heated at 80 °C for
1 hour. The reaction was quenched by adding an excess of MnO2 powder. Samples were
analyzed using an Agilent 7890A Gas Chromatograph, an Agilent 5975C MSD with
Electron Impact (EI) ion source, and a Chem Station instrument control and data handling
system with a NIST 2008 database library (Agilent Technologies, Inc. Santa Clara, CA,
USA). All mass spectra were acquired in ElI mode with full scan. Ultra-High Purity
Helium carrier gas was set to a column head pressure of 12.5 psi maintaining a constant
flow rate of 1.0 mL/min. Aliquots of 1 pL were injected into the instrument with a 25:1
split and a detector delay of 3 min. GC separations were done with a Agilent Technologies
HP-5 (30 m, 0.25 mm i.d. and 0.25 pum thickness) programmed to start at 40°C with a 5
min hold, then linear ramp to 250°C at 20°C/min with a 10 min hold at 250°C. MS
conditions were as follows: 230°C source, 150°C quadrupole, 150°C interface, 240°C
injector and EM voltage of 1.04kV. Full scans were collected over the mass range of
25-500 at 2.86 scans/sec. Data were analyzed using Chem Station software. Compound
identification was verified by comparison of sample spectra to spectra available in the

NISTO8 library.
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3.4.4 X-ray Crystallographic Studies

X-ray diffraction data were collected for complexes 3.2, 3.5-3.7, and 3.9 on a
diffractometer with a Bruker APEX CCD area detector*?*3 with graphite-monochromated
Mo Ka radiation (L = 0.71073 A). Selected crystals were mounted using high vacuum
grease or Paratone oil onto a cryoloop and cooled to the data collection temperature of
100 K. Cell parameters were determined from a non-linear least squares fit. The data were
corrected for absorption by the empirical method* giving minimum and maximum
transmission factors. The space groups were determined by systematic absences and
statistical tests and verified by subsequent refinement. The structure was solved by direct
methods and refined by full-matrix least-squares methods on F2.4%6 The positions of
hydrogens were initially determined by geometry and were refined using a riding model.
Non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen
atom displacement parameters were set to 1.2 (1.5 for methyl) times the isotropic

equivalent displacement parameters of the bonded atoms.
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Chapter 4: Bis(Imido) Amidate Complexes: Synthesis,
Characterization and Group Transfer Applications

4.1 Introduction

Bis(imido) complexes of Mo(VI) are of interest to our group and others for their
ability to perform the metathesis reaction with imines.® The cross-metathesis of imines
is useful for the generation of new carbon-nitrogen bonds as shown in Scheme 4.1A.
Considering the metathesis of alkenes as an analogous reaction, the metathesis of imines
could also be applied to ring closing reactions to generate complex ring systems and
ring-opening metathesis polymerization (ROMP) of cyclic imines, which would be a
valuable reaction for the generation of new polymers.>® Currently there are only a couple
of examples of ring-opening metathesis of a cyclic imine>®, but without polymerization
as shown in Scheme 4.1B. The potential advantages of metal-catalyzed metathesis of

imines, over known mechanisms, e.g. acid catalyzed imine metathesis’, are milder
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reactions conditions, better selectivity, tolerance for functional groups, and faster reaction

rates.*>

A) Imine Cross-Metathesis
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Scheme 4.1 (A) General cross-metathesis reactions of imines. (B) First example of a ring

opening metathesis of a cyclic imine.

Bis(amidate) complexes of W featuring two imido groups are the only examples

of Group 6 amidate complexes outside of this work.® In this chapter we will discuss the

properties of bis(imido) complexes featuring the ligands previously described in chapters

2 and 3, as well as complexes featuring benzyl (Bn) (4.1), 3,5-dimethylphenyl ("DMP)

(4.2), and perfluorophenyl (PFP) (4.3) substituents bound to the N atom of the amidate

ligands as shown in Figure 4.1. These ligands are an extension of the less bulky

[P"(NO)®“].MoE, complexes studied in Chapters 2 and 3. To our knowledge this is the
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first reported use of the N-Bn and N-PFP substituted amidate ligands on any metal

system.

F
F
F
F
[Bn(NO)tBU]H [mDMP(NO)tBU]H [PFP(NO)tBU]H

41 4.2 4.3

Figure 4.1 New amide proligands used in bis(imido) complex syntheses.
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4.2 Results and Discussion

4.2.1 Synthesis

Bis(imido) complexes of molybdenum featuring amidate ligands can be obtained
by salt metathesis methods. The proligand [R(NO)RTH was dissolved in THF and an
equivalent of NaN(SiMez). added, and the reaction mixture was stirred for 2 h. The
volatiles were removed in vacuo leaving behind the sodium salt of the ligand. This salt
was redissolved in THF and cooled to -30°C. The Mo starting material
ClaMo(N'Bu)2(DME) was dissolved in THF separately and cooled to -30°C. The Mo
precursor solution was added quickly to the cooled ligand salt solution and stirred. The
reaction solution was then slowly warmed to room temperature and stirred for another
2-24 h and the volatiles were removed in vacuo. The crude mixture was suspended in
toluene and filtered over celite to removes salt byproducts. The solvent was removed in
vacuo to yield the desired Mo-bis(amidate) complex. In most cases, no further

purification was needed.
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R' = PFP and R = °DMP (4.7) or DIPP (4.10)

Figure 4.2 General synthetic scheme for Mo(V1) bis(imido) bis(amidate) complexes.

4.2.2 Nuclear Magnetic Resonance Studies

The H NMR spectra of the bis(imido) complexes prepared in this study were
collected in De-benzene at 25 °C. All of the bis(imido) complexes exhibit C, axial
symmetry in solution as expected. For all of the complexes, the Mo[=N'Bu]. protons
appear as a singlet between 1 and 1.3 ppm as illustrated for the °DMP series of complexes
4.5-4.7 in Figure 4.3. In these complexess, the protons of the aryl methyl groups resonate
between 2 and 3 ppm, indicating hindered rotation about the N-Cispo bonds of the aryl

groups of the ligands, and C> symmetry about the metal center.
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Figure 4.3 'H NMR spectra for complexes 4.5 (A), 4.6 (B), and 4.7 (C).

As seen in the DIPP series for the dioxo and oxo-imido complexes in Chapters 2
and 3, the *H NMR spectrum becomes more complicated due to steric hindrance. The
isopropyl methyl groups typically present as 4 peaks between 1 and 2 ppm as
demonstrated by the peaks labelled C in Figure 4.4. The methine protons are well-defined
septets around 4 ppm (peaks B, Figure 4.4). This contrasts with the dioxo and oxo-imido
complexes, which had less well-defined spectral features. The increased steric bulk in

these bis(imido) species appears to enforce a more static structure in solution.
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Figure 4.4 *H NMR spectrum for [P'""P(NO)P],Mo(N'Bu) (4.10).

The less bulky ligand systems, where R = Ph, Bn, "DMP, and PFP and R’ = 'Bu,
have simpler *H NMR spectra. For example, the 'H NMR spectrum for
[B"(NO)®"],Mo(N'Bu), (4.11) is presented in Figure 4.5. The aryl peaks of the benzyl
groups are sharp, indicating free rotation of the phenyl rings. The '‘Bu peaks of the amidate
ligands and imido fragments both appear as singlets at 1.20 ppm and 1.23 ppm. The

benzylic protons appear as a doublet at about 5 ppm.
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Figure 4.5 'H NMR of [B"(NO)®'],Mo(N'Bu). (4.11).
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4.2.3 X-ray Crystallographic Studies

Crystals suitable for X-ray crystallographic analyses of complexes 4.4, 4.7, 4.9,
4.11, and 4.12 were grown from slow evaporation of 1:1 solutions of DCM/hexanes at
room temperature. Single crystals of complexes 4.5 and 4.13 were grown from slow
evaporation of toluene solutions at room temperature, and single crystals of complex 4.6
were afforded from slow evaporation of a hexane solution at room temperature.

The X-ray crystal structure of [""(NO)®“].Mo(N'Bu): (4.4) is shown in Figure 4.6.
The trans bond angles N(1A)-Mo(1A)-N(2A), N(3A)-Mo(1A)-O(1A), and
N(4A)-Mo(1A)-O(2A) are 140.01(5)°, 153.44(5)°, and 154.02(5)°, respectively. The
imido bond angles Mo(1A)-N(3A)-C(23A) and Mo(1A)-N(4A)-C(27) are 178.12(11)°
and 156.44(12)°, respectively. These bond angles show that one of the imido ligands are
slightly bent, indicating less triple-bond character.’® The amidate bite angles
N(1A)-Mo(1A)-O(1A) and N(2A)-Mo(1A)-O(2A) are 59.43(5)° and 58.19(4)°,
respectively. The cis-imido bond angle for N(3A)-Mo(1A)-N(4A) is 107.40(6)°, and the
amidate O(1A)-Mo(1A)-O(2A) angle is 74.53(4)°.

The imido bond lengths Mo(1A)-N(3A), Mo(1A)-N(4A), N(3A)-C(23A), and
N(4A)-C(27A) are 1.7393(14) A, 1.7513(13) A, 1.448(2) A, and 1.453(2) A, respectively.
The longer Mo=N bond corresponds with the slightly bent bond angle. The amidate bond
lengths Mo(1A)-N(1A), Mo(1A)-N(2A), Mo(1A)-O(1A), and Mo(1A)-O(2A) are
2.1114(12) A, 2.1108(12) A, 2.2670(11) A, and 2.3569(11) A, respectively. The Mo-O
bond for the amidate ligand trans to the bent imido group [Mo(1A)-O(2A)] is longer
indicating a trans influence similar to the affect described with the oxo-imido complexes

in Chapter 3. The C-N and C-O bond lengths for the amidate ligands are 1.3298(19) A,
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1.3375(19) A, 1.2770(17) A, and 1.2687(17) A for N(1A)-C(7A), N(2A)-C(18A),
O(1A)-C(7), and O(2A)-C(18A) A, respectively. These lengths indicate more double
bond character with the amidate C-O bonds, indicating an amido-ketone ligand resonance

structure. Selected bond angles and distances are presented in Table 4.1.

Figure 4.6 Thermal ellipsoid plot of [P"(NO)®“]2Mo(N'Bu). (4.4) shown at 50%
probability with hydrogens omitted for clarity.
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Table 4.1 Selected Bond Distances (A) and Angles (°) for [""(NO)®“],Mo(N'Bu)2, 4.4.

Lengths (A) Angles (°)

O(2A)-C(18A) 1.2687(17) N(2A)-Mo(1A)-O(2A)  58.19(4)
O(1A)-C(7A)  12770(17) N(LA)-Mo(1A)-O(1A)  59.43(4)
N(IA)-C(7TA)  1.3298(19) O(1A)-Mo(1A)-O(2A)  74.53(4)
N(2A)-C(18A) 1.3375(19) N(2A)-Mo(1A)-O(1A)  87.08(4)
N(3A)-C(23A)  1.448(2) N(1A)-Mo(1A)-O(2A)  89.93(4)
N(4A)-C(27A)  1.453(2) N(3A)-Mo(1A)-O(2A)  90.42(5)
Mo(1A)-N(3A) 1.7393(14)  N(4A)-Mo(1A)-O(1A)  94.66(5)
Mo(LA)-N(4A) 1.7513(13)  N(4A)-Mo(1A)-N(2A)  98.41(5)
Mo(1A)-N(2A) 2.1108(12)  N(3A)-Mo(1A)-N(1A)  99.67(5)
Mo(1A)-N(1A) 2.1114(12) N(3A)-Mo(1A)-N(2A)  103.67(6)
Mo(1A)-O(1A) 2.2670(11)  N(4A)-Mo(1A)-N(1A)  105.02(6)
Mo(1A)-O(2A) 2.3569(11)  N(3A)-Mo(1A)-N(4A)  107.40(6)
N(2A)-Mo(1A)-N(1A)  140.01(5)

N(3A)-Mo(1A)-O(1A)  153.44(5)

N(4A)-Mo(1A)-O(2A)  154.02(5)

C(27A)-N(4A)-Mo(1A)  156.44(12)

C(23A)-N(3A)-Mo(1A)  178.12(11)

The X-ray crystal structure for [°°MP(NO)®'],Mo(N'Bu)2 (4.5) is shown in Figure

4.7. The trans angles N(1A)-Mo(1)-N(1B), N(1D)-Mo(1)-O(1A), and
N(1C)-Mo(1)-O(1B) are 139.69(14)°, 152.14(15)°, and 154.02(14)°, respectively. The
imido bond angles Mo(1)-N(1C)-C(1C) and Mo(1)-N(1D)-C(1D) are 166.0(3)° and
166.1(3)°, respectively. These are within the typical linear range of 160-180° for a
triply-bound imido moiety.® The amidate bite angles N(1A)-Mo(1)-O(1A) and
N(1B)-Mo(1)-O(1B) are 58.71(12)° and 58.70(13)°, respectively. The cis-imido angle
N(1C)-Mo(1)-N(1D) is 107.31(18)°, while the amidate angle O(1A)-Mo(1)-O(1B) is
74.76(11)°.

The imido bond lengths Mo(1)-N(1C), Mo(1)-N(1D), N(1C)-C(1C), and

N(1D)-C(1D) are 1.741(4) A, 1.743(4) A, 1.464(5) A, and 1.459(5) A, respectively. The
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amidate bond lengths Mo(1)-N(1A), Mo(1)-N(1B), Mo(1)-O(1A), and Mo(1)-O(1B) are
2.124(4) A, 2.126(4) A, 2.285(3) A, and 2.292(3) A, respectively. The C-N and C-O bond
lengths N(1A)-C(9A), N(1B)-C(9B), O(1A)-C(9A), and O(1B)-C(9B) are 1.335(5) A,
1.307(5) A, 1.272(5) A, and 1.293(5) A, respectively. This again corresponds to the
amido-ketone bonding character in the ligands. Selected bond angles and distances are

presented in Table 4.2.

Figure 4.7 Thermal ellipsoid plot of [*°MP(NO)®"],Mo(N'Bu), (4.5) shown at 50%
probability with hydrogens omitted for clarity.
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Table 4.2 Selected Bond Distances (A) and Angles (°) for [*°°MP(NO)*®'],Mo(N'Bu), 4.5.

