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ABSTRACT

The Sequential Insertion of Carbon Monoxide and Imines
into Nickel-Carbon c-Bonds: Synthesis, Reactivity and

Multi-Component Couplings

The development of new methods of generating a.-amino acid derivatives via
multi-component reactions remains an important challenge. The primary goal of this
study is to develop new transition metal-mediated routes to synthesize these o.-amino
acid derivatives using combinations of simple reagents, such as imines, carbon
monoxide, acid chlorides and organotin reagents. The proposed approach requires
the sequential insertion of imine and carbon monoxide into late transition-metal o-
bonds, as well as the further reactivity of the products.

In chapter 2, the ability of the nickel complex LoNi(CH3)N(R)=C(H)R’"X" (L,
= chelating nitrogen ligands, X' = non-coordinating counteranion) to mediate the
insertion of imines is examined. Although L,Ni(CH3)N(R)=C(H)R*X" does not
undergo direct imine insertion into the Ni-CH3 bond, the addition of CO leads to the
generation of the novel nickel complex (L)Ni[n’-CH(R’)NRCOCH;]'X" via the
insertion of imine into the nickel-acyl bond of LoNi(COCH3)N(R)=C(H)R’"X". This
demonstrates as proof of concept, that these nickel complexes can mediate the
sequential insertion of CO and imine into nickel-methyl bonds, in direct analogy to

well known CO/olefin insertions. Further reactivity studies have demonstrated that
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the amide bound nickel chelates generated via the sequential insertion of CO and
imines are generally inert towards subsequent migratory insertion with CO, imine and
olefins (Chapter 3). These complexes are also inert towards auxiliary ligand
exchange or amide de-chelation, with both mono- and bidenate nitrogen and
phosphine ligands.

Studies involving the use of imines and alkenes as interchangeable insertion
substrates, (Chapter 4) resulted in the first example of a metal mediated
cyclocarbonylation incorporating imine as a formal insertion substrate. Based on
these studies, one-pot sequential insertion cascade of CO, olefin, a second unit of CO,
and imine was developed for the synthesis of 5 and 6 membered lactams. In addition,
the competitive insertion propensity of imines and o-olefins was examined, and clear
steric and electronic effects were identified.

The isoelectronic palladium-bound amide complexes, generated via the
oxidative addition of N-acyl iminium salts (R(H)C=N(R’)COR’’) to Pd,(dba);*CHClI;
can undergo a Stille-tye coupling with organotin reagents to generate a-substituted
amide derivatives (Chapter 5). This reactivity was extended into a convenient and
general one-pot synthesis of a-substituted amides and N-protected amines by a
palladium-catalyzed three-component coupling of imines, acid chlorides or
chloroformates, and organotin reagents. Mechanistically, this process provides an
oxidative addition/reductive elimination-based alternative to nucleophilic approaches
to C-C bond formation with imines, in which the imines are activated towards

addition to palladium by RCOCL
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Résumé

L’insertion Séquentielle de Monoxide de Carbone et
D’imines dans les Liaisons Nickel-Carbone : Synthése,

Réactivité et Couplage a Plusieurs Composantes

Parmi les méthodes de synthése disponibles pour la construction de dérivés
d’acides aminés, il n’y existe toujours pas de protocol utilisant une approche a
plusieurs composantes. Alors, le premier but de cette recherche est de développer
une méthode, basée sur la chimie des métaux de transitions, qui permettra de
fabriquer des dérivés d’acides aminés & partir de simples substrats tel qu’imines,
monoxide de carbone, chlorures d’acide et dérivés organoétain. L’approche proposée
requiert premiérement 1’insertion séquentielle d’imine et de monoxide de carbon dans
des liaisons sigma de complexes organométalliques suivie par la réaction du produit
résultant.

Au chapitre 2, la capacité du complexe LyNi(CH3)NR)=CH)R*'X" (L2 =
chélatants azotés, X = contre-anion non-coordinné) d’effectuer I’insertion d’imines
est analysée. Bien que le complexe L,Ni(CH3)N(R)=C(H)R*X n’effectue pas
d’insertion d’imines dans le lien Ni-CH3, avec I’introduction de monoxide de carbone

dans le medium celui-ci réagit pour former un complexe nickel-acyl,



L,Ni(COCH3)N(R)=C(H)R X", qui ensuite facilite I’insertion d’une imine pour ainsi
produire le nouveau complexe L,Ni[n>-CH(R’)NRCOCH;]"X". Cette observation
appui ’hypothése que ces complexes & base de nickel peuvent effectuer I’insertion
séquentielle de monoxide de carbone et d’imines, et tire analogie des systémes bien
connus d’insertion séquentielle de monoxide de carbone et d’oléfin. Par contre, les
études qui ont poursuivies démontrent que le chélate amide résultant de cette
séquence d’insertions est généralement inerte & des insertions subséquentes soit d’ une
molécule de monoxide de carbone ou d’imine (chapitre 3). Ces complexes sont aussi
inertes a 1’échange de ligands auxiliaires ou a la dé-chélation de 1’amide, que ce soit
avec des ligands mono- ou bidendate a base d’azote ou de phosphore.

Au chapitre 4, ’insertion interchangeable entre une imine et une oléfine est
analysée. De ces études a résulté un premier exemple de cyclocarbonylation favorisé
par un métal de transition et utilisant une imine comme substrat. Alors, dérivée de
ces études, une synthése comportant, en une seule étape, I’insertion de monoxide de
carbone, d’une oléfine, de monoxide de carbone et d’une imine en cascade fut
développée pour ainsi fournir des lactames formées de cycles a 5 ou 6 atomes. La
vitesse d’insertion relative entre imine et o-oléfine a aussi été examinée, pour
lesquelles des influences électroniques et d’encombrements stériques sont identifiés.

Le complexe isoélectronique & base de palladium, produit par addition
oxydative de sels N-acyl iminium (R(H)C=N(R’)COR” sur le Pd,(dba);*CHCl;,
accélére les couplages de type Stille en réagissant avec des réactifs organoétain pour
ainsi produire des dérivées d’amides a-substituées (chapitre 5). Cette réactivité fut

mise & profit dans le développement d’une synthése a trois composantes, en une
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étape, d’amides a-substitués et d’amines protégées construits a partir d’imines, de
chlorures d’acide ou de chloroformates et de dérivés organoétain. Ce cycle
catalytique offre une alternative au mécanisme traditionnel de substitution
nucléophilique pour la génération de liaisons carbone-carbone a partir d’imine et ou
ces dernieres sont activées enves 1’addition oxydative par le palladium via des

chlorures d’acides.
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Foreword

In accordance with guidline C of the “Guidelines for Thesis Preperation” (Faculty of
Graduate Studies and Research), the following text is cited.
“ As an alternative to the traditional thesis format, the dissertation can consist
of a collection of papers that have a cohesive, unitary character making them
report of a single program of research. The structure for the manuscript-based

thesis must conform to the following:

Candidates have the option of including, as part of the thesis, the text of one
or more papers submitted, or to be submitted for publication, or the clearly
duplicated text (not the reprints) of one or more published papers. These texts
must conform to the “Guidelines for Thesis Preparation” with respect to font
size, line spacing and margin sizes and must be bound together as an integral
part of the thesis. (Reprints of published papers can be included in the

appendices at the end of the thesis).

The thesis must be more then a collection of manuscripts. All components
must be integrated into a cohesive unit with a logical progression from one
chapter to the next. In order to ensure that the thesis has continuity,
connecting texts that provide logical bridges between the different papers are

mandatory.
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As manuscripts submitted for publication are frequently very concise
documents, where appropriate, additional material must be provided (e. g. in
appendices) in sufficient detail to allow a clear and precise judgement to be

made of the importance and originality of the research reported in the thesis.

In general, when co-authored papers are included in a thesis the candidate
must have made a substantial contribution to all papers included in the thesis.
In addition, the candidate is required to make an explicit statement as to who
contributed to such work and to what extent. This statement should appear in
a single section entitled “Contribution of Authors” as a preface to the thesis.
The supervisor must attest to the accuracy of this statement at the doctoral oral
defense. Since the task of the examiners is made more difficult in these cases,
it is in the candidate’s interests to clearly specify the responsibilities of all

authors of the co-authored papers.

When previously published copyright material is presented in a thesis, the
candidates must obtain, if necessary, signed waivers from the co-authors and

publishers and submit these to the thesis office with the final deposition”

This dissertation is written in the form of three papers. The papers each comprise one

chapter in the main body of the thesis (chapters 2, 4, and 5) with general introduction

to this work in the first chapter. An additional chapter elaborating on some
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CHAPTER ONE

Introduction:
Synthesis of Small Organic Molecules Via Metal Mediated

Insertion Chemistry

1.0 PERSPECTIVE

Transition metal catalyzed reactions have become a critical component in

many industrial processes."™

Reactions such as olefin polymerization,'
hydroformylation,> Reppe carbonylation,’ and numerous other commercial
processes4 are essential for generating basic products, such as plastics, solvents,
and fuels. More recently, transition metal catalysts have served to fill an ever-
increasing demand for new synthetic routes to pharmaceuticals and other
biologically active molecules.’ This has come, in part, as a result of the
introduction of new catalysts capable of performing well-defined reactions under
mild conditions. Increases in chemoselectivity, as well as the development of
new ligands capable of highly enantioselective transformations, have provided a
new generation of useful catalysts for synthetic organic chemists.

There are a wide variety of pathways by which transition metal catalysis
can efficiently generate new products, though one of the most common involves

the insertion of unsaturated substrates into metal-carbon bonds (Scheme 1.1).¢ By

combining this process with other reaction steps (e.g. oxidative addition/reductive



elimination, further insertion, B-hydride elimination), a diverse variety of catalytic

reactions can be envisioned.®

z
L‘M‘R , 1,2 migratory insertion L‘M Y/
| P > ol
Z/
1.1 1.2

Scheme 1.1 Migratory insertion of unsaturated substrates

In an attempt to provide an overview of this area, a brief summary of the
different types of substrates capable of undergoing migratory insertion will be
discussed, along with their applications in small molecule synthesis. While many
different metals have been used to mediate migratory insertion reactions, this
introduction will concentrate primarily on the palladium and nickel-based systems
relevant to those used in this thesis. In addition, the scope of insertion substrates
will focus primarily on alkenes and alkynes, and some representative examples of
their synthetic application. Finally, a more detailed examination of the factors
influencing the well defined alkene insertion step in Heck coupling chemistry has
been used as a representative example, and provides perspective for the imine

insertion chemistry developed in the body of this thesis.

1.1 Insertion of Unsaturated Substrates Using Late Transition

Metal Catalysts: General Mechanism



The most common substrates employed in migratory insertion reactions
are hydrocarbon-based, such as alkenes, alkynes and carbon monoxide. Their low
cost, availability, and molecular diversity make them excellent building blocks for
small molecule formation. Combining these unsaturated units with other simple
substrates can lead to the generation of highly functionalized products and a wide
range of molecular diversity.*

Migratory insertion typically involves the formal insertion of an
unsaturated ligand (e.g. CO, RNC, olefins, alkynes) into a cis metal-ligand o-
bond. The insertion often proceeds via a migration of the ligand (R) to the metal-
bound unsaturated species (Scheme 1.2). This insertion can occur in the 1,1
fashion, typical seen with CO and isonitriles, or the 1,2 fashion common to
alkenes and alkynes. The insertion step is typically postulated to proceed via a
concerted mechanism (1.4), where the electron density in the M-R o-bond can be
considered to interact with the n* orbital of the unsaturated ligand.®* As such, the
unsaturated system must be coordinated to the metal center prior to insertion.

This is generally accomplished via an initial ligand substitution process (Scheme

1.3).
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Scheme 1.2 General examples of 1,1 and 1,2 migratory insertion
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(O = vacant coordination site

L = displaceable ligand

Scheme 1.3 The role of ligands (L) in migratory insertion

Migratory insertion is typically an equilibrium process. Similar to

insertion, de-insertion requires an available cis coordination site for migration to

occur. This reaction with 1,2-insertion substrates (e. g. alkenes) usually involves



the formation of a metal hydride bond, and is referred to as B-hydride elimination.
Here a B-hydrogen migrates to an available cis coordination site to form a new

metal-hydride bond and regenerate the unsaturated ligand (Scheme 1.4).

0
J de-insertion a0
M_ R =
O
1.5 1.3
R
R A
M -hydride elimination M,
L11 L12
R =H, alkyl

(O = vacant coordination site

Scheme 1.4 General mechanism for de-insertion and B-hydride

elimination

The equilibrium between insertion and de-insertion is dependent on a
number of factors, including the migratory aptitude of the R group, the presence
of the ligands, the metal center, and the type of unsaturated species involved. For
example, the typical order of migration for CO into a M-R bond is: R = Et > Me
> PhCH; > vinyl > aryl > ROCH, > H > CF3;. Examples of heteroatom containing

ligands (e.g. RO and R,N) undergoing migration are rare.®

In addition,
additives such as Lewis acids can accelerate insertion by several orders of

magnitude (up to 10% in some cases).” In the case of alkenes, the insertion



aptitude is somewhat different in that hydride groups migrate the most readily,
followed by significantly slower rates for alkyl, vinyl, and aryl groups.** Again,
alkoxy and amide ligands generally migrate with difficulty, as the extra lone pairs

can often form additional bonds to the metal (Scheme 1.5).%

IO\ B ] ’O\ 4 —
M eeR M ee R M=0-R
1.13 1.14 1.15

R

1.16 1.17

Scheme 1.5 Lone pair interactions reduce migratory aptitude

Alkenes and alkynes, in particular, have the ability to undergo multiple
insertions, which results in oligomerization and polymerization processes.
Similarly, different insertion substrates can undergo competitive migratory

insertion to generate alternating, or block co-polymers (Scheme 1.6).!
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Scheme 1.6: General route to polymers via multiple insertion

The use of migratory insertion reactions to generate small molecules
differs significantly from insertion polymerization catalysis in that what are
typically referred to as the “initiation” and “termination” steps in polymer
synthesis occur much more frequently relative to the insertion step.‘“"7 Thus, the
catalyst must not only mediate the insertion step, but must also efficiently
generate the prerequisite M-R bond necessary for the insertion, and readily release
the product following insertion.

Oxidative addition is likely the most common method used in the
formation of the M-R bonds required for insertion. This is usually achieved via
either a formal oxidative addition across a sigma bond (e.g. Hy), as shown in
Scheme 1.7, or an SN2 mechanism common with polar substrates, shown in
Scheme 1.8.° Once the M-R bond has been generated, coordination and then

insertion of the unsaturated system can take place to form the new bond.
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Scheme 1.7 Oxidative addition of non-polar substrates
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Scheme 1.8 SN2 type oxidative addition mechanism for polar substrates

There are a variety of methods by which the product of migratory insertion
can be released from the metal (e.g. P-hydride elimination, electrophilic or
nucleophilic attack, etc.). One of the most common involves reductive
elimination, which is the reverse of oxidative addition. Reductive elimination
represents the important final step in many catalytic cycles by which two o-
bonded ligands (L) can be released from the metal to form a new L-L o-bond.®®
The combination of an initial oxidative addition, followed by insertion and
reductive elimination, represent the general steps found in many catalytic cycles

(e.g. the catalytic hydroformylation of olefins).5
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Scheme 1.9 General catalyﬁc cycle for hydroformylation of olefins

1.2 Hydrogenation of Alkenes and Alkynes

One of the earliest examples of a transition metal catalyzed reaction
involving migratory insertion is the hydrogenation of alkenes and alkynes.*'* In
this, hydrogen gas is used to generate metal-hydride complexes capable of
inserting the double or triple bonds of alkenes and alkynes. In many catalytic

systems, this is generally followed by a reductive elimination with a second

metal-hydride bond to generate the hydrogenated product (Scheme 1.10).°



alternative o-bond metathesis mechanism has also been suggested for a number of
catalytic systems (Scheme 1.11) Regardless of the mechanistic pathway, metal
catalyzed hydrogenation can provide a mild and hetero-atom tolerant process for
reducing unsaturated systems, and has been used in many natural product

syntheses, as described in the following section.'?

H, H oxidative L H
—_— LM .
LM " H addiion " H

-L | Zw==anny,
L
reductive z . ) H
elimination H, z ~lmsertion g oap
Ly (M 7— M —— " IH
Ln H YA 4
Z
Z
H)\r
H

Scheme 1.10 General mechanism for alkene/alkyne hydrogenation

" L,M—H —_—
_\_H \

o-bond

metathesis LnM‘—\_
H

I:I- -I;l J H2

LM - \_H

Scheme 1.11 General o-bond metathesis mechanism for hydrogenation
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1.2.1 Hydrogenation of Alkenes

The hydrogenation of an alkene using a heterogeneous catalyst is one of
the mildest and most frequently used methods for the reduction of a carbon-
carbon double bond. In addition to simple hydrocarbons, reductions of this type
have been performed selectively in the presence of functional groups, including
acids, ketones, aldehydes, esters, amines, and nitriles.>!® A variety of late
transition metals, such as palladium, nickel, platinum, rhodium, ruthenium,
manganese and iron have all been successfully employed either individually, as
alloys, or mixtures for the reduction of alkenes.'” The amount and particle size of
the catalyst used for these reductions can vary significantly, as can the
composition of the solid support (e.g. carbon, barium sulfate, alumina, oxides).>'°
Of these, palladium on charcoal, platinum oxide and Raney nickel have been used
extensively, and are capable of hydrogenating most mono, di, and trisubstituted
alkenes, regardless of the geometry about the double bond. The order of

reactivity is generally Pd/C > Raney nickel > PtO, (Schemes 1.12 and 1.13).>!!