Lengths (A) Angles (°)
O(LA)-C(9A) 1.272(5) N(1B)-Mo(1)-O(1B) 58.70(13)
O(LB)-C(9B)  1.293(5) N(1A)-Mo(1)-O(1A) 58.71(12)
N(1B)-C(9B)  1.307(5) O(1B)-Mo(1)-O(1A)  74.76(11)
N(1A)-C(9A)  1.335(5) N(1B)-Mo(1)-O(1A) 87.55(12)
N(1D)-C(1D)  1.459(5) N(1A)-Mo(1)-O(1B)  89.27(13)
N(1C)-C(1C)  1.464(5) N(1D)-Mo(1)-O(1B) 91.89(15)
Mo(1)-N(1C)  1.741(4) N(1C)-Mo(1)-O(1A) 93.86(14)
Mo(1)-N(1D)  1.743(4) N(1D)-Mo(1)-N(1A) 97.56(15)
Mo(1)-N(1A)  2.124(4) N(1C)-Mo(1)-N(1B) 98.22(15)
Mo(1)-N(1B)  2.126(3) N(1C)-Mo(1)-N(1A) 104.90(15)
Mo(1)-O(1B)  2.285(3) N(1D)-Mo(1)-N(1B) 106.55(15)
Mo(1)-O(1A)  2.292(3) N(1C)-Mo(1)-N(1D) 107.31(18)

N(1A)-Mo(1)-N(1B) 139.69(14)
N(1D)-Mo(1)-O(1A) 152.14(15)
N(1C)-Mo(1)-O(1B) 154.02(14)
C(1D)-N(1D)-Mo(1) 166.0(3)
C(1C)-N(1C)-Mo(1) 166.1(3)

The X-ray crystal structure of the variant with the phenyl backbone
[©°MP(NO)"";Mo(N'Bu), (4.6) is shown in Figure 4.8. The trans angles
N(1A)-Mo(1)-N(1B), N(1D)-Mo(1)-O(1B), and N(1C)-Mo(1)-O(1A) are 140.60(5)°,
150.99(6)°, and 151.44(6)°, respectively. The imido bond angles Mo(1)-N(1C)-C(1C)
and Mo(1)-N(1D)-C(1D) are 154.03(12)° and 171.73(15)°, respectively. These bond
angles show that one of the imido ligands are slightly bent, indicating less triple-bond
character.® The amidate bite angles N(1A)-Mo(1)-O(1A) and N(1B)-Mo(1)-O(1B) are
58.41(5)° and 59.11(5)°, respectively. The cis-imido bond angle N(1D)-Mo(1)-N(1C) is
107.17(6), while the amidate angle O(1B)-Mo(1)-O(1A) is 73.41(4)°.

The imido bond distances for Mo(1)-N(1C), Mo(1)-N(1D), N(1C)-C(1C), and

N(1D)-C(1D) are 1.7603(14) A, 1.7400(13) A, 1.460(2) A, and 1.458(2) A, respectively.
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The amidate bond distances Mo(1)-N(1A), Mo(1)-N(1B), Mo(1)-O(1A), and
Mo(1)-O(1B) are 2.1271(14) A, 2.1402(15) A, 2.3391(13) A, and 2.2896(12) A,
respectively. The Mo-O bond for the amidate ligand trans to the bent imido group
[Mo(1)-O(1A)] is longer indicating a trans influence. The The C-O and C-N bond lengths
for the amidate ligands O(1A)-C(1A), O(1B)-C(1B), N(1A)-C(1A), and N(1B)-C(1B) are
1.271(2) A, 1.279(2) A, 1.332(2) A, and 1.325(2) A, respectively. Selected bond distances

and angles are presented in Table 4.3.

O(1B) O(1A)

Figure 4.8 Thermal ellipsoid plot of [°®MP(NO)""].Mo(N'Bu). (4.6) shown at 50%
probability with hydrogens omitted for clarity.
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Table 4.3 Selected Bond Distances (A) and Angles (°) for [°°MP(NO)""],Mo(N'Bu)z, 4.6.

Lengths (A) Angles (°)
O(LA)-C(1A) 1.271(2) N(1A)-Mo(1)-O(1A) 58.41(5)
O(1B)-C(1B)  1.279(2) N(1B)-Mo(1)-O(1B) 59.11(5)
N(1B)-C(1B) 1.325(2) O(1B)-Mo(1)-O(1A)  73.41(4)
N(1A)-C(1A)  1.332(2) N(1A)-Mo(1)-O(1B) 88.47(5)
N(1D)-C(1D) 1.458(2) N(1B)-Mo(1)-O(1A) 89.02(5)
N(1C)-C(1C)  1.460(2) N(1D)-Mo(1)-O(1A) 92.85(6)

Mo(1)-N(1D) 1.7400(13)  N(1C)-Mo(1)-O(1B) 95.73(6)
Mo(1)-N(1C) 1.7603(14)  N(1C)-Mo(1)-N(1A) 95.75(6)
Mo(1)-N(1A) 2.1271(14)  N(1D)-Mo(1)-N(1B) 96.09(7)
Mo(1)-N(1B) 2.1402(15)  N(1D)-Mo(1)-N(1A) 106.24(7)
Mo(1)-O(1B) 2.2896(12)  N(1D)-Mo(1)-N(1C) 107.17(6)
Mo(1)-O(1A) 2.3391(13)  N(1C)-Mo(1)-N(1B) 108.29(6)
N(1A)-Mo(1)-N(1B) 140.60(5)
N(1D)-Mo(1)-O(1B) 150.99(6)
N(1C)-Mo(1)-O(1A) 151.44(6)
C(1C)-N(1C)-Mo(1) 154.03(12)
C(1D)-N(1D)-Mo(1) 171.73(15)

The  X-ray crystal structure of the  perfluorophenyl  variant
[©°MP(NO)*P].Mo(N'Bu), (4.7) is shown in Figure 4.9. The trans angles
N(2A)-Mo(1A)-N(1A), N(4A)-Mo(1A)-O(2A), and N(3A)-Mo(1A)-O(1A) are
141.4(4)°, 149.5(3)°, and 150.9(3)°, respectively. The imido bond angles
Mo(1A)-N(3A)-C(31A) and Mo(1A)-N(4A)-C(35A) are 168.6(8)° and 162.8(7)°,
respectively. The amidate bite angles N(1A)-Mo(1A)-O(1A) and N(2A)-Mo(1A)-O(2A)
are 58.2(3)° and 58.6(3)°, respectively. The cis-imido angle N(4A)-Mo(1A)-N(3A) is
108.0(4), while the amidate angle O(2A)-Mo(1A)-O(1A) is 71.5(2)°.

The imido bond lengths Mo(1A)-N(4A), Mo(1A)-N(3A), N(3A)-C(31A), and
N(4A)-C(35A) are 1.736(9) A, 1.757(9) A, 1.449(13) A, and 1.500(13) A, respectively.

The amidate bond lengths Mo(1A)-N(1A), Mo(1A)-N(2A), Mo(1A)-O(1A), and
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Mo(1A)-O(2A) are 2.126(9) A, 2.108(9) A, 2.357(7) A, and 2.350(7) A, respectively.
The C-O and C-N bond lengths for the amidate ligands O(1A)-C(1A), O(2A)-C(16A),
N(1A)-C(1A), and N(2A)-C(16A) are 1.270(12) A, 1.278(12) A, 1.307(13) A, and
1.338(13) A, respectively. These distances are consistent with amido-ketone binding
character, where the N of the amidate ligand is more closely bound to the Mo and the
C-O bond is more of a double bond, indicating more of a neutral coordination from the
oxygen (O—>Mo) and an anionic bond by the nitrogen atom (N-Mo). Selected bond

distances and angles are presented in Table 4.4.

Figure 4.9 Thermal ellipsoid plot of [°°®MP(NO)"].Mo(NBu), (4.7) shown at 50%
probability with hydrogens omitted for clarity.
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Table 4.4 Selected Bond Distances (A) and Angles (°) for [°®°MP(NO)P].Mo(N'Bu),,
4.7,

Lengths (A) Angles (°)

O(1A)-C(1A)  1.270(12)  N(1A)-Mo(1A)-O(1A)  58.2(3)
O(2A)-C(16A)  1.278(12)  N(2A)-Mo(1A)-O(2A)  58.6(3)
N(1A)-C(1A)  1.307(13) O(2A)-Mo(1A)-O(1A)  71.5(2)
N(2A)-C(16A) 1.338(13)  N(LA)-Mo(1A)-O(2A)  88.9(3)
N(3A)-C(31A) 1.449(13)  N(2A)-Mo(1A)-O(1A)  89.6(3)
N(4A)-C(35A) 1.500(13)  N(4A)-Mo(1A)-O(1A)  94.7(3)
Mo(1A)-N(4A) 1.736(9)  N(3A)-Mo(1A)-0(2A)  95.2(3)
Mo(1A)-N(3A) 1.757(9)  N(4A)-Mo(1A)-N(2A)  95.3(4)
Mo(1A)-N(2A) 2.108(9)  N(3A)-Mo(1A)-N(1A)  96.9(4)
Mo(1A)-N(1A) 2.126(9)  N(3A)-Mo(1A)-N(2A)  105.7(4)
Mo(1A)-O(2A) 2.350(7)  N(4A)-Mo(1A)-N(1A)  107.2(4)
Mo(1A)-O(1A) 2.357(7)  N(4A)-Mo(1A)-N(3A)  108.0(4)
N(2A)-Mo(1A)-N(1A)  141.4(4)
N(4A)-Mo(1A)-O(2A)  149.5(3)
N(3A)-Mo(1A)-O(1A)  150.9(3)
C(35A)-N(4A)-Mo(1A)  162.8(7)
C(31A)-N(3A)-Mo(1A)  168.6(8)

The X-ray crystal structure of the bulkier DIPP derivative
[PPP(NO)*":Mo(N'Bu). (4.9) is shown in Figure 4.10. The trans angles
N(2A)-Mo(1A)-N(1A), N(4A)-Mo(1A)-O(2A), and N(3A)-Mo(1A)-O(1A) are
143.41(9)°, 152.72(10)°, and 151.61(10)°, respectively. The imido bond angles
Mo(1A)-N(3A)-C(39A) and Mo(1A)-N(4A)-C(43A0 are 168.6(2)° and 170.0(2)°,
respectively. The amidate bite angles N(1A)-Mo(1A)-O(1A) and N(2A)-Mo(1A)-O(2A)
are 59.44(8)° and 58.20(8)°, respectively. The cis-imido angle N(4A)-Mo(1A)-N(3A) is
108.23(12)°, while the amidate angle O(2A)-Mo(1A)-O(1A) is 76.93(7)°.

The imido bond lengths Mo(1A)-N(4A), Mo(1A)-N(3A), N(3A)-C(39A), and
N(4A)-C(43A) are 1.723(7) A, 1.729(2) A, 1.439(4) A, and 1.445(4) A, respectively. The

amidate bond lengths Mo(1A)-N(1A), Mo(1A)-N(2A), Mo(1A)-O(1A), and
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Mo(1A)-O(2A) are 2.125(2) A, 2.115(2) A, 2.242(2) A, and 2.319(2) A, respectively.
The C-O and C-N bond lengths for the amidate ligands O(1A)-C(13A), O(2A)-C(32A),
N(1A)-C(13A), and N(2A)-C(32A) are 1.258(3) A, 1.253(3) A, 1.321(3) A, and 1.334(3)
A, respectively. Again, these distances are consistent with amido-ketone binding

character. Selected bond distances and angles are presented in Table 4.5.

Figure 4.10 Thermal ellipsoid plot of [P'"™P(NO)"".Mo(N'Bu). (4.9) shown at 50%
probability with hydrogens omitted for clarity.
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Table 4.5 Selected Bond Distances (A) and Angles (°) for [P'P°(NO)""].Mo(N'Bu)z, 4.9.

Lengths (A) Angles (°)
O(2A)-C(32A)  1.253(3) N(2A)-Mo(1A)-O(2A)  58.20(8)
O(LA)-C(13A)  1.258(3) N(1A)-Mo(1A)-O(1A)  59.44(8)
N(1A)-C(13A)  1.321(3) O(LA)-Mo(1A)-O(2A)  76.93(7)
N(2A)-C(32A)  1.334(3) N(2A)-Mo(1A)-O(1A)  89.31(8)
N(3A)-C(39A)  1.439(4) N(3A)-Mo(1A)-O(2A)  90.93(10)
N(4A)-C(43A)  1.445(4) N(4A)-Mo(1A)-O(1A)  92.91(10)
Mo(1A)-N(4A)  1.723(3) N(1A)-Mo(1A)-O(2A)  93.87(8)
Mo(LA)-N(3A)  1.729(2) N(3A)-Mo(1A)-N(1A)  96.63(10)
Mo(1A)-N(2A)  2.115(2) N(4A)-Mo(1A)-N(2A)  96.99(10)
Mo(1A)-N(1A)  2.125(2) N(4A)-Mo(1A)-N(1A)  102.70(10)
Mo(1A)-O(1A)  2.242(2) N(3A)-Mo(1A)-N(2A)  106.13(10)
Mo(1A)-O(2A)  2.319(2) N(4A)-Mo(1A)-N(3A)  108.23(12)
N(2A)-Mo(1A)-N(1A)  143.41(9)
N(3A)-Mo(1A)-O(1A)  151.61(10)
N(4A)-Mo(1A)-O(2A)  152.72(10)
C(39A)-N(3A)-Mo(1A)  168.6(2)
C(43A)-N(4A)-Mo(1A)  170.0(2)

The X-ray crystal structure of the sterically open N-benzyl derivative

[B"(NO)®'],Mo(N'Bu), (4.11) is shown in Figure 4.11. The trans angles
N(1)-Mo(1)-N(1)#1 and N(2)-Mo(1)-O(2), are 134.72(7)°, and 156.26(5)°, respectively.
The imido bond angles are nearly perfectly linear at 176.98°, indicating triply-bound
imido moieties.® The amidate bite angle is 59.06(4)°. The cis-imido angle
N(2)-Mo(1)-N(1)#1 is 106.27(6)°, while the amidate angle O(1)-Mo(1)-O(1)#1 is
76.39(5)°.