0 0
‘ﬁ“mf 10% Pd/C, Hy(1 atm) ‘gu © om
R X
A\ -Me W g ~Me
(CHy)g5 AcOEt, rt, 12 h (CHy)pg
99%
121 122

Scheme 1.12 Palladium catalyzed hydrogenation of alkenes
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Raney Ni, H, (1 atm)

N N
EtOH, rt, 24 h
\
PH PH
1.23 1.24

Scheme 1.13 Nickel catalyzed hydrogenation of alkenes

The heteroatom tolerant nature of these catalysts have made them
extremely useful in the synthesis of complex and highly functionalized natural
products.’ ®10 Existing stereocenters can also be used to direct selectivity during
the formation of additional stereocenters. This has been demonstrated to be
particularly effective with substrates containing fused ring systems, such as those
found in steroids and their analogs (Scheme 1.14).!? The selectivity observed in
these hydrogenations results from the delivery of hydrogen to the sterically less
hindered face of the molecule. Unfortunately, these cases are somewhat limited,
and generally, the hydrogenation of less rigid substrates result in non-selective

reductions.'?
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Scheme 1.14 Palladium catalyzed diastereoselective hydrogenations

The limitations associated with hydrogenation using heterogeneous
catalysts has led to the development of a host of homogeneous catalysts capable

of performing more mild and selective hydrogenations.*'

In particular,
homogeneous catalysts have the potential for performing enantioselective
hydrogenations. As with many metal catalyzed processes, stereocontrol is
typically achieved by the use of chiral ligands.

The simplest alkene substrates capable of undergoing asymmetric
hydrogenation are o-disubstituted olefins. Over the last ten to fifteen years, a
range of metal complexes capable of performing asymmetric hydrogenations on

this class of olefin have been developed.'*'* Further refinement and application

have provided systems capable of delivering the extremely high enantiomeric

13



excesses required in pharmaceutically useful reactions, such as the synthesis of

ibuprofen, illustrated in Scheme 1.15. 13

2.5% (R)-BINAP-RuCl, .
COOH + - J\/©/ cooH
H, (1 atm), rt, 24 h
ibuprofen

97% ee

1.29 1.30

Scheme 1.15 Ruthenium catalyzed asymmetric hydrogenation

The development of homogeneous catalysts capable of inducing high
levels of enantioselectivity in more sterically congested tri and tetra-substituted
olefins has proven challenging. Initially, these systems required the judicious
placement of chelating substituents capable of inducing the close metal-substrate
interactions normally required for asymmetric induction (Scheme 1.16)."> Using
this chelation motif, a number of chiral cobalt, thodium, and ruthenium
complexes have been developed that are capable of inducing high levels of

13-16

selectivity. However, these systems demonstrate low levels of chiral

induction when applied to unfunctionalized, or distally functionalized, olefins.'**

15
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99% ee
1.31 1.32

Scheme 1.16 Asymmetric hydrogenation of heteroatom substituted olefins

In an effort to develop chiral catalysts capable of selectively
hydrogenating unfunctionalized trisubstituted olefins, a number of new catalysts
have been developed.'>" For example, the chiral titanocene complex
(EBTHDTiH (EBTHI = ethylenebistetrahydroindenyl) has been shown by
Buchwald and co-workers to mediate the hydrogenation of trisubstituted alkene
1.33 with high enantioselectivity (Scheme 1.17).'%® The analogous zirconocene
complex has been used for the selective hydrogenation of tetrasubstituted
olefins.'® The later alkenes are particularly interesting, as their hydrogenation
can lead to the formation of two new stereocenters. However, they also represent
the least reactive olefins for hydrogenation, and development of a catalyst capable
of selectively hydrogenating these sterically congested substrates represents a

significant advance.
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Scheme 1.17 Asymmetric hydrogenation of tri and tetra substituted olefins

More recently, Pfaltz and co-workers have developed a number of chiral
iridium complexes capable of hydrogenating both functionalized and
unfunctionalized olefins with high levels of selectivity under mild
conditions.**'**1% These catalysts are also capable of selectively hydrogenating
tetrasubstituted olefins with relatively good enantioselectivity (Scheme 1.18). In
addition to these general examples, a range of other systems have demonstrated

the ability to perform this transformation with varying degrees of success.'®!”
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Scheme 1.18 Asymmetric hydrogenation using chiral iridium complexes

1.2.2 Hydrogenation of Alkynes

Similar to their alkene counterparts, alkynes can also undergo metal
catalyzed hydrogenation reactions. While complete hydrogenation of alkynes to
their saturated derivatives can be readily accomplished (Scheme 1.19),'®* more
mild versions of the catalysts used for alkene hydrogenations are often used to
partially hydrogenate alkynes to alkenes (e.g. Lindlar catalyst: Pd on CaCO3/5%

Pb(OAc),)." In addition, many ligand systems can be used to control the nature

of the cis/trans geometry in the product (Scheme 1.20). *2° An example of this

17



is illustrated with the selective conversion of alkyne 1.43 to the cis alkene 1.44 in

Scheme 1.20.

Me
i
o) (CHy)s 0 Me

Pd/ALO;, 1 atm H i
H 4 273 2 -H (CHy),
AcOEt, 12 h

1.41 1.42

Scheme 1.19 Example of complete hydrogenation of alkynes

5% Pd(Bian)(dmfu)

NI =
/ A\ H,, THF, 20°C ‘<_>—
99.5%
1.43 1.44

Bian =bis(aryl)acenaphthenequinonediimine
dmfu = dimethylfumerate

Scheme 1.20 Palladium catalyzed regioselective partial hydrogenation of alkynes

1.2.3 Hydrosilation and Hydroboration of Alkenes and Alkynes

While transition metal catalyzed hydrogenation represents the simplest
example of the application of migratory insertion reactions in catalysis, a number

of other substrates are also capable of reducing alkenes and alkynes via an

18



analogous reaction. For example, the metal catalyzed hydrosilation?! and
hydroboration®® of alkenes and alkynes has become an important method for the
generation of synthetically useful building blocks. The general mechanism is
similar to that described previously for hydrogenations, and typically involves
initial oxidative addition of a hydrogen-boron or hydrogen-silyl bond to a metal
center, followed by alkene or alkyne coordination, migratory insertion, and finally
reductive elimination (Scheme 1.21).>* Alternatively, these reactions can also be
achieved through a ¢-bond metathesis mechanism analogous to that in Scheme
1.11.72 In particular, the activation of Si-H bonds and unsaturated hydrocarbons
towards o-bond metathesis have been mediated by a number of electrophilic, high
valent transition metal centers of the type Cp*>MR, (M = Ti, Zr, Hf, Cp*,

=CsMes; R = H, alkyl, silyl)** (i.e. Scheme 1.22, b).

Z "ﬂ
T XR,
V Ml ’\H—XR,,
Zu = H
N MI—XR, M
it
,H
Iy My
yA
X=S8i,B

Scheme 1.21 General mechanism for hydrosilation and hydroboration
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The products of hydroboration and hydrosilation can be readily converted
to other synthetically useful functionalities. This feature has led to a broad range

of applications and representative examples are given below (Scheme 1.22) 12012

O\

BH

o

@ 0.5 mol% Rh(BINAP)CI, H,0,, NaHCO, @
S 4 .

25°C, THF, 12 h B0  momawc gy @
70%
145 1.46 1.47
20 mol% szTiClz -C,H
n-CHy—==—H - nCeHy
i HF, 1t, 1 .
Ph,SiH,, THF, 1t, 1 h SiHPh, ®
78%
1.48 1.49

Scheme 1.22 Examples of metal catalyzed hydroboration and

hydrosilation

Metal catalyzed hydrostannylations of alkynes also proceed via a similar
mechanism, and can be used to generate a variety of synthetically useful vinyl
stannanes (Scheme 1.23).2 These building blocks have been utilized extensively

in late transition metal catalyzed cross-coupling reaction (i.e. Stille couplings,

Scheme 1.24).%
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Scheme 1.23 Examples of metal catalyzed hydrostannylation
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Bu;SnH, THF

Ph

f
T

1 mol% (PPhs),Pd

140 °C, microwave, 3 min 6% OMe

Br
1.52 /©/ s
MeO

Scheme 1.24 Example of one pot hydrostannylation/Stille couplings

1.3 C-C Bond Forming Reactions with Alkenes

The development of catalysts capable of performing alkene insertions into
metal-carbon bonds has received a great deal of interest, as it provides a straight
forward method to construct carbon-carbon bonds. While a wide range of
catalytic processes involve this basic transformation, the Heck reaction (Scheme
1.25) has arguably become one of the most synthetically useful reactions of this

252627 The subsequent sections involving metal catalyzed carbon-carbon

type.
bond formation will focus on providing a brief summary of Heck couplings, as

well as some representative examples of their use in small molecule synthesis.
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catalytic cycle

Scheme 1.25 General catalytic cycle of the Heck reaction

The Heck reaction is typically a palladium catalyzed process, though

25a,25b copper’ZSC and

recently other metal complexes including those of cobalt,
nickel®®® have also been used with varying degrees of success. Palladium
catalysts are considered to mediate this reaction via the initial oxidative addition
of R-X to Pd(0), followed by the formal insertion of an alkene into a palladium-
carbon bond to form a new carbon-carbon bond. This is generally followed by a
B-hydride elimination step, where the R-substituted alkene is generated. In

addition, subsequent reductive elimination of a strong acid HX regenerates the

Pd(0) source. This acid is generally removed from the reaction using a variety of
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organic and inorganic bases, which serves to help drive the catalytic cycle
(Scheme 1.25).¢

While the Heck reaction can allow for the coupling of a wide range of R-X
and alkene substrates, no truly general set of conditions for this process has yet
emerged. In fact, recent reviews by both Overman®® and Meijere’’ have referred
to these conditions as “recipes” or “cocktails”, from which no one optimal system
exists. Nonetheless, the active catalyst is generally a relatively electron rich Pd(0)
complex bearing mono or bidentate ligands, which help facilitate the initial
oxidative addition step. The base used can vary dramatically, though the most
common are trialkyl amines (e.g. triethylamine, diisopropylethylamine) or
inorganic salts (e.g NaOAc, K,COj3). Similarly, a wide range of solvents have
been used, including THF, toluene, dichloromethane, DMF, NMP and aqueous
systems.”>?” Many of these condition selections are substrate dependent, and, as
such, have been used interchangeably as a method for optimization.

Perhaps the most significant area of catalyst modification has involved the
ligands on the metal center.?>?® Altering this component of the catalytic system
can lead to dramatic changes in reactivity and selectivity. Phosphine-based
ligands®® have been the most extensively employed. These vary widely in their
nature, from sterically bulky monodentate systems, to smaller bidentate
ligands.>® More recently, non-phosphorous based ligands have also been used,
and include phenanthrolines,”®*® carbene ligands®* and a large number of mixed

P-N systems.?*
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While the Heck reaction is quite efficient with simple a-olefins (Scheme
1.26)*8, this is not necessarily the case with the more complex alkenes often
employed in organic synthesis. As the complexity of the substitution pattern
about the olefin is increased, a variety of selectivity issues must be addressed.
Most importantly, these include regio- and stereo-control in both the olefin
insertion, and the B-hydride elimination steps (Scheme 1.26).25 ¢ The products
obtained from Heck couplings can often be influenced by a wide range of
parameters, including solvent, temperature, ligand, base, and counterion. While
any of the aforementioned variables can produce somewhat unpredictable results,
extensive use of the reaction over the last fifteen years has shown that the desired

coupling can eventually be achieved under the appropriate conditions.?

©/I +4® Pd(dppf)CL, BusN P
- N
DMF, 125°C | ]

1.54 1.55 1.56

Ar

Ph {
L2Pd, NaOAc — + =2
ArBr + — +

Ar A’ Ph Ph

Ph DMA, 145°C

39% 61%
E/Z 171

Scheme 1.26 General examples of Heck coupling and B-hydride elimination
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1.31 Regioselectivity of the Insertion

A wide range of different alkene substrates, have been used in Heck
coupling reactions. Electron-deficient alkenes, such as acrylates, enones, and
nitriles; unactivated alkenes like propylene, ethylene, and styrene, as well as
electron-rich systems, (e.g. enol-ethers and enamides) are all potential Heck
substrates. Not surprisingly, the nature of the substrate can dramatically affect the
regioselectivity of insertion. For example, the insertion‘of electron-poor and
unactivated alkenes is primarily sterically controlled, with insertion often
proceeding in a 1,2 fashion (Scheme ‘1.27). Unfortunately, the insertion
regioselectivity of electron-rich alkenes is less defined, and often mixtures of the
two isomers are obtained.?®® Not surprisingly, the nature of the substrate is not
the only factor affecting insertion regioselectivity, and a number of other variables

can also influence the product distribution.

= Dk

1 N4 1,1 insertion L, d,X
JPd] —fvored "
Polar solvents L R
X=OTf, PF¢, BF, greater steric R R
congestion 1
L, X
Pd,
' R
Non-polar solvents ( Ri
X=0Ac, Cl, Br, | K
- )—(-\\ /\ 1,2 insertion X‘P d/L
> Pd\R favored v R
==\ )/
R less steric R

congestion

As L becomes larger the amount of 1,1 insertion products increases

Scheme 1.27 Counterion effect on insertion regioselectivity
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Studies done by Cabri et al.>> and Hayashi et al.*® have demonstrated that
the counterion appears to play an important role in determining the product
distribution (Scheme 1.28). For instance, when strongly binding halide
counterions are used, the mechanism is thought to proceed via an initial ligand (L)
dissociation, followed by coordination and insertion of the alkene. This generally
creates a sterically less demanding environment around the metal center during
the insertion step. Conversely, weakly coordinating counterions, such as triflates,
favor the formation of cationic intermediates. Here, the anion is the more readily
displaced ligand and alkene insertion occurs under the continued influence of the
neutral phosphine iigands, which remain bound throughout the catalytic cycle.
Thus, in the palladium catalyzed phenylation of styrene in DMF with (dppp) as
the ligand (dppp = 1,3-bis (diphenylphosphino)propane), strongly coordinating I’
and OAc™ counterions favored the formation of trans stilbene (1.59) over o-
phenylstyrene (1.60, Scheme 1.28). More weakly coordinating anions, such as
PF¢ and BF,, yielded almost equivalent amounts of the two products (43% trans

stilbene and 57% o-phenylstyrene).’!

26



Pd(dppp) Ph <Ph
—\ DMF A — + —
PRE -+ o ——s| L N—Ph | e s Ph
AgPFg L/Pd" Ph 43% 57%
1.57 1.58 1.59 1.60
Pd(dopp) Ph Ph <Ph
PRI+ Np — P : & - TNy
DMF /\Pd'\}',h 80% 20%
Y
1.57 1.58 ( 1.59 1.60
L

Scheme 1.28 Effects of counterion/solvent polarity on insertion regioselectivity

Further studies have demonstrated that solvent polarity can be used to
further enhance this effect. Highly polar solvent systems (DMF/H,0), which are
capable of stabilizing the cationic palladium species, also favor the a-substituted
product, while the less polar solvents (CH,Cl,) are more likely to generate neutral

intermediates, and show good selectivity for substitution at the terminal

position.’!

1.32 Selectivity of the f-Hydride Elimination

B-hydride elimination is the critical final step in most Heck-type
couplings. The execution of this step allows for the liberation of the product, as
well as the regeneration of the catalyst. This step must also be considered in

terms of the regio-isomer formed, particularly when there are multiple sites
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capable of B-hydride elimination. The selectivity of this step is primarily
governed by the relative ability of competing B-hydrogens to migrate to the
palladium center upon alkene de-insertion. Since B-hydride elimination is
considered to be a concerted reaction, the most important requirement associated
with B-hydride elimination is a syn orientation with the metal center. If the B-
hydrogens cannot attain this syn geometry, the elimination becomes extremely
disfavored. Thus, the substrates ability to orient itéelf in this fashion, usually via

rotation about a [P-sigma bonds, largely determines where the [-hydride

elimination is directed (Scheme 1.29). 28b, 6c

X

H g %
Rj~& PdL \
rotate > T synB —
X T A H Af R;
g, P R; R, elimination R,
=>£ ArL PdX /;L'LX
R3 Rl
H
R
2 Rz R, Ar
\ SsynB' Hy,
o . . R] \ R3
elimination K,
X
]'% dL; \syn Ar. H
W restricted Hi
H H —_—
rotation

Scheme 1.29 Syn-orientation required for B-hydride elimination

Cyclic alkenes are particularly attractive Heck substrates, as they generally
do not face the regio-selective issues associated with competitive B-hydride

elimination. With cyclic olefins, the hydrogen present on the newly substituted
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carbon is always anti with respect to the carbon-palladium bond, and thus cannot
readily undergo B-hydride elimination. Thus, Heck couplings with cyclic alkenes
can often lead to the formation of a single olefin product. This is critical in the

development of asymmetric versions of Heck couplings (vide infra).