The imido bond lengths Mo(1)-N(2) and N(2)-C(13) are 1.7503(14) A and
1.442(3) A, respectively. The amidate bond lengths Mo(1)-N(1) and Mo(1)-O(1) are
2.1109(13) A and 2.2904(11) A, respectively. The C-O and C-N bond lengths for the

amidate ligands O(1)-C(1) and N(1)-C(1) are 1.2716(19) A and 1.327(2) A, respectively.
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Again, these distances are consistent with amido-ketone binding character. Selected bond

distances and angles are presented in Table 4.6.

Figure 4.11 Thermal ellipsoid plot of [E"(NO)®'],Mo(N'Bu). (4.11) shown at 50%
probability with hydrogens omitted for clarity.

Table 4.6 Selected Bond Distances (A) and Angles (°) for [B"(NO)®“];Mo(N'Bu)a, 4.11.

0(1)-C(1)
N(1)-C(1)

N(2)-C(13)
Mo(1)-N(2)
Mo(1)-N(1)
Mo(1)-0(1)
0(1)-C(1)

Lengths (A)

1.2716(19)
1.327(2)

1.442(3)

1.7503(14)
2.1109(13)
2.2904(11)
1.2716(19)

N(1)-Mo(1)-O(1)
O(1)#1-Mo(1)-O(1)
N(1)-Mo(1)-O(1)#1
N(2)-Mo(1)-O(1)#1
N(2)-Mo(1)-N(1)
N(2)-Mo(1)-N(1)#1
N(1)-Mo(1)-N(1)#1
N(2)-Mo(1)-0(1)
C(13)-N(2)-Mo(1)

Angles (°)

59.06(4)
76.39(5)
84.79(4)
91.15(5)
100.25(5)
106.27(6)
134.72(7)
156.26(5)
176.98(17)

The X-ray crystal structure of ["°MP(NO)'®'],Mo(N'Bu)2 (4.12) is shown in Figure

4.12. The trans angles N(2)-Mo(1)-N(1), N(4)-Mo(1)-O(2), and N(3)-Mo(1)-O(1) are

143.04(10)°, 152.38(10)°, and 153.97(9)°, respectively. The imido bond angles

Mo(1)-N(3)-C(27) and Mo(1)-N(4)-C(31) are 154.3(2)° and 175.9(2)°, respectively.
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Again, this is indicating one bent and one linear imido group. The amidate bite angles
N(1)-Mo(1)-O(1) and N(2)-Mo(1)-O(2) are 57.73(8)° and 59.55(8)°, respectively. The
cis-imido angle N(4)-Mo(1)-N(3) is 106.33(12)°, while the amidate angle
0(2)-Mo(1)-0O(1) is 78.56(7)°.

The imido bond lengths Mo(1)-N(4), Mo(1)-N(3), N(3)-C(27), and N(4)-C(31)
are 1.736(2) A, 1.755(2) A, 1.445(4) A, and 1.443(4) A, respectively. The amidate bond
lengths Mo(1)-N(1), Mo(1)-N(2), Mo(1)-O(1), and Mo(1)-O(2) are 2.095.(2) A, 2.109(2)
A, 2.3862(19) A, and 2.3254(2) A, respectively. As seen with complexes 4.4 and 4.6, the
longer Mo-O amidate bond corresponds to the increased trans influence of the bent imido
fragment. The C-O and C-N bond lengths for the amidate ligands O(1)-C(1), O(2)-C(14),
N(1)-C(1), and N(2)-C(14) are 1.259(3) A, 1.277(3) A, 1.333(3) A, and 1.333(4) A,
respectively. Similar to previously described complexes, these distances are consistent
with amido-ketone binding character. Selected bond distances and angles are presented

in Table 4.7.

Figure 4.12 Thermal ellipsoid plot of ["°MP(NO)®'],Mo(N'Bu) (4.12) shown at 50%
probability with hydrogens omitted for clarity.
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Table 4.7 Selected Bond Distances (A) and Angles (°) for ["°MP(NO)®'],Mo(N'Bu)a,

412,

Lengths (A) Angles (°)
0(1)-C(1) 1.259(3) N(1)-Mo(1)-O(1)  57.73(8)
0(2)-C(14)  1.277(3) N(2)-Mo(1)-0(2)  59.55(8)
N(1)-C(1) 1.333(3) 0(2-Mo(1)-0(1)  78.56(7)
N(2)-C(14)  1.333(4) N(4)-Mo(1)-O(1)  87.18(10)
N(4)-C(31)  1.443(4) N(1)-Mo(1)-0(2)  88.83(9)
N(3)-C(27)  1.445(4) N(2)-Mo(1)-O(1)  94.83(8)
Mo(1)-N(4)  1.736(2) N(3)-Mo(1)-0(2)  96.39(10)
Mo(1)-N(3)  1.755(2) N(3)-Mo(1)-N(1)  96.96(10)
Mo(1)-N(1)  2.095(2) N(4)-Mo(1)-N(2)  98.82(10)
Mo(1)-N(2)  2.109(2) N(4)-Mo(1)-N(1)  103.46(11)
Mo(1)-0(2)  2.254(2) N(3)-Mo(1)-N(2)  104.63(10)
Mo(1)-O(1)  2.3862(19)  N(4)-Mo(1)-N(3)  106.33(12)

N(1)-Mo(1)-N(2)  143.04(10)
N(4)-Mo(1)-0(2)  152.38(10)
N(3)-Mo(1)-0(1)  153.97(9)
C(27)-N(@B)-Mo(l)  154.3(2)
C(1)-N(4)-Mo(l)  175.9(2)

The X-ray crystal structure of the unusual N-perfluorophenyl species
[PFP(NO)®B'I,Mo(N'Bu), (4.13) is shown in Figure 4.13. The trans angles
N(2)-Mo(1)-N(1), N(4)-Mo(1)-0(2), and N(3)-Mo(1)-O(1) are 140.15(11)°,
154.24(11)°, and 152.17(12)°, respectively. The imido bond angles Mo(1)-N(3)-C(23)
and Mo(1)-N(4)-C(27) are 179.0(3)° and 154.3(2)°, respectively. This is indicative of one
bent and one linear imido group. The amidate bite angles N(1)-Mo(1)-O(1) and
N(2)-Mo(1)-O(2) are 59.01(9)° and 57.76(10)°, respectively. The cis-imido angle
N(4)-Mo(1)-N(3) is 107.49(14)°, while the amidate angle O(2)-Mo(1)-O(1) is 71.79(9)°.

The imido bond lengths Mo(1)-N(4), Mo(1)-N(3), N(3)-C(23), and N(4)-C(27)
are 1.754(3) A, 1.735(3) A, 1.458(4) A, and 1.456(5) A, respectively. The amidate bond
lengths Mo(1)-N(1), Mo(1)-N(2), Mo(1)-O(1), and Mo(1)-O(2) are 2.126(3) A, 2.112(3)

151



A, 2.275(2) A, and 2.359(3) A, respectively. Again, the longer Mo-O bond is coincident
with a trans bent imido group. The C-O and C-N bond lengths for the amidate ligands
O(1)-C(1), O(2)-C(16), N(1)-C(1), and N(2)-C(16) are 1.262(4) A, 1.259(4) A, 1.343(4)
A, and 1.341(5) A, respectively. These distances are consistent with the series. Selected

bond distances and angles are presented in Table 4.8.

Figure 4.13 Thermal ellipsoid plot of [PF°(NO)®'].Mo(NBu), (4.13) shown at 50%
probability with hydrogens omitted for clarity.
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Table 4.8 Selected Bond Distances (A) and Angles (°) for [P°(NO)*®'],Mo(N'Bu),, 4.13.

Lengths (A) Angles (°)
0(2)-C(12)  1.259(4) N(2)-Mo(1)-0(2)  57.76(10)
0(1)-C(1) 1.262(4) N(1)-Mo(1)-O(1)  59.01(9)
N(2)-C(12)  1.341(5) O(1)-Mo(1)-0(2)  71.79(9)
N(1)-C(1) 1.343(4) N(2)-Mo(1)-O(1)  87.02(10)
N(4)-C(27)  1.456(5) N(1)-Mo(1)-0(2)  89.83(10)
N(3)-C(23)  1.458(4) N(3)-Mo(1)-0(2)  91.08(12)
Mo(1)-N(3)  1.735(3) N(4)-Mo(1)-O(1)  96.28(12)
Mo(1)-N(4)  1.754(3) N(4)-Mo(1)-N(2)  99.88(12)
Mo(1)-N(2)  2.112(3) N(3)-Mo(1)-N(1)  100.41(12)
Mo(1)-N(1)  2.126(3) N(3)-Mo(1)-N(2)  102.51(12)
Mo(1)-O(1)  2.275(2) N(4)-Mo(1)-N(1)  103.71(13)
Mo(1)-0(2)  2.359(3) N(3)-Mo(1)-N(4)  107.49(14)

N(2-Mo(1)-N(1)  140.15(11)
N(3)-Mo(1)-0(1)  152.17(12)
N(4)-Mo(1)-0(2)  154.24(11)
C(27)-N(#)-Mo(1)  154.3(2)
C(23)-N(3)-Mo(1)  179.0(3)

The average bond distances for the Mo(V1) bis(amidate) family is presented in
Table 4.9 for comparative purposes. Overall, bond lengths for the Mo=N'Bu fragments
of all bis(imido) complexes are slightly varied with an average length of 1.744 A, with
1.723(3) A for 4.6 being the shortest and 1.7603(14) A for 4.3 as the longest, which is
longer than the overall average distance of 1.726 for the oxo-imido series. The longer
Mo=N bonds coincide with a smaller Mo=N-C bond angles, which is indicative of less
triple-bond character, as seen in [*®®P(NO)""].Mo(N'Bu). (4.3) where Mo(1)-N(1C) is
1.7603(14) A and the corresponding angle Mo(1)-N(1C)-C(1C) is 154.03(12)°.

In general, the C-O bonds of amidate ligands are significantly shorter (1.270 A
Avg.) and the C-N bonds are longer (1.329 A Avg.) for the series of complexes. The
average amidate Mo-O and Mo-N bond lengths for the bis(imido) complexes are 2.310

A and 2.117 A, respectively, compared to 2.278 A and 2.116 A for the oxo-imido series
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and 2.258 A and 2.094 A for the dioxo series. A general trans influence is observed,
where the amidate ligand trans to a more bent imido group can be characterized as having
increased amido-ketone character. This is observed with longer Mo-O and C-N bonds,

and shorter Mo-N and C-O bonds for the amidate ligands.

Table 4.9 Average bond distances for the Mo bis(amidate) series.

Overall Average

Bond Oxo-Imido (A)  Dioxo (A)  Bis(Imido) (A) A)
O-C (amidate) 1.269 1.274 1.270 1.271
N-C (amidate) 1.327 1.327 1.329 1.328
N-C (imido) 1.479 1.454 1.466
Mo=0 (oxo) 1.701 1.692 1.696
Mo=N (imido) 1.726 1.744 1.735
Mo-N (amidate) 2.116 2.094 2.117 2.109
Mo-O (amidate) 2.278 2.258 2.310 2.282

4.2.4 Imine Metathesis Reactivity

Initial tests of imine metathesis using activated imines 4.14 (Figure 4.14) and 4.15
indicated some cross-metathesis product formation, however 4.14 was not very soluble
in CeDs making quantification of conversion difficult. The reaction was performed in
CeDs at 50 °C for 3 h using 10% loading of the complex [°°MP(NO)P""].Mo(N'Bu)2 (4.7).
Upon addition of the precatalyst the solution became a dark purple color, and after 3 h
the solution was lime green. The H NMR spectra of the reaction and starting imines
4.14 and 4.15 are shown in Figure 4.14. There is clear formation of some other imine
products indicated by the peaks between 8.0-8.3 ppm. The peaks at about 1.2 ppm indicate

the formation of some 'Bu byproducts from the reaction.
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Figure 4.14 Imine metathesis reaction with activated substrate and relevant sections of
the *H NMR spectra for (A) the catalyst test reaction (10% precatalyst loading (4.7), 50
°C, 3 h), (B) [""CNP"] (4.15), and (C) [PMPCN™PMP] (4.14).

The quantification issue can be overcome by using a more soluble substrate 4.16

(Scheme 4.2B)

however, the complexes 4.4-4.7 did not appear to produce any

cross-metathesis products. This reaction needs to be further investigated using the full

series of bis(imido) complexes and oxo-imido complexes presented in Chapter 3 to gauge

the ability of the bis(amidate) complexes for this reactivity.
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Scheme 4.2 The cross-metathesis reactions of [P"CNP"] (4.15) with (A) an “activated"
imine, [PMPCN™PMP] (4.14), and (B) a simple imine, [B“CN®Y] (4.16).
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4.3  Conclusions

A series of bis(imido) Mo(V1) bis(amidate) complexes have been synthesized and
characterized, including several species bearing amidate ligands that have not been
previously reported. These bis(imido) complexes tend to be more stable toward moisture
than the oxo-imido and dioxo analogues, presumably due to the added steric hindrance at
the metal center induced by the 'Bu imido moieties. The *H NMR spectra of these
complexes suggest a C> symmetric Mo-center, with hindered rotation for the N-°DMP
and N-DIPP derivatives (4.5-4.10). The majority of these complexes have yielded crystals
suitable for X-ray crystallography, and these structures show an amido-ketone binding
motif for the amidate ligands as in the other complexes reported in Chapters 2 and 3.
Multiple complexes feature non-linear imido ligands, which exhibit a strong trans
influence on the amidate ligands, as observed with the oxo-imido complexes in Chapter 3.

The use of Mo bis(imido) as catalysts for the cross-metathesis of imines has been
briefly investigated, indicating a more activated imine is required to drive the reaction
forward. This reactivity should be expanded to include the full series of bis(imido)

complexes, as well as the oxo-imido complexes presented in Chapter 3.
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4.4  Experimental

4.4.1 General Considerations
Refer to Chapter 2 for general working conditions. Amidate proligands 4.1-4.3
were synthesized via previously reported literature protocols.’® The 'H NMR data is

presented here as reference to compare with Mo-complex data.