1.33 Asymmetric Induction

The number of natural products and bio-active pharmaceuticals containing
one or more stereocenters has made the design of methods to selectively form
chiral products an area of intense research. Thus, the development of asymmetric
versions of the Heck coupling represents an important advance. ™7 As with
hydrogenations, the enantioselective insertion of olefins in Heck reactions can be
achieved using a wide range of chiral ligands.”® However, because of the B-
hydride elimination step, the potential for regenerating the sp> hybridized center,
and thus destroying the newly formed chiral center, makes the design of
enantioselective Heck reactions much more difficult. To prevent this, B-hydride
elimination must preferentially occur away from the newly formed B-center. This
usually restricts asymmetric Heck reactions to the use of cyclic alkenes, or the
formation of quaternary centers, as it is only in these cases that [-hydride
elimination can be directed away from the newly formed chiral carbon (Scheme
1.29).28 When these conditions are met, high levels of enantioselectivity can be

achieved, as illustrated in Scheme 1.30.
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Scheme 1.30 Asymmetric Heck coupling using chiral ligands

1.63

Despite these restrictions, asymmetric Heck chemistry has become an
important method for the installation of stereocenters.”® In particular,
intramolecular Heck couplings have been used extensively to generate a wide
range of fused chiral ring systems'? and will be discussed in more detail in the

next section.

1.4 Carbocyclizations

The initial success of metal catalyzed intermolecular Heck reactions were

soon followed by the development of intramolecular versions capable of

26,32

generating cyclic products. These types of insertion-based cyclizations have

been very effectively employed to generate simple 5, 6 and 7 membered rings

(Scheme 1.31 and 1.32%), as well as more complex fused or functionalized

34c

heterocycles (Scheme 1.33). Examples of Heck cyclizations generating

medium sized ring systems (eight through twelve-membered) in good yields are

rare.3l’32’33
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Scheme 1.31 Palladium catalyzed Heck six membered ring formation
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ot
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Scheme 1.32 Palladium catalyzed Heck seven membered ring formation
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Scheme 1.33 Palladium catalyzed Heck hetero-cyclization
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Scheme 1.34 Palladium catalyzed Heck medium ring closure

While the basic mechanism for the intramolecular insertion is similar to its
intermolecular counterpart, several new selectivity issues can arise. In particular,
the regioselectivity of the olefin insertion step becomes even more critical, as it
now not only affects the substitution pattern of the product, but also determines
the ring size.2® Thus, the ability to control the formation of either the exo or the
endo insertion product (Scheme 1.35) is crucial, otherwise a mixture of products,

or the undesired ring system may be formed.
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Scheme 1.35 Regioselectivity determines ring size

In general the exo-mode of cyclization is dominant for most simple ring
systems, as it is far less sterically demanding for alkene insertion.’® The
formation of five membered ring systems is generally preferred, though examples
of smaller three and four-membered cycles are also known.***® The much less
common endo mode requires that the olefin orient itself inside the tether during
the formation of the intermediate n-complex. This typically requires a long or
flexible tether between the alkene and Pd-carbon bond. It is this highly strained
geometry which makes 6-endo cyclizations disfavored. Most examples of endo-
mode cyclization involve constrained alkenes, or those with specific substitution
patterns (Scheme 1.36%8%).33* 1t is also worthy to note that the endo-mode of
cyclization dominates in medium size ring systems, which is in accordance with

the absence of strong stereoelectronic effects.>*

R Pd(PPhy), R

N & CH,CN, 80°C, 12 h N,/ “
0 @ o 0~

O

1.72 1.73

Scheme 1.36 Example of endo-mode Heck cyclization
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Many of the cases where endo-mode cyclization products are observed
actually undergo the more usual exo-mode cyclization, followed by a
cyclopropanation,  cyclopropylcarbinyl-to-homoallyl  rearrangement, and
subsequent B-hydride elimination (scheme 1373  Thus, even systems
apparently exhibiting endo-mode selectivity do not necessarily procede via this
pathway, and supporting mechanistic studies are required to confirm the true

nature of the insertion selectivity.

Z 6-endo
Pd

1.74 1.75 1L.76

Pd
! Pd
Pd

1.77 1.78 1.79

Scheme 1.37 Alternate route for 6-endo cyclization product formation

1.5 Heck Couplings in Synthesis

The versatility of the Heck reaction has led to a range of applications in

the synthesis of natural products and pharmaceutically important small molecules
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(representative examples are described in Scheme 1.38%% and 1.39*). Heck
couplings have also been used as key steps in the design of a number of complex
total syntheses, and cascade reactions (Scheme 1.40), which have been the subject

of several reviews.2% >34

Pd(OAc), NN
7 cl EO) g /CI"I/ 78
AN N\/e; * I/ NEts, AsPhs, DMF cr”
I ~0

\

81%
1.80 1.81

Scheme 1.38 Example of Heck coupling in anti-viral nucleosides

/'%H 5 (I
: oTf Pd(dba),, PPh, /'\ z
+ ==\ > N\
Oé R K;PO,, CH;CN o 74 TR
CO,PMP CO,PMP
60-91%
1.82 1.83

R=Ph, CO,Me, CH,0OH, CH(OEt),, CH,OAc, CH,NHCO,PMP

Scheme 1.39 Heck coupling used to generate B-lactam analogs
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Scheme 1.40 Palladium catalyzed cascade reaction to steroid cores

1.5 Transition Metal Mediated Imine Insertion

While the migratory insertion of unsaturated hydrocarbons into late
transition metal-carbon bonds has been extensively employed in synthesis,
examples of the analogous insertion reaction with hetero-atom containing
substrates such as imines (RyC=NR) are rare or often poorly defined.*’ Given the
potential utility of the products, it is somewhat surprising that systems capable of
generating new C-N bonds by imine insertion have received so little attention. In
fact, until recently, the literature on imine insertion consisted almost entirely of

studies involving metal-catalyzed imine hydrogenations, hydroborations or

hydrosilations. +*

1.5.1 Imine Insertion into Metal-Hydride Bonds

The insertion of imines into metal-hydride bonds has been proposed as a

key step in the catalytic hydrogenation of imines with a variety of transition metal
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complexes, including those with Ti,‘“"""m”43 Rh,* Ir,45 Ru*® and several
organolanthanide systems.*” While mechanistic data on the imine insertion step is
often unavailable, a number of well defined examples of imine insertion into
transition metal-hydride bonds exist.**** Though alkenes and imines are iso-
electronic in nature, one significant difference regarding insertion propensity
involves the presence of the lone pair of electrons on the nitrogen. This lone pair
of electrons provides a potential sigma coordination mode, in addition to the -
coordination considered necessary for olefin insertion (Scheme 1.41). The

presence of this alternate binding mode can complicate mechanistic studies.

M

\g

pre-insertion coordination mode for olefins

R R R
M <3N 'NI M <«—2 i M
\ A o N
H >\{H \/H
R R

R|

Scheme 1.41 Binding modes available for olefins vs. imines

From a simple enthalpy standpoint, early transition metals are known to
form strong metal-nitrogen bonds, and thus offer a considerable driving force for

imine insertion.*’

However, due to this, the liberation of the substrate from the
metal center can present a significant problem. Despite this potential issue, a

number of early transition metal complexes that can hydrogenate imines have

been developed. For example, titanocene complexes have been used successfully
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for both the hydrogenation and hydrosilation of imines (Scheme 1.17 and Scheme
1.46),16%16b420,£h,i43

Marks and co-workers have also investigated a number of potential imine
hydrogenation catalysts using organolanthanide complexes.47 Simplified bond
strength calculations for imine hydrogenation with early transition metal
zirconium complexes, suggest imine insertion intb the metal-hydride bond is
highly exothermic.’ The second step, however, involving product release
becomes much more difficult due to the strength of the metal-nitrogen bond
(Scheme 1.42).7 However, similar calculations on the analogous samarium
complex suggest a more kinetically favorable catalytic cycle might be possible,

due to a less exothermic imine insertion.

L,M-H
H2N‘CH3 H
w,
N=(
AH (Kcal/mol) H H
Cp'aZrX, +11 77N\
CpoSm 0 AH (Kcal/mol)
Cp'ZrX, -38
Cp'sSm -27
CHs
LM-N
H

Scheme 1.42 Enthalpy of imine hydrogenation using early metals

A range of late transition metal complexes have also been found to be

active catalysts for the hydrogenation of imines.”>*® In addition, the study of low

38



oxidation state metal-hydride complexes have led to a number of examples of
imine insertion to form stable products.48 Here, the o-coordination of imines to a
metal center can be exploited to achieve insertion. For example, Piers and Fryzuk
demonstrated that imines undergo 1,2 insertion into the metal-hydride bonds of
bridged rhodium dimers.* The postulated mechanism involves an initial o-
coordination of the imine to one of the rhodium centers, followed by a secondary
n-coordination with the other metal center, and subsequent insertion into the

rhodium-hydride bond (Scheme 1.43).

{ R
R R RR =N R L.H RpP
R P Ph Rh’/ R’
R x G P
R e Ry SN R
K R R R H—(
Ph
1.86
' -20°C
Il’h
R . RR Ry Res R R
N 4 atm H, R N
/R\ITQHQR}' /Rh‘ >Rh
AH YH ; 4P; H
R R R R R Rr R R R'=H, Ph, Me, Bn
BnNH, R =i-Pr
1.88 1.87

Scheme 1.43 Imine insertion via ¢ and © coordination

Recently, Berke and co-workers performed similar studies using a
monomeric molybdenum-hydride complex, and were able to isolate and obtain X-

ray crystal structures of the products of imine insertion.’® This insertion was also
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demonstrated to be reversible when a sterically bulky 1-naphthyl substituent was

placed on the nitrogen, and species 1.89 and 1.91 were observed by 'H NMR.

MeZO Me MeZO Me
P, N P2 PhCH=NPh PN po?
& Mo, J Cowes :I

P 1 VII\,/I toluene, rt, 24h K'I( | vp
e €y N. Me
Mez 2 f N m )

Ph
1.89 1.90

-PhCH=NC 1 0H7 PhCH=NC 1 0H7

Me20
P’/, N I];/Iez
‘e, | ‘\\

Mo
(P/ \ vpj
Mezl\{ M62
CioHs CyoH7 = 1-napthyl -
Ph 1oty pthy

1.91

Scheme 1.44 Imine insertion into molybdenum-hydride bonds

The catalytic hydrosilation of imines has also been postulated to proceed
via imine insertion into metal-hydride bonds."*'*? As with the transition metal
catalyzed hydrogenation of imines, many examples of imine hydrosilation can be

found in the literature,'>**%

Kira and co-workers have investigated the
hydrosilation of imines using diruthenium complexes and characterized several

intermediates (Scheme 1.45). Here, the nature of the intermediates suggest that
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one metal center activates the Si-H bond for insertion, while the other occupies

the lone pair of the imine prior to insertion into the metal-hydride bond.”!

o\ | L0
5% R,Si—RU“——<Ru—SiR,
ocC oC
PhyP._ PPh,

R./IKR. CeHg, 50°C, 72h R./k R

1.92 R
R'/(\ ) /
N——=SIiR,

R,
oc;]  Sia €0

« Uy, . u
oc | u7| co
PhyP_ PPh

1.93

Scheme 1.45 Imine insertion for hydrosilation

Several asymmetric versions of imine hydrogenations have also been
developed.13 It is interesting to note that many of the same catalytic systems used
in asymmetric olefin hydrogenation and hydrosilation have also been used
successfully for asymmetric imine hydrogenation and hydrosilation (Scheme 1.46
and 1.47).32 Despite recent efforts, development of a general catalytic system for
the asymmetric hydrosilation of imines remains a challenge, and continuing work

towards this goal may bring further mechanistic insight.
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Scheme 1.46 Asymmetric hydrosilations of imines with early transition

metal complexes
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59% ee
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(-)DIOP=(R,R,)-(-)-P,P'-{2,2-dimethyl-1,3-dioxolane-4,5-diylbis(methylene)]
bis(diphenylphosphane)

Scheme 1.47 Asymmetric hydrosilations of imines with late transition

metal complexes

Imine Insertion into Early Tansition Metal-Carbon Bonds

While the insertion of olefins into metal-carbon bonds are well known,

examples involving the analogous substrates containing carbon-nitrogen double

bonds (e.g. imines) are rare. Only recently have a number of well defined

examples appeared in the literature, and the majority of these are limited to the
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more electropositive early transition metals.”*** For example, a well defined 1,2
insertion of imines into titanium-carbon bonds has been observed by Rothwell
and co-workers (1.100, Scheme 1.48). Here, the formation of a strong titanium-
nitrogen bond serves as an excellent thermodynamic driving force for insertion.
Similarly, Rosenthal and co-workers have also observed the insertion of an azine

carbon-nitrogen double bond into zirconium-carbon bonds.**

H
=
ArO/'Ti@ Ph Ph A )
v Ti
ArO C6H6’ rt ArO'Tl\ N \_Plgl
Ph
1.99 1.100
Ph . -
>—__—-N\ H Me381 _ SIPVICQ
SiMe, H N CpyZn.. A~Ph
Ph NN
Cp,ZnJ . N H
\
SiMe, THF, 15 h, 1t Ph)\ H
1.101 1.102

Scheme 1.48 Imine insertion into early metal-carbon bonds

The samarium system developed by Marks and co-workers'’ proved
capable of inserting imine not only into samarium-hydride bonds, but also

samarium-carbon bonds (1.103). The insertion of imine leads to the formation of

43



a robust chelate (1.104), with strong nitrogen-metal bonds that impedes further

reaction (Scheme 1.49).

JQQ

N —~
Cp',Si
1.103 1.104

Scheme 1.49 Imine insertion into samarium metal-carbon bonds

Unlike early transition metals, the ability of late transition metal catalysts
to tolerate heteroatoms is well known. Nevertheless, examples of imine insertion

into late transition metal-carbon bonds are rare.*®

When the enthalpy of imine
insertion is compared to those observed for the much more common olefin
insertion, a rationale for the lack of well defined examples of imine insertion into
late transition metal-carbon bonds becomes more clear. Such a comparison using
simple bond enthalpy calculations is summarized in Scheme 1.50. While olefin
insertion is clearly exothermic (ca. —20 kcal/mol), imine insertion appears to be
essentially thermoneutral (ca. +1 kcal/mol) when 72.8 and 147 kcal/mol are used
as the average carbon-nitrogen single and double bond energies.”’ Thus, the
driving force provided by the formation of the new C-N bond is not nearly as
strong as the one associated with the C-C bond formed during olefin insertion.

This lack of driving force may be the reason so few examples of imine insertion

into late metal-carbon bonds exist.
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=N

AH= -20 Kcal/mol
Scheme 1.50 Estimated enthalpies of olefin vs. imine insertion into metal-carbon

bonds

1.5.3 Literature Examples Consistent With Imine Insertion Using

Late Transition Metals

Until recently, most reports suggesting imine insertion into a late metal-
carbon bond contained little direct evidence supporting an imine insertion
mechanism. For example, the hydro-acylation of imines by an in situ generated
cobalt-acyl complex (1.106) can be considered to occur via imine insertion.>®
Though no direct evidence for a mechanistic pathway involving imine insertion is
presented, it is possible that imine coordinates to the acyl-cobalt complex via .CO
displacement, followed by insertion, reductive cleavage, and hydrolysis to the

amide (Scheme 1.51).
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Scheme 1.51 Imine insertion into cobalt-acyl complexes

Also, the reaction of the iron complex Fe,(CO)s(R-DAB) [ DAB = 1,4-
diaza-1,3-butadiene; R = i-Pr, c-Hex] with methyl propionate is postulated to
proceed via an imine insertion into an iron-acyl bond in the final step to yield the

product 1.113 (Scheme 1.52).%°
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Scheme 1.52 Imine insertion into iron-acyl complexes

Hegedus et al., have also suggested that the reaction of 1.114 with imine
proceeds via a formal imine insertion into the metal-acyl bond of the n’-allyl
resonance form 1.115 (Scheme 1.53). Unfortunately, these highly electrophilic
substrates may also react via nucleophilic attack by the imine nitrogen, and this

has also been put forward as an alternative mechanism.*
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Scheme 1.53 Imine insertion with iron-ketene complexes

Research done by our own group,®’ as well as Sen and co-workers,”
described the first well defined examples of imine insertion into late transition
metal-carbon bonds (Scheme 1.54). These systems utilized imine bound
palladium-methyl complexes, which, in the presence of carbon monoxide,

underwent sequential carbonylation followed by imine insertion.
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Scheme 1.54 Imine insertion into palladium-acyl complexes