[*"(NO)®'IH (4.1)
IH NMR (400 MHz, Benzene-De) 6 1.04 (s, 9H, C-(CHa)s), 4.31 (d, J = 5.9 Hz,

2H, N-CH3), 5.60 (s, 1H, N-H), 7.03 — 7.08 (m, 1H, Ar-H), 7.10 — 7.14 (m, 4H, Ar-H).

[mDMP(No)tBu]H (42)
'H NMR (400 MHz, Benzene-Ds) & 1.06 (s, 9H, C-(CHs)s), 2.13 (s, 6H,

Ar-(CHs)2), 6.60 (s, 1H, Ar-H), 6.81 (s, 1H, N-H), 7.29 (s, 2H, Ar-H).

[PFP(No)tBu]H (4.3)
'H NMR (400 MHz, Benzene-Dg) ¢ 1.00 (s, 9H, C-(CHa)s), 6.09 (s, 1H, N-H). *°F
NMR (376 MHz, Benzene-ds) 0 -163.91 — -163.46 (m, 2F, Ar-F), -157.42 (t, J = 22.0 Hz,

1F, Ar-F), -146.51 — -146.32 (m, 2H, Ar-F).
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4.4.2 Synthesis

Synthesis of [P"(NO)®']2Mo(N'Bu)2 (4.4)

[P"(NO)®¥INa (0.71 mmol, 2 eq.) was dissolved in

ca. 20 mL of THF and cooled to -100 °C. In a scintillation @\ \\// /@

N— I\/Io—

vial 0.141 g (0.35 mmol, 1 eq.) of ['BuN].MoCl(DME) >/L'o O__

was dissolved in ca. 5 mL of THF and cooled to -100°C

After both solutions were at -100°C, the metal starting material solution was added to the
flask containing the stirred solution of ligand salt. The solution was slowly warmed to
r.t. and stirred for 24 h after which time the solvent was removed in vacuo from the yellow
suspension. The yellow solid was suspended in toluene and filtered over celite to remove
salts yielding a transparent yellow solution. The solvent was removed to afford 70%
(0.145 g) of yellow product. Crystals were grown from slow evaporation of a 1:1
DCM/hexane solution. IR(ATR) (cm™): 2964.4, 2917.9, 1654.5, 1595.5, 1473.2, 1442.7,
1362.3, 1317.1, 1253.7, 1218.3, 1188.3, 1116.9, 1068.4, 1027.8, 954.4, 904.17, 843.97,
779.24,749.25, 696.97, 587.32. 'H NMR (400 MHz, Benzene-Ds) 6 1.16 (s, 18H, C-(CH-
3)3), 1.20 (s, 18H, N-(CHa)s), 6.89 (t, J = 7.4 Hz, 2H, Ar-H), 7.05 (t, J = 7.8 Hz, 4H,
Ar-H), 7.27 (d, J = 7.7 Hz, 4H, Ar-H). 3C NMR (101 MHz, Benzene-Ds) § 128.80,
128.15, 127.96, 127.72, 127.48, 126.98, 124.56, 123.66, 119.55, 68.81, 41.23, 30.58,

28.27, 27.14.
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Synthesis of [°®°MP(NO)®B'].Mo(N'Bu)2 (4.5)

[PMP(NO)®UINa (3.4 mmol, 2 eq.) was dissolved \< >/

. Caro T NN
in 40 mL of THF and cooled to -35°C. In a scintillation \/ ?

vial 0.675 g (1.7 mmol, 1 eq.) of ['BuN].MoCl(DME) >/LN;/MO\;K\<
was dissolved in 15 mL of THF and cooled to -35°C. :
After both solutions were at -35°C, the metal starting material solution was added to the
flask containing the stirred solution of ligand salt. The solution was slowly warmed to
r.t. and stirred for 24 h after which time the solvent was removed in vacuo from the yellow
suspension. The yellow solid was suspended in toluene and filtered through celite to
remove salt byproducts yielding a transparent yellow solution. The solvent was removed
to afford 78.6% (0.859 g) of yellow product. Crystals were grown from slow evaporation
of a toluene solution. IR(ATR) (cm™): 3043.4, 2964.6, 2920.9, 2862.2, 1473.6, 1354,
1249.2, 1217.9, 1185.7, 1095.7, 1025.9, 949.49, 845.1, 802.18, 764.98, 669.78, 600.06,
575.97, 524.68. 'H NMR (400 MHz, Benzene-Ds) J 1.05 (s, 18H, C-(CHz)3), 1.12 (s,
18H, N-(CHa)s), 2.26 (s, 6H, Ar-(CHs)2), 2.86 (s, 6H, Ar-(CHs).), 6.88 (d, J = 7.6 Hz,
2H, Ar-H), 6.93 (t, J = 7.4 Hz, 2H, Ar-H), 6.99 (d, J = 7.4 Hz, 2H, Ar-H).3C NMR (101
MHz, Benzene-Ds) 0 19.21, 19.99, 27.66, 30.69, 41.14, 69.23, 125.16, 127.22, 128.14,
133.06, 134.93, 147.01, 187.48. Anal. Calcd. for C3sHsaMoN4Oz: C, 63.14; H, 8.42; N,

8.66. Found: C, 61.93; H, 8.20; N, 8.20.
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Synthesis of [°°MP(NO)P"2Mo(N'Bu): (4.6)

[°°MP(NO)P"]Na (0.45 mmol, 2 eq.) was dissolved

S
in ca. 20 mL of THF and cooled to -100 °C. In a qNE\}A{in
scintillation vial 0.90 g (0.23 mmol, 1 eq.) of z’__o/ \O__‘:

['BuN]2MoCl>(DME) was dissolved in ca. 5 mL of THF @/L A\Q
and cooled to -100°C. After both solutions were at -100°C the metal starting material
solution was added to the flask containing the stirred solution of ligand salt. The solution
was slowly warmed to r.t. and stirred for 24 h after which time the solvent was removed
in vacuo from the gold colored suspension. The resultant yellow solid was suspended in
toluene and filtered over celite to remove salts yielding a transparent yellow solution.
The solvent was removed to afford 64% (0.100 g) of yellow product. Crystals were grown
from slow evaporation of a hexane solution. IR(ATR) (cm™): 3269.9, 3059.7, 3028.9,
2971.1, 2920.5, 2860.5, 1642.5, 1580.5, 1486.8, 1454.8, 1377.7, 1354.9, 1298.6, 1265,
1234.9, 1203, 1131.2, 1091.7, 1026.3, 939.48, 890.1, 836.74, 799.53, 765.52, 702.33,
631.03, 591.6, 558.47, 533.7. 'H NMR (400 MHz, Benzene-D¢) 6 1.16 (s, 18H,
N-(CHa)3), 2.35 (s, 6H, Ar-(CHz)2), 2.90 (s, 6H, Ar-(CHz3)2), 6.84 (s, 4H, Ar-H), 6.88 —
6.93 (M, 2H, Ar-H), 6.98 (d, J = 2.9 Hz, 6H, Ar-H), 7.72 — 7.77 (m, 4H, Ar-H). 3C NMR
(101 MHz, Benzene-Dg) 6 177.47, 146.63, 134.16, 130.77, 128.39, 127.73, 125.56, 69.91,

30.69, 19.57, 19.11.
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Synthesis of [°®®MP(NO)PFP].Mo(N'Bu)2 (4.7)
[°PMP(NO)"™]Na (0.76 mmol, 2 eq.) was \<

dissolved in ca. 5 mL of THF and cooled to -100 °C.

N

In a scintillation vial 0.153 g (0.38 mmol, 1 eq.) of

['BuN]2MoCl>(DME) was dissolved in ca. 5 mL of
F

THF and cooled to -100°C. After both solutions were

at -100°C the metal starting material solution was added to the vial containing the stirred
solution of ligand salt. The solution was slowly warmed to r.t. and stirred for 24 h after
which time the solvent was removed in vacuo from the orange suspension. The
brown/yellow solid was suspended in toluene and filtered over celite to remove salts,
yielding a transparent yellow solution. The solvent was removed to afford 48% (0.158
g) of yellow product. Crystals were grown from slow evaporation of a 1:1 DCM/hexane
solution. IR(ATR) (cm): 3023.6, 2974.7, 2922.9, 2860.8, 1652.2, 1594.8, 1525.5,
1478.4, 1452.9, 1357.1, 1305.3, 1217.1, 1108.7, 993.14, 870.26, 768.58, 685.91, 635.6,
582.65, 534.03. 'H NMR (400 MHz, Benzene-Dg) 6 1.13 (s, 18H, N-(CH3)3), 2.36 (s, 6H,
Ar-(CHa)y), 2.85 (s, 6H, Ar-(CHa)y), 6.87 (d, J = 11.3 Hz, 6H, Ar-H). 1°F NMR (376
MHz, Benzene-De) ¢ -137.75 (d, J = 21.9 Hz, 4F, Ar-F), -151.03 (t, J = 21.6 Hz,
2F, Ar-F), -161.29 (t, J = 20.7 Hz, 4F, Ar-F). 1*C NMR (101 MHz, Benzene-Ds) 6 169.80,
143.12, 134.93, 133.98, 128.61, 127.96, 127.94, 127.72, 127.70, 127.46, 126.51, 71.25,

31.89, 31.27, 30.40, 18.99, 1.74.
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Synthesis of [P'PP(NO)®B'].Mo(N'Bu)2 (4.8)
[P'PP(NO)®“]Na (0.40 mmol, 2 eq.) was dissolved

in ca. 20 mL of THF and cooled to -100 °C. In a
scintillation vial 0.080 g (0.20 mmol, 1 eq.) of >/Lo \O_;‘\Q\<
['BuN]2MoCl>(DME) was dissolved in ca. 5 mL of THF : :

and cooled to -100°C. After both solutions were at -100°C the metal starting material
solution was added to the flask containing the stirred solution of ligand salt. The solution
was slowly warmed to r.t. and stirred for 24 h after which time the solvent was removed
in vacuo from the golden suspension. The gold solid was suspended in toluene and
filtered over celite yielding a transparent yellow solution. The solvent was removed to
afford 98% (0.150 g) of yellow product. IR(ATR) (cm™): 3458.6, 3434.2, 3389.9, 3312.9,
3056.3, 2960.9, 2925.6, 2867.2, 1645.9, 1552.7, 1474.3, 1355, 1325.4, 1201.8, 1178,
1106.5, 1032.6, 950.82, 885, 844.5, 804.05, 768.77, 737.09, 674.17, 595.03, 524.41. 'H
NMR (400 MHz, Benzene-Ds) & 1.10 (s, 18H, C-(CHs)3), 1.18 (s, 18H, N-(CHa)3), 1.25
(d, J= 6.8 Hz, 6H, CH-(CHa)2), 1.39 (d, J = 6.9 Hz, 6H, CH-(CHs3)2), 1.49 (d, J = 7.1 Hz,
6H, CH-(CHa)2), 1.77 (d, J = 6.4 Hz, 6H, CH-(CHs)2), 3.59 (sept, J = 6.9 Hz, 2H,
CH-(CH3)2), 3.99 (sept, J = 6.7 Hz, 2H, CH-(CHa),), 7.02 (dd, J = 7.4, 1.5 Hz, 2H, Ar-H),
7.12 (m, 4H, Ar-H). 3C NMR (101 MHz, Benzene-Dg) & 23.35, 23.79, 24.04, 24.21,

27.05, 27.36, 27.46, 28.17, 30.09, 30.50, 41.72, 69.73, 122.98, 123.65, 125.99.
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Synthesis of [P'PP(NO)P"2Mo(N'Bu):2 (4.9)

[P'PP(NO)P"Na (1.59 mmol, 2 eq.) was dissolved \< >/

in ca. 20 mL of THF and cooled to -100 °C. In a
scintillation vial 0.317 g (0.80 mmol, 1 eq.) of /__O/ \O__\J

['BuN]2MoCl>(DME) was dissolved in ca. 5 mL of THF Q/L ‘X\Q
and cooled to -100°C. After both solutions were at -100°C the metal starting material
solution was added to the flask containing the stirred solution of ligand salt. The solution
was slowly warmed to r.t. and stirred for 24 h after which time the solvent was removed
in vacuo from the golden suspension. The golden solid was suspended in toluene and
filtered over celite to remove salts, yielding a transparent yellow solution. The solvent
was removed to afford 75% (0.480 g) of yellow product. Crystals were grown from slow
evaporation of a 1:1 DCM/hexane solution. IR(ATR) (cm™): 3203.6, 3062, 2961.5,
2922.4, 2866, 2721.4, 1779.3, 1731.8, 1584.5, 1484.7, 1427.3, 1381, 1355.5, 1329.3,
1245.7, 1202.8, 1121, 1095.9, 1030.3, 939.81, 848.51, 775.73, 746.29, 704.14, 633.29,
595.98, 565.04. 'H NMR (400 MHz, Benzene-Ds) 6 0.95 (d, J = 6.9 Hz, 6H, CH-(CH3)),
1.14 (d, J = 6.8 Hz, 6H, CH-(CHs)), 1.18 (s, 18H, N-(CHz)3), 1.40 (d, J = 6.9 Hz, 6H,
CH-(CHa)), 1.73 (d, J = 6.6 Hz, 6H, CH-(CHs3)2), 3.75 (sept, J = 6.9 Hz, 2H, CH-(CH3)),
4.24 (sept, J = 6.8 Hz, 2H, CH-(CH3)), 6.82 — 6.95 (m, 6H, Ar-H), 7.17 — 7.19 (m, 2H,
Ar-H), 7.22 — 7.27 (m, 4H, Ar-H), 7.73 — 7.80 (m, 4H, Ar-H). *C{*H} NMR (101 MHz,
Benzene-De) 6 22.57, 23.34, 24.64, 25.82, 27.76, 27.82, 30.70, 70.21, 123.16, 124.78,

126.57, 127.63, 129.84, 131.00, 133.27, 142.49, 144.21, 144.73, 177.62.
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Synthesis of [P'PP(NO)PFP].Mo(N'Bu)z2 (4.10)

[P'PP(NO)"INa (0.16 mmol, 2 eq.) was

In a scintillation vial 0.032 g (0.08 mmol, 1 eq.) of

['BuN]2MoCl>(DME) was dissolved in ca. 2 mL of

THF and cooled to -100°C. After both solutions were

at -100°C the metal starting material solution was added to the flask containing the stirred
solution of ligand salt. The solution was slowly warmed to r.t. and stirred for 2 h after
which time the solvent was removed in vacuo from the golden suspension. The golden
solid was suspended in toluene and filtered over celite to remove salts, yielding a
transparent golden solution. The solvent was removed to afford 95% (0.075 g) of golden
yellow product. IR(ATR) (cm™): 3286.9, 3179.3, 2972.5, 2869.9, 1757.9, 1654.1, 1592.2,
1503.3, 1464.5, 1434.2, 1383.6, 1359.9, 1329.9, 1239.3, 1197.8, 1097.3, 1056.9, 992.18,
869.42, 803.54, 731.91, 683, 636.61, 573.3, 533.69. 'H NMR (400 MHz, Benzene-Dg) 6
1.08 (d, J = 6.9 Hz, 6H, CH-(CHs)), 1.25 (s, 18H, N-(CHz)3), 1.38 (d, J = 6.8 Hz, 6H,
CH-(CHa)), 1.50 (d, J = 6.8 Hz, 6H, CH-(CHs)), 1.75 (d, J = 6.5 Hz, 6H, CH-(CHs)), 3.70
(sept, J =13.1, 6.4 Hz, 2H, CH-(CHs)), 4.08 (sept, J = 12.7, 6.3 Hz, 2H), 7.08 (d, J = 7.1
Hz, 2H, Ar-H), 7.14 (s, 2H, Ar-H), 7.18 (d, J = 3.6 Hz, 2H, Ar-H). 2°F NMR (376 MHz,
Benzene-Ds) & -161.54 — -161.32 (m, 4F, Ar-F), -151.48 (t, J = 21.7 Hz, 2F,
Ar-F), -136.84 (d, J = 16.4 Hz, 4F, Ar-F).13C NMR (101 MHz, Benzene-Ds) & 23.79,
23.95, 25.36, 26.20, 26.42, 27.41, 30.10, 30.51, 72.19, 123.60, 123.85, 124.65, 140.75,

144.08, 144.54.
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Synthesis of [B"(NO)®!]2Mo(N'Bu)2 (4.11)
[B"(NO)®"INa (0.57 mmol, 2 eq.) was dissolved in

ca. 5 mL of THF and cooled to -100 °C. In a scintillation
vial 0.113 g (0.28 mmol, 1 eq.) of ['BuN]2MoClz(DME) was %O/ \O__A\<
dissolved in ca. 2 mL of THF and cooled to -100°C. After : :

both solutions were at -100°C the metal starting material solution was added to the flask

containing the stirred solution of ligand salt. The solution was slowly warmed to r.t. and
stirred for 2 h after which time the solvent was removed in vacuo from the golden
suspension. The golden solid was suspended in toluene and filtered over celite to remove
salts, yielding a transparent yellow solution. The solvent was removed to afford 77%
(0.135 g) of yellow product. Crystals were grown from slow evaporation of a 1:1
DCM/hexane solution. IR(ATR) (cm™): 3485.2, 3451, 3296.6, 3189.2, 3062, 3031.7,
2968.5, 2920.8, 2868.8, 1633.5, 1539, 1482.7, 1452, 1346.7, 1299.7, 1251.2, 1208.6,
1128.6, 1072.1, 1028.3, 984.49, 898.25, 840.48, 801.85, 735.22, 696.65, 632.48, 598.99,
555.49, 521.34.'H NMR (400 MHz, Benzene-Dg) & 1.20 (s, 18H, C-(CHz)3), 1.23 (s,
18H, N-(CHa)3), 5.00 (s, 2H, N-CHy), 5.05 (s, 2H, N-CHy), 7.06 — 7.13 (m, 2H, Ar-H),
7.27 (t, J = 7.5 Hz, 4H, Ar-H), 7.46 (d, J = 7.5 Hz, 4H, Ar-H). 3C NMR (101 MHz,

Benzene-Ds) 6 27.52, 31.04, 39.45, 55.07, 68.55, 126.31, 126.81, 128.10, 129.01, 141.22.
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Synthesis of ["°MP(NO)®BU]2Mo(N'Bu)2 (4.12)

[MPMP(NO)®B“INa (0.62 mmol, 2 eq.) was

dissolved in ca. 5 mL of THF and cooled to -100 °C. In g\ \\// /@

N—NMo—N

a scintillation vial 0.124 g (0.31 mmol, 1 eq.) of %o oA\(
['BuN]2MoClz(DME) was dissolved in ca. 2 mL of THF =

and cooled to -100°C. After both solutions were at -100°C the metal starting material
solution was added to the flask containing the stirred solution of ligand salt. The solution
was slowly warmed to r.t. and stirred for 24 h after which time the solvent was removed
in vacuo from the golden suspension. The golden solid was suspended in toluene and
filtered over celite yielding a transparent yellow solution. The solvent was removed to
afford 98% (0.195 g) of yellow product. Crystals were grown from slow evaporation of
a 1:1 DCM/hexane solution. IR(ATR) (cm™): 3283.9, 3005.4, 2963.1, 2916.5, 2859.9,
1651, 1600.3, 1548.9, 1475.1, 1352.9, 1305.1, 1257.4, 1219.3, 1154, 1126.2, 1053.6,
970.07, 900.89, 844.83, 797.9, 729.05, 679.5, 598.66.'H NMR (400 MHz, Benzene-Ds)
§1.22 (s, 18H, C-(CHs)3), 1.27 (s, 19H, N-(CHa)3), 2.10 (s, 12H, Ar-(CHs)z), 6.55 — 6.60
(m, 2H, Ar-H), 6.98 (s, 4H, Ar-H). 3C NMR (101 MHz, Benzene-Ds) J 20.78, 27.23,

28.38, 30.59, 41.28, 68.76, 117.54, 124.74, 126.09, 137.40.
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Synthesis of [PFP(NO)®']2Mo(N'Bu)2 (4.13)

W

[PFP(NO)®B'INa (0.46 mmol, 2 eq.) was \<

F LI F

dissolved in ca. 5 mL of THF and cooled to -30 °C. F F N N F F
\/
N—NMo—N F

In a scintillation vial 0.92 g (1.23 mmol, 1 eq.) of - F / /N N\ F
e o
['BuN]2MoCl>(DME) was dissolved in ca. 5 mL of 7/L A\<

THF and cooled to -30°C. After both solutions were at -30°C the metal starting material

solution was added to the flask containing the stirred solution of ligand salt. The solution
was slowly warmed to r.t. and stirred for 18 h after which time the solvent was removed
in vacuo from the yellow suspension. The yellow solid was suspended in toluene and
filtered over celite yielding a transparent yellow solution. The solvent was removed to
afford 89% (0.157 g) of yellow product. Crystals were grown from slow evaporation of
a toluene solution. *H NMR (400 MHz, Benzene-Ds) 6 1.04 (s, 18H C-(CHs)s), 1.05 (s,
18H, N-(CHs)3). 3C NMR (101 MHz, Benzene-De) 6 1.76, 26.63, 26.84, 26.94, 30.07,

31.15, 31.90, 41.10, 70.14.

4.4.3 Reactivity Studies

The imines used in the metathesis test reactions,
(E)-N-(3,5-dimethylphenyl)-1-(4-methoxyphenyl)methanimine (4.14), (E)-N,1diphenyl-
methanimine (4.15), and (E)-N-(tert-butyl)-2,2-dimethylpropan-1-imine (4.16) were all
synthesized via reported methods.!* The imine metathesis test reactions were performed

using the following example protocol.
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Imine metathesis test reactions. The imines 4.14 (79 mg, 0.331 mmol, 1 equiv)
and 4.15 (60 mg, 0.311 mmol, 1 equiv) were suspended in 2 mL Ce¢Ds at r.t. and the
precatalyst [°°MP(NO)"].Mo(N'Bu). (4.7, 29 mg, 0.031 mmol, 0.1 equiv) was added.
The stirring reaction mixture was heated to 50 °C. After 3 h an aliquot was taken for H
NMR. In the test reactions of 4.16, the temperature was also increased to up to 90 °C with

no difference in reactivity.

4.4.4 X-ray Crystallographic Studies

X-ray diffraction data were collected for complexes 4.4-4.7, 4.9, and 4.11-4.13
on a diffractometer with a Bruker APEX CCD area detector!?'® with
graphite-monochromated Mo Ko radiation (A = 0.71073 A). Selected crystals were
mounted using high vacuum grease or Paratone oil onto a cryoloop and cooled to the data
collection temperature of 100 K. Cell parameters were determined from a non-linear least
squares fit. The data were corrected for absorption by the empirical method** giving
minimum and maximum transmission factors. The space groups were determined by
systematic absences and statistical tests and verified by subsequent refinement. The
structure was solved by direct methods and refined by full-matrix least-squares methods
on F2.15-18 The positions of hydrogens were initially determined by geometry and were
refined using a riding model. Non-hydrogen atoms were refined with anisotropic
displacement parameters. Hydrogen atom displacement parameters were set to 1.2 (1.5

for methyl) times the isotropic equivalent displacement parameters of the bonded atoms.
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Chapter 5: Future Directions

51 Introduction

The first Mo(VI1) amidate complexes have been presented in Chapters 2-4. The
use of dioxo Mo(VI) bis(amidate) complexes for oxygen group transfer reactivity,
including the catalytic epoxidation of various alkenes, has been demonstrated in Chapter
2. The ligands have exhibited the capability to stabilize Mo(VI1) metal centers and
maintain connectivity during changing oxidation states, as evidenced by the dimer
formation upon reduction with trimethylphosphine. The application of these new dioxo
Mo bis(amidate) complexes to the deoxydehydration (DODH) reaction of diols is of
interest to our group, ultimately for the catalytic conversion of biomass derived diols to
useful chemical feedstocks. Some initial results are presented vide infra.! These dioxo
complexes also have the potential to be starting materials for new amidate complexes of
Mo. The use of oxo fragments to generate new ligands via group transfer is of interest,
i.e. the reaction of a metal oxo (M=0) with an isocyanate (RNCO) can eliminate CO, and
generate a metal imido (M=NR).%®

The Mo(VI1) bis(amidate) complexes described in Chapter 3 represent an
interesting addition to the relatively rare oxo-imido class of complexes and the complexes
were successfully applied to the epoxidation of cis-cyclooctene. Investigation of the
epoxidation reaction of different alkenes and reaction conditions are of interest to better
understand the activity of these molecules under catalytic applications. These complexes,

as with the dioxo species, could serve as precursors to new amidate complexes via group
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transfer chemistry.>® As discussed in previous chapters, Mo alkylidene complexes have
proven be very valuable for the metathesis of alkenes, affording Richard Schrock a
portion of the Nobel Prize in 2005.”® The analogous metathesis reaction of imines has
been explored to an extent by some researchers, but the reaction still needs to be improved
in order to be useful.®*® The bis(imido) complexes presented in Chapter 4 were able to
cross-metathesize select imines, but were not active with simple “non-activated” imines.
Initial test reactions of the oxo-imido complexes as imine metathesis catalysts were
equally ineffective.  The metal-catalyzed ring-opening-metathesis-polymerization
(ROMP) of cyclic imines has yet to be developed. The analogous metathesis of
phosphaalkenes (P=C bonded materials) has not been demonstrated by any metal system
to our knowledge. These reactions are all of interest to our group with the bis(amidate)
complexes developed in this research.

Development of fine-tuned amidate ligands to increase the activity of Mo
bis(amidate) complexes is of interest to our group. The expansion of the series to more
donating amidate ligands and the use of softer thioamides are of use to explore the effect
on the reactivity of the metal center. Also, exploring the effects of alternative electron
withdrawing groups for different catalytic approaches is of interest due to the high cost
of the PFP acyl chlorides. The use of ‘Bu imido groups was useful for *H NMR
spectroscopy, but it could be useful to see the effects of less bulky and electronically
varied imido groups, such as Ph imido. This chapter will discuss the targeted reactions
with some initial results and the bis(amidate) synthetic targets. The synthesis of terminal
phosphinidene complexes has been a goal of our group and some initial reactions

indicating phosphinidene formation will also be discussed.
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5.2  New Bis(Amidate) Complexes

The initial reactivity studies and complex characterization carried out in Chapters
2-4 have shown the ability of amidate ligands to stabilize Mo(VI) complexes, as well as
confirmed the ligands stability during redox chemistry. It is of interest then to further
expand the series of amidate complexes to explore the range of reactivity the complexes
can perform. This includes utilizing new amidate ligands and installing new reactive
fragments on the Mo metal center, such as new imido (Mo=NR), alkylidene (Mo=CRy),

and phosphinidene (Mo=PR) moieties.

5.2.1 Alternative Electron Withdrawing Amidate Ligands

Preliminary reactivity studies of the dioxo species support the notion that
electron-withdrawing PFP groups can increase the reactivity of the Mo metal center.
However, the cost of the starting materials for the PFP backbone can be prohibitive (~$8/g
per Sigma-Aldrich). To address this cost the use of p-nitrophenyl ($0.23/g) in the
backbone could prove to have the same electron-withdrawing characteristics, and
dramatically reduce the cost of the starting materials and ultimately the catalysts. An
initial proligand (5.1) using the DMP group on the N atom has been synthesized and the

IH NMR is shown in Figure 5.1.
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Figure 5.1 *H NMR spectrum for amidate proligand 5.1.
5.2.2 Thioamidates
R'\. R
/’t Lawesson's Reagent /’t
R .

@ ; R

Scheme 5.1 Conversion of amidate proligand to thioimidate proligand using Lawesson’s

reagent.

The stability and reactivity of the Mo bis(amidate) complexes could be altered by

changing the amidate ligand to a more biologically relevant thioamidate as shown in

Scheme 5.1. The use of the softer sulfur atoms in the ligand could improve the binding

strength of the ligand as well as help with maintaining coordination of the ligand at higher
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temperatures. Initial attempts to generate the thioamides from amides have been
inconsistent, but a general preparation of the thioamide using Lawesson’s reagent is
known.'* Initial test reactions to use a commercially available thioamide,
2-mercaptothiazole (5.2), to generate a bis(thioamidate) Mo complex (5.3) as shown in

Figure 5.2, have been unsuccessful.