Again, simple thermodynamic calculations provide some rationale for the
increased insertion propensity displayed by imines in these systems (Scheme
1.55).7 These calculations suggest that the strength of the resonance stabilized
amide C-N bond generated by insertion into the metal-acyl ligand, can provide the
required driving force for insertion. Indeed, the overall enthalpy of the imine
insertion is close to that of olefin insertions. The formation of this amide bond is
also likely responsible for the regioselectivity of insertion observed. The product
1.119, (Scheme 1.54) immediately chelates to the metal center through the oxygen

of the newly formed amide to generate a robust 5 membered metallacycle.
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Chelation to the palladium center through the amide oxygen appears to be strong,

and initial attempts to achieve subsequent insertion were unsuccessful (Scheme

1.56).51%2

=N N

MJ\ — > M/\NJ\
AH= -17 Kcal/mol

Scheme 1.55 Enthalpies of imine insertion into M-carbon vs M-acyl bonds

Toh ’'e

+ )<
L,Pd N’
OJ\ CH, p— \\ No insertion

1.120
L = bipy or dppe

Scheme 1.56 Attempts at further CO/imine insertion

Density functional calculations carried out by Cavallo® provide further
insite into the reaction mechanism. Using simplified imines and ligands, Cavallo

found that imines display a significantly higher barrier to insertion into palladium-
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acyl bonds than those found for the analogous olefin insertion (AH* = 22.2 Kcal
mol™ for HyC=NH vs. AH* = 16.6 Kcal mol” for CH;=CH,). Nevertheless, imine
insertion is exothermic, with the driving force for the reaction appearing to be the
formation of a very stable amide bond. These calculations also provide some
mechanistic insight regarding the coordination mode of the imine during
insertion. For example, attempts to optimize a geometry with a n-coordinated
imine all converged to the o-bond form observed experimentally. Only during
the final stages of the path towards the transition state does the imine reorient
itself into a m-coordinated geometry similar to those observed for ethane.** These
calculations suggest a relatively concerted mechanism for imine insertion.
Geometric analysis is consistent with an early transition state for insertion into the
Pd-acyl bond, and the length of the Pd-C bond calculated in the transition state is

stretched only 5% compared to the values obtained for the initial imine

coordinated complex.

More recently, Hartwig reported the direct insertion of aldehydes and
imines into rhodium-aryl bonds.5*® These examples differ from those observed
previously in palladium-based systems in that imine insertion occurs without the
initial insertion of CO. In addition, the regiochemistry of imine insertion is
reversed, such that a new carbon-carbon bond is’ formed along with a formal

rhodium-nitrogen or oxygen bond.
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Scheme 1.57 Examples of imine and aldehyde insertion into Rh-C bonds

This rhodium-based insertion chemistry is directly related to the recently
developed rhodium catalyzed coupling reactions of R'R*C=X (X = 0, NR) with
organoboranes, organotins, and organosilanes (Scheme 1.58).8 While the
majority of these catalytic reactions involve aldehydes, more recently imines have
been shown to be viable coupling partners, particularly N-sulfonyl aldimines.®®
These reactions proceed in excellent yield to give arylated products, such as those

shown in the representative examples below (Scheme 1.59).%7
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Scheme 1.58 General catalytic route for Rh catalyzed couplings
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1.6

carbon and/or carbon-heteroatom bonds continues to be an important area of
investigation. While these transformations have been exploited extensively with
alkenes and alkynes as detailed above,
heteroatom-containing substrates such as imines remains a challenge. The study
of late transition metal complexes capable of using imines as migratory insertion
substrates could lead to solutions to these issues. Moreover, the development of

new catalysts capable of using imines and alkenes as interchangeable insertion

.SO,Ph
By . AB(OH),

RO H 2eq
1.126
X
)N|\ R + PhSnMes
Ph© H 2 eq.
1.128

[Rh(COD)(MeCN),]BF, iy SOz
dioxane, 90°C /I\
, R Tu
Ar

70-99%

1127

R = Aryl,CH,=CHPh, cyclohexyl

0
[Rh(COD)(MeCN)Z]BF‘,‘ HN/U\R
THF, 60 °C /|\

Ph7L H
50-98%
1.129

R= Ph,COztBu, SOzC6H4CH3, PO(OEt)Z

Scheme 1.59 Examples of Rh catalyzed imine couplings

Overview of Thesis

The use of migratory insertion reactions as a method to form new carbon-

26,27,34

54

the extrapolation of this chemistry to



substrates would represent a useful advance in this field of study. The previous
investigations of palladium complexes has provided an excellent precedent for the
insertion of imines into late transition metal-carbon bonds. Despite their lack of
further reactivity, these examples confirm the viability of imines as insertion
monomers. Further investigation of more reactive complexes may lead to the
development of systems capable of performing useful transformations via imine
migratory insertion.

Previous work has shown that nickel complexes are significantly more
reactive towards the migratory insertion of alkenes than their palladium

counterparts.**"°

This higher intrinsic reactivity towards migratory insertion
suggests nickel complexes would make excellent imine insertion candidates as
well. The initial research described in this thesis (chapter 2) involves the
development of a series of nickel complexes capable of mediating the sequential
migratory insertion of CO and imines. Subsequent investigations will focus on
the potential of these nickel-based CO/imine insertion products to undergo further
reactions (chapter 3). Studies involving the use of imines and alkenes as
interchangeable insertion substrates allows for the development of multi-
component insertion cascades for the synthesis of lactams (chapter 4).

Finally, this thesis will describe our development of a novel method to use
double-bonded electrophiles such as imines in Stille-type cross-coupling

reactions, providing a multi-component route to prepare c.-substituted amides

from imines, acid chlorides and alkyl-tin reagents (chapter 5).

55



1.7 References

(D

@

3)

“4)

For general reviews on COlolefin polymerization, see: a) Drent, E,,
Budzelaar, P. H. M. Chem. Rev. 1996, 96, 663. b) Abu-Surrah, A. S.,
Reiger, B. Angew. Chem. Int. Ed. Engl. 1996, 357, 2475. c) Sen, A. Acc.
Chem. Res. 1993, 26, 303 and references therein.

a) Eilbracht, P., Barfacker, L., Buss, C., Hollmann, C., Kitsos-Rzychon, B.
E., Kranemann, C. L., Rische, T., Roggenbuck, R., ’Schmidt, A. Chem. Rev.
1999, 99, 3329. b) Cornils, B., Hermann, W. A. Applied Homogeneous
Catalysis with Organometallic Compounds: A Comprehensive Handbook in
2 Volumes, VCH: Weinheim, New York, 1996. c¢) Rhodium Catalyzed
Hydroformylation, van Leeuwen, P. W. N. M., Claver, C., Eds., Kluwer
Academic Publishers: Dordrecht, 2000.

a) Milstein, D., Acc. Chem. Res. 1988, 21, 428. b) Alper, H., Ajjou, A.
Macromolecules 1996, 29, 1784. c) Alper, H., Reynhardt, J. J. Org. Chem.
2003, 68, 8353. Ko, S., Lee, C., Choi, M., Na, Y., Chang, S. J. Org. Chem.
2003, 68, 1607. Georgsson, J., Hallberg, A., Larhed, M. J. Combi. Chem.
2003, 5, 350. Ritleng, V., Sirlin, C., Pfeffer, M. Chem. Rev. 2002, 102,
1731.

a) Kiss, G. Chem. Rev. 2001, 101, 3435. b) Torrent, M., Sola, M., Frenking,
G. Chem. Rev. 2000, 100, 439. c) Wijngaarden, R. J., Kronberg, A.,

Westerterp, K. R. Industrial Catalysts: Optimizing Catalysts and Processes.

56



©)

(©)

)

@®
€)

(10)

(11)

Wiley-VCH: Weinheim, 2004. d) Diedrich, F., Stang, P. Metal Catalyzed
Cross-Coupling Reactions. Wiley-VCH, 1998.

a) Bolm, C., Gladysz, J. Chem. Rev. 2003, 103, 2761. b) Harrington, P. J.
Transition Metals in Total Synthesis. John Wiley & Sons, 1990 and
references therein.

a) Crabtree, R. The Organometallic Chemistry of the Transition Metals, 2nd
Ed. John Wiley & Sons, 1994. b) Collman, J. P., Hegedus, L. S., Norton. J.
R., Finke, R. G. Principles and Applications of Organotransition Metal
Chemistry, University Science Books, 1987. ¢) Hegedus, L. S. Transition
Metals in the Synthesis of Complex Organic Molecules University Science
Books, 1999, Ch 2 section 2.4.

a) Butts, S. B., Straus, S. H., Holt, E. M., Strimson, R. E., Alcock, N. W.,
Shriver, D. F. J. Am. Chem. Soc., 1980, 102, 5093. b) Butts, S. B., Straus, S.
H., Holt, E. M., Strimson, R. E., Alcock, N. W., Shriver, D. F. J. Am. Chem.
Soc., 1979, 102, 5864.

Rappe, A. K., Skiff, W. M., Casewit, C. J. Chem. Rev. 2000, 100, 1435.

a) Johnstone, R., Wilby, A .H, Entwistle, I. D. Chem. Rev. 1985, 85, 129. b)
Dirat, O., Kouklovsky, C., Langlois, Y. Org. Lett. 1999, 1, 753. Harmon,
R.E., Gupta, S. K, Brown, J. Chem. Rev. 1973, 1, 21.

a) Nis, S. Handbook of Heterogeneous Catalytic Hydrogenation for Organic
Synthesis Wiley-VCH, 2001. b) Zhu, W., Ma, D. Org. Lett. 2003, 5, 5063.
¢) Maligres, P. E., Krska, S. W., Humphrey, G. R. Org. Lett. 2004, 6, 3147.