NaN(SiMe3)2 _ o
Q:N% HN(SiMes); ©:N>7

Na
5.2
al_o
2 =S, \ M N V2N
i o | ¢l TtrttttttTT Mo

Figure 5.2 Attempted synthesis of a Mo bis(thioamidate) complex (5.3).

5.2.3 New Complexes via CO2 Elimination

The 'Bu imido group used in this work has a convenient *H NMR resonance, but it is
bulky. It is of interest to change this group to a Ph to reduce bulk and use other groups to
change the electronic characteristics. Use of a more electron-withdrawing imido fragment
should in turn decrease the trans influence observed with the oxo-imido systems. It would
also be interesting to substitute the 'Bu imido group with a bulkier DMP or DIPP group
to control reactivity of the oxo-imido complexes featuring less bulky amidate ligands.
Reactions involving (R)NCO compounds with the Mo=0O moiety under the right

conditions could eliminate CO, and should generate the corresponding Mo=NR complex
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as shown in Figure 5.3A. This type of reactivity is of interest to install alkylidenes using
ketenes (Figure 5.3B) and ideally phosphinidenes from phosphaketenes (Figure 5.3C). It
has been observed with other systems that the ketene reaction does not occur through the
same pathway due to the lack of a lone pair on the carbon.'® Reactions of phosphaketenes

and oxo species have not been reported to our knowledge.

R
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Q,O o) 2 /N )
O O
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(C) P=C=0 \ /
-------------------------------------------- > N—I/\/l(i N
-CO; Q,o o)

Figure 5.3 Targeted CO; elimination reactions of Mo=0 complexes and (A) isocyanates,
(B) ketenes, and (C) phosphaketenes.

Attempts to use isocyanates as a group transfer reagent to an oxo complex have had
unclear results (Figure 5.4). The reaction of [""(NO)'®'],M00- (2.8) and 4 eq. of (Ph)NCO
produces a highly colored product that is either the oxo-imido species 5.4 or the
bis(imido) complex 5.5 (Figure 5.4A). The reaction of 2.8 and 1 eq. of (DMP)NCO shows

substantial conversion to the oxo-imido complex (5.6) as shown in Figure 5.4B. The
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reaction of the bulkier dioxo compound [PMP(NO)®![,M00- (2.9) and 1 eq. of (Ph)NCO
shows only a slight conversion of the dioxo to the oxo-imido complex 5.7 (Figure 5.4C).
The analogous reaction of 1 eq. of (Ph)NCO with [PMP(NO)®“],MoON'Bu (3.3) doesn’t
appear produce the desired bis(imido) species 5.8 (Figure 5.4D). The apparent differences
in reactivity for these complexes are due to the steric bulk around the Mo=0 moiety. For
the [PMP(NO)™®']- complexes, the N-2,6-dimethylphenyl group prevents easy access of the
isocyanate in the proper orientation for reactivity. This is alleviated with the
[P"(NO)®Y]" system and we observe much quicker reactions (qualitatively) and better

conversions, even with the bulkier DMP-isocyanate.
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Figure 5.4 Attempted CO> elimination reactions using isocyanates.

Initial test reactions of diphenyl ketene with [PMP(NO)®“],MoON'Bu (3.3) and
[P'"P(NO)®“],M0oON'Bu (3.6) showed some reaction, but also loss of amidate ligand. The
'H NMR spectra are very complicated, making assignments difficult. The CH-(CHa3)2
region of the *H NMR spectrum for the reaction of diphenylketone with 3.6 is shown in
Figure 5.5. The reaction of ketenes with dioxo species, as well as the other oxo-imido

complexes, could provide the desired products if the proper conditions are determined.
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Figure 5.5 Reaction of [PPP(NO)®“],MoON'Bu and diphenyl ketene. The CH-(CHs),
region (~3-4.5 ppm) of the *H NMR for the reaction (A), the starting complex 3.6 (B),
and the free ligand 2.5 (C), shown to highlight the generation of a new bis(amidate)
product.

The group transfer of an isocyanate compound should be analogous to that of a
phosphaketene (RPCO), thus the reaction of [Mo=0] and (R)PCO compounds could
present a valuable pathway to the elusive Mo=PR fragment. There are only few examples
of phosphaketenes in the literature and only one that is isolable at room temperature,
(2,4,6-tri-tert-butylpheny)PCO [(Mes*)PCQO]. The reported synthesis of (Mes*)PCO
uses phosgene as a starting material,’® which is not available commercially.
Consequently, we have developed a synthetic protocol using triphosgene (Scheme 5.2).
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The reaction of (Mes*)PCO with Mo=0O species has yet to be performed, as the

development of this reaction is not complete.

'Bu  SiMe; '‘Bu P
ch o <l b o 2C
BN UPSE o, ———
Cl (0] (0) Cl
Bu 'Bu Bu '‘Bu
triphosgene Mes*P(SiMe3), Mes*PCO
5.10 5.1

Scheme 5.2 Alternative synthesis of (Mes*)PCO using triphosgene.

5.2.4 Isolated Mo(VI) Phosphinidene Complexes

The metathesis of P=C materials would be a major achievement in the area of catalysis
and organometallics.'” This transformation would allow for rapid access to new
compounds and polymers that are currently too difficult or inefficient to generate in large
quantities.'®1°® The metathesis of C=C bonds is well studied” 2°-?* and the metathesis of
P=P bonds has been shown in previous studies??, but the P=C metathesis reaction has
remained elusive. The diagonal relationship of carbon and phosphorus has led to the two
elements sharing an impressive amount of analogous reactivity, best summarized in the
book “Phosphorus: The Carbon Copy.”?® It is logical then, using this C-P analogy, to
hypothesize that a Mo phosphinidene complex [Mo=P] should behave in a similar fashion
as a Mo alkylidene  complex[Mo=C].*® However, the synthesis of terminal
phosphinidenes of Mo are very rare.?42?°

Our initial focus is the synthesis of a terminal phosphinidene complex of Mo(VI),
analogous to the metathesis catalysts prepared by Schrock and coworkers. We have
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attempted to use a phospha-Wittig reagent (5.12) as a oxidant to produce [Mo=PR]
moieties as in Figure 5.6A. The dioxo complex [PMP(NO)®'],M00, (2.9) or the
oxo-imido complex [PMP(NO)®'],M00, (3.3) was dissolved in C¢Dg¢ followed by
addition of 5.12 at r.t. Both reactions become red/brown after addition, indicating possible
generation of a Mo(V) species. Preliminary results indicate the possibility of a transient
[Mo=PR] species, due to the formation of the diphosphine 5.13, confirmed by 3'P{*H}

NMR spectroscopy (Figure 5.7).

 — )
( P ) (A) (B) i/
b Si—
RTP=Pi~] Lm0 o e L,M=0
’ OPM = M, =PR OSiMes), |1 N
- €7 M. - 1iVie
5.12 3 > Si—
R = Mes* D\
\\ J
5.10
R = Mes*

5.13

Figure 5.6 Potential pathways to a terminal Mo phosphinidene complex via (A) a
phospha-Wittig reagent and (B) O(SiMes)2 or Cl SiMez elimination reaction.
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Figure 5.7 3'P{*H} NMR spectrum for the reaction of [°MP(NO)®“],M00- (2.9) and the
Mes*P=PMes (5.12). Inset: 490-495 ppm region.

An alternative pathway to a terminal phosphinidene complex is presented in Figure
5.6B, where the silylated phosphine Mes*P(SiMes). (5.10) would react with an oxo
fragment to eliminate volatile O(SiMes), as a driving force. Initial test reactions of
[PMP(NO)®'1,M00, (2.9) and [PMP(NO)®'];,MoON'Bu (3.3) with 5.10 indicated
diminished reactivity and generation of Mes*PH., as confirmed by 3'P{*H} NMR.
However, the use of Cl.MoO2(DME) instead quickly converts 5.10 to the diphosphine
5.13, indicating the amidate complexes tested might have been too sterically hindered at
the Mo=0 site to react. These reactions should be explored further using the extended
series of Mo amidate complexes featuring an oxo moiety presented in this research.
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5.3  Reactivity Targets

5.3.1 Ongoing Investigations

The reactivities presented in Chapters 2-4 are surface level investigations with
very promising results. Further investigation of the OAT ability of complex 2.12 is
needed to better understand why that complex is more effective than the rest of the series.
The epoxidation reactions need to be fine-tuned with either different solvents,
temperatures, reactions times, or modifications of the catalyst to find the optimum
catalyst working conditions. The scope of epoxidation needs to be expanded for the
oxo/imido complexes in Chapter 3, as well as the optimization of the reactions. The imine
metathesis reaction of chemically different imines needs to be screened and optimized

using the full suite of Mo-imido complexes presented in this work.

5.3.2 DODH Reactions

0 OH o)
OEt [MoO,] OEt
A) EtO)H/kH/ PPhs EtO Z
—_—
OH O o)
5.14 5.15
OH [MoOg]
B) W o /\/\/\/
OH —
5.16 5.17

Scheme 5.3 General DODH reaction of (A) diethyl tartrate and (B) 1,2-octanediol.
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Conversion of biomass to alkenes for synthetic use can help decrease our reliance on
fossil fuels for fine chemical synthesis.™ *® Cheap Mo-oxo compounds have been used as
catalysts for the conversion of diols to alkenes at high temperature (220-250 °C), but the
application to the DODH of biomass-derived polyols has yet to be realized.m: *°
Considering this area of research is quite new, we are interested in testing the ability of
our amidate complexes during DODH reactions. The Mo dioxo complex
[PMP(NO)®“]:M00, (2.9) was used as a precatalyst at 5% loading for a test of this
reaction. The substrates tested were the electrophilic diol, diethyl tartrate (5.14, Scheme
5.3A), and an aliphatic diol, 1,2-octanediol (5.16, Scheme 5.3B). For the DODH of 5.14,
complex 2.9 converts about 50% of the diol to alkene (5.15) over 24 h at 150 °C in
benzene as determined by conversion of sacrificial reductant, PPhs, to OPPhs by 3'P{*H}
NMR spectroscopy. There was no observed conversion of the 5.16 to 5.17 using 10%
catalyst loading of 2.9 at 150 °C for 24 h in benzene. It is of interest to explore the
reactivity of the full series of complexes, as well as the oxo-imido complexes, to see if
the reactivity is improved by the varied electronics and steric environments of this suite

of compounds.
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5.4 Summary

It is of interest to generate new bis(amidate) complexes to increase the stability
and reactivity of Mo(VI) complexes. This includes the synthesis of new amidate ligands
and the utilization of thioamides as ligands. We are looking to further explore the
installation of target groups (i.e. Mo=PR) using Mo(VI) bis(amidate) complexes as
precursors. This could open the door to new reactions, and catalytic production of new
materials (e. g. P=C metathesis).*®

The use of the synthesized complexes in group transfer catalysis has been briefly
explored, but the full extent of abilities of these complexes has yet to be explored. We are
interested in further screening of substrates and conditions for the epoxidation of alkenes
and the DODH of diols using the Mo-oxo complexes. We are also interested in the
exploring the reactivity of the full series of Mo-imido complexes in imine metathesis
reactions. The work presented here provides a foundation for design of new Mo(VI)

catalysts bearing bidentate amidate ligands for a multitude of potential applications.
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55  Experimental

55.1 General Considerations
Starting reagents were purchased from Sigma-Aldrich or Strem and used as
received unless otherwise stated. Mes*P(SiMes). (5.10) and diphenyl ketene was

prepared using literature methods.3!

5.5.2 Synthesis

[PMP(NO)PNPIH (5.1)

A 125 mL Schlenk flask was charged with 4.926 (0.041 mol) of
2,6-dimethylaniline, 4.11 g (0.041 mol) of triethylamine, and 25 mL of DCM. In the
glovebox, 6.858 g (0.037 mol) of 4-nitrobenzoyl chloride was dissolved in 10 mL of
DCM in a Schlenk flask. The mixtures were chilled to -78 °C in a dry ice/ethanol bath.
The acyl chloride solution was transferred via canula over the course of 10 minutes. The
solution was warmed to room temperature and stirred for 18 h. After 18 h the volatiles
were removed in vacuo and the remaining solid was recrystallized in toluene. The
recrystallized material was filtered and washed with cold toluene yielding 4.30 g (43%
yield) of orange solid product. *H NMR (400 MHz, Benzene-Dg) & 2.06 (s, 6H,
Ar-(CHs)y), 6.43 (s, 1H, N-H), 6.97 (s, 2H, Ar-H), 7.03 (dd, J = 8.4, 6.5 Hz, 1H, Ar-H),

7.33(d, J = 8.7 Hz, 2H, Ar-H), 7.74 (s, 2H, Ar-H).
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Attempted preparation of a Mo bis(thioamidate) complex (5.3).

The salt metathesis protocol used for amidate complexes syntheses in Ch 2-4 was
followed. 0.269 g (1.609 mmol) of 2-mercaptobenzothiazole (5.2) was deprotonated with
0.275 g (1.609 mmol) of NaN(SiMes)> in THF at r.t. The isolated salt 5.2-Na was
redissolved in THF and chilled to -30 °C. 0.232 g (0.804 mmol) of Cl,M002(DME) was
dissolved in THF, chilled to -30 °C, and added to the stirring ligand salt solution. The
reaction was stirred for 3 h, after which the volatiles were removed, and an orange solid
was afforded. The solid was suspended in toluene making a purple-red solution, which
was filtered over celite to remove salts. The solvent was removed to afford a sticky orange
solid. *H NMR (400 MHz, Benzene-Ds) § 0.05 (s, 4H), 0.09 (s, 3H), 0.23 (s, 10H), 0.29
(s, 5H), 2.11 (s, 1H), 6.20 (d, J = 8.0 Hz, 1H), 6.50 (s, 2H), 6.57 — 6.65 (M, 4H), 6.71 (t,
J=7.8 Hz, 2H), 6.82 — 6.91 (m, 4H), 7.01 (t, J = 1.1 Hz, 3H), 7.83 (d, J = 8.3 Hz, 2H),
8.01 (d, J = 8.3 Hz, 1H). 5.2: 'H NMR (400 MHz, Benzene-Ds) & 6.42 (s, 1H), 6.52 (s,

1H), 6.62 (5, 1H), 6.71 (5, 1H), 10.03 (s, 1H).

Isocyanate CO:2 elimination reactions (Figure 5.4).
These reactions were performed on a small scale and products were not isolated.
(A) 42 mg (0.087 mmol) of [""(NO)®“],M00> (2.8) and 40 mg (0.348 mmol, 4
eq.) of (Ph)NCO stirred in 2 mL CgDs at r.t for 10 h. Went dark red/orange quickly. ‘H

NMR (400 MHz, Benzene-Ds) & 0.93 (s, 11H), 1.01 (s, 18H, 2.8), 1.03 (s, 5H, 2.1), 1.20
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(s, 1H), 6.58 (dd, J = 8.2, 1.3 Hz, 7H), 6.73 — 6.92 (m, 21H), 6.96 (s, 7H, 2.8), 7.15— 7.18

(m, 4H, 2.8), 7.33 — 7.40 (m, 2H), 7.57 — 7.63 (m, 1H, 2.1).

(B) 36 mg (0.075 mmol, 1 eq.) of [""(NO)*®“].M00O, (2.8) and 11 mg (0.075 mmol,
1 eq.) of (DMP)NCO stirred in 2 mL CgDg at r.t for 10 h. Went to yellow slowly. *H NMR
(400 MHz, Benzene-Ds) & 1.01 (s, 18H, 2.8), 1.02 (s, 4H, 2.1), 1.97 (s, 11H), 6.67 — 6.73
(m, 3H), 6.73 — 6.79 (m, 2H), 6.82 — 6.88 (M, 3H, 2.8), 6.96 (t, J = 7.7 Hz, 5H, 2.8), 7.14

(d, J=1.1Hz, 4H, 2.8), 7.54 — 7.61 (m, 1H, 2.1).

(C) 40 mg (0.076 mmol, 1 eq.) of [P°M?(NO)®B“],M00> (2.9) was stirred in 2 mL
CeDs, to this was added 9 mg (0.076 mmol, 1 eq.) of phenylisocyanate. No color change
or NMR spectral change was noted after 24 h at r.t. The bright red orange solution was
heated at 65°C for 24 h which produced some products confirmed by H NMR
spectroscopy.
24 h: *H NMR (400 MHz, Benzene-Dg) § 0.98 (s, 18H), 1.10 (s, 2H), 1.96
(s, 1H), 2.06 (s, 1H), 2.16 (s, 1H), 2.46 (s, 12H), 6.56 (dd, J = 8.4, 1.4 Hz, 1H), 6.83 (d,
J=2.8 Hz, 6H).
48 h: 'H NMR (400 MHz, Benzene-Dg) § 0.99 (s, 18H), 0.99 — 1.02 (m,
12H), 1.08 (s, 6H), 1.97 (s, 9H), 2.06 (s, 1H), 2.16 (s, 1H), 2.46 (s, 12H), 6.71 (t, I = 9.5

Hz, 5H), 6.83 (s, 11H), 6.95 (s, 6H), 7.56 (d, J = 7.7 Hz, 1H).

(D) 50 mg (0.085 mmol) of [PMP(NO)™®"],MoONtBu (3.3) was dissolved in 2 mL

CsDs. 10 mg (0.085 mmol) of (Ph)NCO added slowly to the solution, and the olive green
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solution darkened. *H NMR (400 MHz, Benzene-Dg) & 1.00 (s, 9H, 2.9), 1.08 (s, 18H,
2.9), 2.50 (s, 12H, 2.9), 6.55 — 6.56 (m, 1H), 6.58 (s, 1H), 6.58 (d, J = 1.0 Hz, 1H), 6.75
—6.76 (m, 1H), 6.77 (t, J = 1.4 Hz, 1H), 6.79 — 6.80 (m, 1H), 6.81 — 6.82 (m, 2H), 6.82 —

6.84 (m, 1H), 6.88 (t, J = 5.2 Hz, 6H, 2.9).

Ketene CO: elimination reactions.

(A) [PMP(NO)®'1,M0oON'BuU (3.3) (0.076 g, 0.129 mmol) was dissolved in 2 mL
of CeDe then cooled to -30 °C before addition of the diphenyl ketene (0.025 g, 0.129
mmol), the reaction was stirred for 1 h and the *H NMR spectrum was collected. *H NMR
spectrum contains mostly free ligand (2.2) and starting Mo complex (3.3). *H NMR (400
MHz, Benzene-Dg) 5 1.00 (s, 8H, 3.3), 1.06 (s, 6H), 1.08 (s, 18H, 3.3), 1.11 (s, 29H, 2.2),
1.13 (s, 6H), 2.07 (s, 22H, 2.2), 2.58 (s, 21H, 3.3), 6.88 (d, J = 4.6 Hz, 9H), 6.96 (s, 13H),

7.05 (d, J = 4.3 Hz, 12H).

(B) [P"PP(NO)®“],M0oON'Bu (3.6) (0.024 g, 0.034 mmol) was dissolved in 2 mL
of CeDs then cooled to -30 °C before addition of the diphenyl ketene (0.007 g, 0.034
mmol), the reaction was stirred for 1 h and the *H NMR spectrum was collected. *H NMR
spectrum contains peaks for free ligand (2.5) and starting complex 3.6 as well as possible
peaks for 5.9. *H NMR (400 MHz, Benzene-Dg) § 0.89 (s, 3H), 1.01 (d, J = 6.4 Hz, 1H),
1.06 (s, 3H), 1.09 (s, 4H), 1.13 (d, J = 5.6 Hz, 9H), 1.17 (s, 4H), 1.23 (dd, J = 13.5, 6.6
Hz, 10H), 1.31 — 1.46 (m, 8H), 1.54 (dd, J = 12.6, 6.7 Hz, 3H), 1.72 (d, J = 6.5 Hz, 1H),
1.86 (d, J = 6.5 Hz, 2H), 3.08 (p, J = 6.9 Hz, 2H), 3.22 — 3.35 (m, 1H), 3.50 (p, J = 7.0

Hz, 1H), 3.58 — 3.70 (m, 1H), 3.73 — 3.88 (m, 1H), 3.94 (g, J = 9.0, 7.9 Hz, 1H), 4.06 (q,
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J=6.7 Hz, 1H), 4.18 — 4.33 (m, 1H), 6.24 (s, 1H), 6.95 (d, J = 4.5 Hz, 2H), 7.00 (d, J =
7.1 Hz, 2H), 7.05 (d, J = 4.2 Hz, 7H), 7.08 — 7.12 (m, 3H), 7.12 (s, 1H), 7.23 (dd, J =

14.9, 7.6 Hz, 4H), 7.32 (d, J = 6.9 Hz, 1H), 7.37 (d, J = 7.0 Hz, 2H).

Synthesis of (Mes*)PCO (5.11).

A vial was charged with 0.361 g (1.146 mmol, 3 eq.) of triphosgene, 0.162 g
(0.382 mmol, 1 eq.) of Mes*P(SiMez). (5.10), and 5 mL of toluene. The solution was
stirred while heating to 40 °C for 16 h, after which the volatiles were removed in vacuo.
The NMR spectra indicated some intermediates or byproducts present, but no starting
phosphine 5.10.'H NMR (400 MHz, Benzene-Ds) & 1.18 (s, 9H), 1.22 (s, 6H), 1.35 (s,
9H), 1.51 (s, 18H), 1.60 (s, 9H), 6.96 — 7.08 (m, 2H), 7.12 (d, J = 7.7 Hz, 1H), 7.40 (s,
1H), 7.48 (d, J = 2.7 Hz, 1H), 7.54 (dg, J = 7.6, 4.3 Hz, 3H). 31P{*H} NMR (162 MHz,

Ceds) 6 -206.20 (5.11), 21.24, 21.36, 22.55, 22.68, 51.85.

Attempted phosphinidene syntheses (Figure 5.6).

The reactions were performed on a small scale in a vial at r.t. and the NMR
spectral data were collected after stirring for 24 h.

(A1) [PMP(NO)®Y].M00; (2.9) (0.050 g, 0.093 mmol, 1 eq.) and Mes*PPMes
(5.12) (0.033 g, 0.093 mmol, 1 eq.) were combined in 2 mL of C¢Dsat r.t. *H NMR (400
MHz, Benzene-De) & 0.99 (s, 18H), 1.11 (s, 2H), 1.14 (s, 3H), 1.27 (s, 2H), 1.30 (s, 6H),
1.35 (s, 16H), 1.37 (s, 2H), 1.57 (d, J = 1.3 Hz, 12H), 1.91 (s, 4H), 2.07 (s, 1H), 2.37 (s,
1H), 2.46 (s, 12H), 2.62 (s, 1H), 2.77 (s, 1H), 6.81 (d, J = 4.7 Hz, 2H), 6.83 (d, J = 2.6

Hz, 4H), 6.84 — 6.88 (m, 3H), 6.92 — 6.97 (m, 2H), 7.43 (s, 2H), 7.53 (s, 1H), 7.60 (s,
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1H). *P{*H} NMR (162 MHz, Benzene-Ds) & -136.44, -132.84, -79.83, 2.29, 5.88,

492.87.

(A2) [PMP(NO)®B“],M0oON'Bu (3.3) (0.100 g, 0.169 mmol, 1 eq.) and 5.12 (0.120
g, 0.338 mmol, 2 eq.) were combined in 2 mL of C¢Ds at r.t. *H NMR (400 MHz,
Benzene-Ds) 6 0.69 (d, J = 11.5 Hz, 6H), 1.00 (d, J = 1.7 Hz, 9H), 1.08 (d, J = 1.7 Hz,
18H), 1.33 — 1.39 (m, 27H), 1.57 (d, J = 1.8 Hz, 15H), 2.49 (s, 12H), 6.88 (d, J = 4.0 Hz,
6H), 7.39 — 7.45 (m, 4H), 7.61 (d, J = 1.6 Hz, 2H). 3'P{"H} NMR (162 MHz, Benzene-Ds)

0 -136.48, -132.88, -79.83, 2.27, 5.87, 492.87.

(B1) [PMP(NO)®“],M00O; (2.9, 0.016 g, 0.030 mmol, 1 eq.) and 5.10 (0.013 g,
0.030 mmol, 1 eq.) were dissolved in toluene, and the reaction was followed by 3'P{*H}

NMR spectroscopy. *:P{*H} NMR (162 MHz, Benzene-Ds) & -143.32.

(B2) 3.3 (0.025 g, 0.042 mmol, 1 eq.) and 5.10 (0.018 g, 0.042 mmol, 1 eq.) were
dissolved in toluene, and the reaction was followed by *P{*H} NMR spectroscopy.

31p{14} NMR (162 MHz, Benzene-Ds) & -143.14.

(B3) Cl2MoO2(DME) (0.025 g, 0.087 mmol, 1 eq.) and 5.10 (0.037 g, 0.087
mmol, 1 eq.) were combined in 2 mL of Ce¢Ds at r.t. 'H NMR (400 MHz, Benzene-ds) &
1.30 (s, 10H), 1.35 (s, 4H), 1.58 (s, 18H), 7.61 (s, 2H). *'P{*H} NMR (162 MHz,

Benzene-Dg) 6 492.87.

192



DODH reactions (Scheme 5.3).

Reactants were dissolved in benzene in an NMR tube equipped with a Teflon
stopcock. The reaction mixture was heated at 150 °C in an oil bath for 24 h after which a
31P{*H} NMR spectrum was obtained.

(A) Diethyl tartrate (5.14, 0.206 g, 1.0 mmol), PPhs (0.288 g, 1.1 mmol), and 2.9
(0.039 g, 0.1 mmol). 3P{"H} NMR (162 MHz, Chloroform-D) & -5.05 (42%), 29.21

(58%).

(B) 1,2-octanediol (5.16, 0.146 g, 1.0 mmol), PPh3 (0.288 g, 1.1 mmol), and 2.9

(0.039 g, 0.1 mmol). 3P{*H} NMR (162 MHz, Chloroform-D) & -5.11 (95%), 29.16

(5%).
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Appendix A: X-Ray Crystallographic Data

Table 5.1 Crystallographic Data and Refinement Details for ['"(NO)*®'],M00y, 2.8.

Formula Ca2H2sMON20s V(A3

M 480.4 Z, 7

Cell setting  monoclinic Dx (Mg/m™)
Space group C2/c m (mm™)

a (A) 17.243(3) Trmin, Trmax

b (A) 8.2596(10) R12

c (R 15.7476(19) wR2P

a(°) 90 Goodness-of-fit
B(°) 94.128(3) Drmax, Drmin (€ A7)
Y (©) 90

2237.0(5)
4,05

1.426

0.615

0.6948, 0.6341
0.0844

0.2602

1.081

3.856, -4.245

"R1 =X ||Fo| - |Fel| / = [Fol; "WR2 = { T [W(Fo®- Fe)*] / X [w(Fo’)] }

Table 5.2 Crystallographic Data and Refinement Details for [°°MP(NO)®'],M00;, 2.9

Formula Ca6H3sMON20s  V (A%)

My 536.51 Z,7'

Cell setting  Monoclinic Dx (Mg/m™)
Space group  P2i/n m (mm™)

a (A) 16.2898(9) Trmin, Tmax

b (A) 8.3409(5) R12

c (A 18.9997(11) wR2°

a(°) 90 Goodness-of-fit

B (°) 97.132(2) Drmax, Drmin (€ A%)
Y (°) 90

2561.5(3)
4,1

1.391

0.545

0.780, 0.876
0.0229
0.0648

1.003

0.702, -0.388

R1 =X ||[Fo| - |Fe|| / = |Fol; "WR2 = { T [W(Fo? - Fc?)?] / = [w(Fo?)?] }2
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Table 5.3 Crystallographic Data and Refinement Details for [°°MP(NO)”"].M00., 2.10

Formula CaoH2sMoN20s  V (A%) 1298.90(16)
M; 576.48 2,7 2,1

Cell setting  triclinic Dx (Mg/m™) 1.474

Space group P'1 m (mm?) 0.544

a (A) 10.7561(8) Tmin, Tmax 0.7459, 0.7145
b (A) 11.5102(8) R1? 0.0223

c (A 12.7142(9) wR2° 0.0591

a (°) 64.9205(9) Goodness-of-fit 0.975

B(°) 77.1544(9) Drmax, Drmin (€ A®)  0.472,-0.424
v (°) 65.8791(9)

RI =X [Fol - [Fel|/ X Fol; "WR2 = { S [W(Fo’ - F?] /£ [w(Fe?)?] 12

Table 5.4 Crystallographic Data and Refinement Details for [°°P(NO)""].M00, 2.11

Formula CaoH1sF10MoN20s  V (A3) 2000.6(3)

M 848.54 Z, 7' 2,1

Cell setting triclinic Dx (Mg/m™) 1.409

Space group P 1 m (mm) 0.71073

a(A) 10.4274(8) Trmin, Trmax 0.5830, 0.6467
b (A) 13.6767(11) R12 0.0346

c (R 15.1801(11) wWR2P 0.0876

a(°) 103.990(3) Goodness-of-fit 0.994

B (°) 95.055(3) Drmax, Drmin (6 A%)  0.504, -0.641
v (°) 105.186(3)

*R1 =X ||Fo| - |[Fel| / £ [Fol; "WR2 = { T [W(Fo?- Fc?)?] / = [w(Fo?)?] }2
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Table 5.5 Crystallographic Data and Refinement Details for [P'P°(NO)®'],M002, 2.12

Formula
MI’

Cell setting
Space group
a(A)

b (A)

c (A)

o (%)

B ()

v (°)

CasHs2MON20s  V (A3)

648.71 Z, 7'
orthorhombic ~ Dx (Mg/m™)

Pbca m (mm™)
16.698(2) Trmin, Trmax
17.760(2) R12

23.602(3) wR2°

90 Goodness-of-fit

90 Drmax, Drmin (€ A7)
90

1.231

8,1

1.231

0.411

0.942, 0.923
0.0685
0.1326

0.934

2.207, -1.589

8R1 =X ||Fo| - |Fe|| / Z |Fol; PWR2 = { X [W(Fo?- F?)?] / = [W(Fo?)?] }2

Table 5.6 Crystallographic Data and Refinement Details for [P'P°(NO)°™].M00,, 2.14

Formula
MI’

Cell setting
Space group
a(A)

b (A)

c (A)

o (%)

B ()

v (%)

CasH3sF10MON20s  V (A3)

868.61 2,7

triclinic Dx (Mg/m™)
P1 m (mm™)
9.864(4) Tmin, Tmax
13.220(5) R1?

15.416(6) wWR2P

84.220(6) Goodness-of-fit
75.291(6)

69.300(6)

1818.7(12)
2,1

1.586

0.456

0.7462, 0.6907
0.0234

0.063

0.994

Drmax, Drmin (6 A®)  0.484, -0.411

*R1 =X ||Fo| - |[Fel| / £ [Fol; "WR2 = { T [W(Fo?- Fc?)?] / = [w(Fo?)?] }2
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Table 5.7 Crystallographic Data and Refinement Details for [°°MP(NO)®“],MoONtBu,

3.3
Formula CsoHssMON3Os  V (A%) 9253.8(10)
M 591.63 Z,2' 12,3
Cell setting  Monoclinic Dx (Mg/m™) 1.274
Space group  P2i/n m (mm™) 0.458
a(A) 8.3513(5) Trmin, Trmax 0.758, 0.853
b (A) 35.845(2) R12 0.0468
c (A 31.159(2) wR2P 0.1373
a (°) 90 Goodness-of-fit 1.066
B (°) 97.2000(9) Drmax, Drfmin (e A®)  0.637, -1.820
Y (°) 90

R1 =3 ||Fo| - [Fel| / £ |Fol; "WR2 = { £ [W(Fo?- Fc?)?] / £ [W(Fo?)?] }

Table 5.8 Crystallographic Data and Refinement Details for [°°MP(NO)"""].MoONtBu,

3.5
Formula CaqH27F10MoN303  V (A3) 1666.6(10)
M 811.52 Z, 7' 2,1
Cell setting triclinic Dx (Mg/m3) 1.617
Space group P 1 m (mm) 0.49
a(A) 8.832(3) Trmin, Trmax 0.897, 0.800
b (A) 13.540(5) R12 0.0471
c (A 14.860(5) wWR2P 0.116
a(°) 102.533(4) Goodness-of-fit 1.031
B (°) 102.704(4) Drimax, Drmin (e A®) 1.599, -0.682
Y (°) 96.744(4)

*R1 =X ||Fo| - |[Fel| / £ [Fol; "WR2 = { T [W(Fo?- Fc?)?] / = [w(Fo?)?] }2
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Table 5.9 Crystallographic Data and Refinement Details for [°'""(NO)*®“],MoONtBu, 3.6

Formula CssHs1MON303
M; 703.83

Cell setting  orthorhombic
Space group  Png21

a(A) 23.487(5)
b (A) 10.453(2)
c (A 15.719(3)
o (°) 90
B () 920
v (°) 90

V (A%

yAVA

Dx (Mg/m™)

m (mm™)

Tmin, Tmax

R12

wWR2P
Goodness-of-fit
Drmax, Drmin (€ A7)

3859.2(13)
4,1

1211

0.376

0.950, 0.817
0.1084
0.2583

1.053

1.881, -1.051

RI =X [Fol - [Fel|/ X Fol; "WR2 = { S [W(Fo’ - F?] /£ [w(Fe?)?] 12

Table 5.10 Crystallographic Data and Refinement Details for [P'""(NO)"".MoONtBu,

3.7
Formula Ca2HssMoN3Os  V (A3) 7899.4(9)
M; 743.81 2,7 8,1
Cell setting  orthorhombic Dx (Mg/m™) 1.251
Space group Pbca m (mm™) 0.372
a (A) 14.5358(10) Tmin, Tmax 0.7459, 0.6640
b (A) 18.2547(12) R1? 0.0607
c (A 29.770(2) wR2° 0.1451
a(°) 90 Goodness-of-fit 0.992
B(° 90 Drimax, Drmin (€ A®) 1530, -1.046
v () 90

RI= [Fol - [Fell / = [Fol; "WR2 = { = [W(Fo*- Fe?)*] / T [W(Fe?)?] }2
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Table 5.11 Crystallographic ~ Data  and Refinement  Details
[BY(NO)®“],MoONtBu-THF, 3.9
Formula C26H53MoN304 V (A% 6074.2(8)
M; 567.65 yAVA 8,2
Cell setting  monoclinic Dx (Mg/m™) 1.241
Space group P21/c m (mm™) 0.464
a(A) 20.40366(15) Trmin, Trmax 0.921, 0.866
b (A) 10.4939(8) R12 0.0599
c (A 29.720(2) wR2P 0.1301
a (°) 90 Goodness-of-fit 1.093
B(°) 107.6348(11) Drmax, Drmin (8 A®)  1.087, -0.437
v (©) 90

R1 =3 ||Fo| - [Fel| / £ |Fol; "WR2 = { £ [W(Fo?- Fc?)?] / £ [W(Fo?)?] }

for

Table 5.12 Crystallographic Data and Refinement Details for [""(NO)®'],Mo(NtBu)a, 4.4

Formula
MI’

Cell setting
Space group
a(A)

b (A)

c (A)

a (%)

B ()

v ()

C3oH16MO0N4O;
590.65
monoclinic
P21/c
20.1648(15)
19.3972(13)
18.4062(13)

90
108.4975(12)
90

V (A%

yAVA

Dx (Mg/m™)

m (mm?)

Tmin, Tmax

R12

wWR2P
Goodness-of-fit
Drmax, Drmin (€ A3)

6475.5(8)

8,2

1.212

0.435

0.7460, 0.6960
0.0299

0.0853

0.997

0.737, -0585

RI= [Fol - [Fell / = [Fol; "WR2 = { = [W(Fo*- Fe?)*] / T [W(Fe?)?] }2
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Table 5.13 Crystallographic Data and Refinement Details for [°°MP(NO)®'],Mo(NtBu)2,

4.5
Formula CasHssMON4O,  V (A3) 7027(3)
M 646.75 Z, 7 8,1
Cell setting  Orthorhombic Dx (Mg/m™) 1.223
Space group  Phbca m (mm™) 0.406
a(A) 16.066(4) Trmin, Trmax 0.916, 0.984
b (A) 19.201(5) R12 0.0556
c (A 22.779(5) wR2P 0.1585
a (°) 90 Goodness-of-fit 1.006
B (°) 90 Drmax, Drmin (e A®)  0.888, -1.295
v (©) 90

R1 =3 ||Fo| - [Fel| / £ |Fol; "WR2 = { £ [W(Fo?- Fc?)?] / £ [W(Fo?)?] }

Table 5.14 Crystallographic Data and Refinement Details for [°°P(NO)P"].Mo(NtBu)a,

4.6
Formula CssHasMON4O,  V (A%) 3592.4(6)
M 686.73 Z,7' 4,1
Cell setting  monoclinic Dx (Mg/m) 1.27
Space group Cc m (mm™) 0.402
a(A) 12.4260(10) Trmin, Trmax 0.938, 0.924
b (A) 28.161(3) R1? 0.0189
c (R 11.0315(9) wR2P 0.0469
a(°) 90 Goodness-of-fit 1.003
B (°) 111.4683(11) Drmax, Drmin (e A®)  0.315, -0.279
v (°) 90

*R1 =X ||Fo| - |[Fel| / £ [Fol; "WR2 = { T [W(Fo?- Fc?)?] / = [w(Fo?)?] }2
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Table 5.15 Crystallographic Data and Refinement Details for [°°MP(NO)"*].Mo(NtBu),
4.7

Formula CagH3sF10MoN4O2  V (A3) 7547(6)

M 866.65 Z, 7' 8,4

Cell setting triclinic Dx (Mg/m™) 1.526

Space group P 1 m (mm) 0.437

a(A) 14.119(6) Trmin, Tmax 0.970, 0.841
b (A) 19.912(9) R12 0.0661

c (A 28.766(13) wR2° 0.1341

a (°) 71.177(8) Goodness-of-fit 0.997

B (°) 81.782(8) Drmax, Drmin (8 A®)  0.705, -1.170
v ©) 79.927(7)

R1 =3 ||Fo| - [Fel| / £ |Fol; "WR2 = { £ [W(Fo?- Fc?)?] / £ [W(Fo?)?] }

Table 5.16 Crystallographic Data and Refinement Details for [P'"P(NO)"".Mo(NtBu)z,
4.9

Formula CuHs2MON4O,  V (A%) 8440(4)

M; 798.83 Z,7Z 8,2

Cell setting  Monoclinic Dx (Mg/m) 1.258

Space group  P21/n m (mm™) 0.352

a(A) 21.093(6) Tmin, Tmax 0.920, 0.811
b (A) 16.846(5) R1? 0.06

c (A 25.994(8) wR2P 0.1732

a(°) 90 Goodness-of-fit 1.035

B (°) 113.970(5) Drmax, Drmin (e A®)  1.324, -1.733
Y (©) 90

*R1 =X ||Fo| - |[Fel| / £ [Fol; "WR2 = { T [W(Fo?- Fc?)?] / = [w(Fo?)?] }2
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Table 5.17 Crystallographic Data and Refinement Details for [E"(NO)®“].Mo(NtBu),

4.11
Formula Cs2HsoMON4O,  V (A3) 3321.8(6)
M 618.7 Z,2' 4,05
Cell setting  monoclinic Dx (Mg/m™) 1.237
Space group  C2/c m (mm™) 0.427
a (A 18.097(2) Trmin, Tmax 0.886, 0.802
b (A) 10.2735(12) R12 0.0218
c (A 18.286(2) wR2P 0.0597
a (°) 90 Goodness-of-fit 0.992
B (%) 102.2871(12) Drmax, Drmin (8 A®)  0.341, -0.306
Y (°) 90

R1 =3 ||Fo| - [Fel| / £ |Fol; "WR2 = { £ [W(Fo?- Fc?)?] / £ [W(Fo?)?] }

Table 5.18 Crystallographic Data and Refinement Details for ["°MP(NO)®"],Mo(NtBu),

4.12
Formula CasHssMON4O,  V (A%) 3585.8(5)
M 646.75 Z, 7' 4,1
Cell setting  monoclinic Dx (Mg/m) 1.198
Space group  P2i/c m (mm™) 0.398
a(A) 17.8282(14) Trmin, Trmax 0.958, 0.907
b (A) 9.9838(8) R12 0.0553
c (R 20.1792(15) wR2P 0.1469
a(°) 90 Goodness-of-fit 0.998
B(°) 93.2922(12) Drmax, Drmin (e A®) 2,501, -1.151
Y (©) 90

*R1 =X ||Fo| - |[Fel| / £ [Fol; "WR2 = { T [W(Fo?- Fc?)?] / = [w(Fo?)?] }2
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Table 5.19 Crystallographic Data and Refinement Details for [P""(NO)®'],Mo(NtBu)z,

4.13
Formula CaoH3sF10MoN4O2  V (A3) 3440.9(6)
M 770.57 Z,7' 41
Cell setting  monoclinic Dx (Mg/m™) 1.487
Space group P2i/n m (mm™) 0.468
a (A 17.7291(18) Trmin, Trmax 0.4322, 0.3473
b (A) 9.4862(10) R12 0.0499
c (A 21.775(2) WR2P 0.11
a (°) 90 Goodness-of-fit 1.065
B (°) 110.0207(14) Drmax, Drmin (6 A®) 1.007, -0.973
v (©) 90

R1 =3 ||Fo| - [Fel| / £ |Fol; "WR2 = { £ [W(Fo?- Fc?)?] / £ [W(Fo?)?] }

Table 520  Crystallographic  Data  and Refinement  Details
[[*°V"(NO)*®“]2M0(0)]2(1-0), 2.15
Formula Cs2H72M02N4O7  V (A®) 5583(4)
M 1057.01 Z, 7' 4,1
Cell setting  Monoclinic Dx (Mg/m) 1.258
Space group  P2i/c m (mm™) 0.498
a(A) 12.025(5) Tmin, Tmax 0.907, 0.811
b (A) 14.880(5) R1? 0.0353
c (R 31.317(11) wR2P 0.0871
a (°) 90 Goodness-of-fit 1
B (°) 94.951(4) Drmax, Drmin (8 A®)  1.040, -0.470
Y (©) 90

*R1 =X ||Fo| - |[Fel| / £ [Fol; "WR2 = { T [W(Fo?- Fc?)?] / = [w(Fo?)?] }2

207

for