Frey, R., McFadden, L. D. J. Chem. Soc. Perkin Trans. 1. 1985, 1, 191.

57



(12)

(13)
(14)

(15)

(16)

)

(18)

Kopach, M. E., Fray, A. H., Meyers, A. I. J. Am. Chem. Soc. 1996, 118,
9876.
Ojima, I. Catalytic Asymmetric Synthesis, 2" Ed. Wiley-VCH, Inc., 2000.
a) Pfaltz, A.,, Helmchen, G. Acc. Chem. Res. 2000, 33, 336. b)
Zassinovich, G., Mestroni, G., Gladiall, S. Chem. Rev. 1992, 92, 1051.
Imamoto, T., Watanabe, J., Wada, Y., Masuda, H., Yamada, H. J. 4Am.
Chem. Soc. 1998, 120, 1635.
a) Broene, R. D., Buchwald, S. L. J Am. Chem. Soc. 1993, 115, 12569. b)
Troutman, M. V., Apella, D. H., Buchwald, S. L. J. Am. Chem. Soc. 1999,
121, 4916. c) Lightfoot, A., Schnider, P., Pfaltz, A. Angew. Chem., Int. Ed.
Engl. 1998, 37,2897.
a) Hayashi, T., Kawamura, N., Ito, Y. J. Am. Chem. Soc. 1987, 109, 7876. b)
Burk, M. J., Gross, M. F., Martinez, J. P. J Am. Chem. Soc. 1995, 117,
9375. ¢) Sawamura, M., Kuwano, R., Ito, Y. J. Am. Chem. Soc. 1995, 117,
9602. d) Imamoto, T., Watanabe, J., Wada, Y., Masuda, H., Yamada, H.,
Tsuruta, H., Matsukawa, S., Yathaguchi, K. J Am. Chem. Soc. 1998, 120,
1635. e) Pfaltz, A. Acc. Chem. Res. 1993, 26, 339. f) Noyori, R. Science,
1990, 248, 1194. g) Crabtree, R. Acc. Chem. Res. 1979, 12, 331. h)
Seyden-Penne, J. Chiral Auxiliaries and Ligands in Asymmetric Synthesis,
Wiley: New York, 1995, pp 367-388.
Jamison, J., Levy, S., Sun, X., Zeckner, D., Current, W., Zweifel, M.,
Rodriguez, M, Turner, W, Chen, S.Bioorganic and Medicinal Chemistry

Letters. 2000, 10, 2101. b) van Laren, M. W., Duin, M. A,, Klerk, C.,

58



Naglia, M., Rogolino, D., Pelagatti, P., Bacchi, A., Pelizzi, C., Elsevier, C.
J. Organomet. 2002, 21, 1546.

(19) a) Lindlar, H, Dubuis, R. Organic Syntheses, Wiley: New York, 1973,
Collect. Vol. V, 880-883. b) Campos, K., Cai, D., Journet, M., Kowal, J.,
Larsen, R., Reider, P. J Org. Chem. 2001, 66, 3634.

(20) Trost, B., Ball, Z., Joge, T. J. Am. Chem. Soc. 2002, 124, 7922.

(21) a) Colvin, E. W. Silicon in Organic Synthesis, Butterworth: London, 1981, p
44. b) Weber, W. P. Silicon Reagents for Organic Synthesis, Springer:
Berlin, 1983, p 79. ¢) Colvin, E. W. Silicon Reagents in Organic Synthesis,
Academic: London, 1988, p 7. d) Takahashi, T., Bao, F., Gao, G.,
Ogasawara, M. Org. Lett. 2003, 5, 3481.

(22) a) Roy, A. K., Taylor, R. B., J Am. Chem. Soc. 2002, 124, 9511. b)
Burgess, K., Ohlmeyer, M. Chem. Rev. 1991, 91, 1179. c) Takahashi, T.,
Bao, F., Gao, G., Ogasawara, M. Org. Lett. 2003, 5, 3479. d) Betzer, J.,
Delaloge, F., Muller, B., Pancrazi, A., Prunet J. J Org. Chem. 1997, 62,
7768. e) Maleczka, R. E., Lavis, J. M,, Clark, D. H., Gallagher, W. P. Org.
Lett. 2000, 2, 3655.

(23) a) Rothwell, 1. P. In Selective Hydrocarbon Activation, Davies, J. A.,
Watson, P. L., Liebman, J. F., Greenberg, A., Eds., VCH Publishers: New
York, 1990, p 43. b) Watson, P. L. In Selective Hydrocarbon Activation,
Davies, J. A., Watson, P. L., Liebman, J. F., Greenberg, A., Eds., VCH
Publishers: New York, 1990, p 79. ¢) Rothwell, 1. P. Polyhedron 1985, 4,
177.

59



@4

25)

(26)

@7)

28)

a) Tilley, T. D. Acc. Chem. Res. 1992, 26, 22. b) Woo, H.-G., Tilley, T. D. J.
Am. Chem. Soc. 1989, 111, 8043. ¢) Woo, H.-G., Walzer, J. F., Tilley, T. D.
J. Am. Chem. Soc. 1992, 114, 7047. d) Woo, H.-G., Heyn, R. H,, Tilley, T.
D. J. Am. Chem. Soc. 1992, 114, 5698.

a) lIyer, S., J Organometallics. Chem. 1995, 490, C27. b) Ikeda, Y.,
Nakamura, T., Yorimitsu, H., Oshima, K. J Am. Chem. Soc. 2002, 124,
6514. c) Iyer, S., Ramesh, C., Sarkar, A., Wadgaonkar, P. P. Tetrahedron
Lert. 1997, 38, 8113. d) Lin B, Liu, L., Fu, Y., Luo, S., Chen, Q., Guo, Q.
Organomet. 2004, 23, 2114. e) Cabri, W., Canadiani, I. Acc. Chem. Res.
1995, 28, 2. f) Fu, G, Littke, A. J. Am. Chem. Soc. 2001, 123, 6989. g)
Beletskaya, Irina P., Cheprakov, Andrei V. Chem Rev. 2000, 100, 3009-
3066. h) Diedrich, F., Stang, P. Metal Catalyzed Cross-Coupling Reactions.
Wiley-VCH, 1998, Chapters 3 and 6 and references therein.

Overman, L., Dounay, A., Chem Rev. 2003, 103, 2945 and references
therein.

a) de Meijere, A., Meyer, F. E. Angew. Chem., Int. Ed. Engl. 1994, 33, 2379.
b) Brase, S., de Meijere, A. In Metal-Catalyzed Cross Coupling Reactions,
Stang, P. J., Diederick, F., Eds, Wiley-VCH: Weinheim, 1998, Chapter 3.

a) Dieck, H. A, Heck R. F. J. Am. Chem. Soc. 1975, 40, 1083. b) Dieck, H.
A.,Heck R.F. J Am. Chem. Soc. 1974, 96, 1133. ¢) Shaw, B. L., Perera, S.
D. Chem. Commun. 1998, 1863. d) Louis S. Hegedus. Transition Metals in

the Synthesis of Complex Organic Molecules. University Science Books,

1999.

60



(29) a) Cabri, W., Candiani, I., Bedeschi, A., Santi, R. J. J. Org. Chem. 1993,
58, 7421. b) Cabri, W., Candiani, I., Bedeschi, A., Santi, R. J. Synlett. 1992,
871. ¢) Hermann, W. A., Elison, M., Fisher, J., Kocher, C., Artus, G. R.
Angew. Chem., Int. Ed. Engl. 1995, 34, 2371. d) McGuinness, D. M.,
Cavell, K. J., Skelton, B. W., White, A. H. Organometallics. 1999, 18, 1596.
¢) Albert, K., Gisdakis, P., Rosch, N. Organometallics. 1998, 17, 1608

(30) Hayashi, T., Kubo, A., Ozawa, F. Pure Appl. Chem. 1992, 64, 421.

(31) Ludwig, M., Stromberg, S., Svensson, M., Akermark, B. Organometallics.
1999, 18, 970.

(32) For recent examples see a) Imbos, R., Minnard, A., Feringa, B. J 4m.
Chem. Soc. 2002, 124, 184. b) Lautens, M., Fang, Y. Org. Lett. 2003, 5,
3679.

(33) Negishi, E., Owczarczyk, Z., Lamaty, F., Vawter, E. J Am. Chem. Soc.
1992, 114, 10091.

(34) Negishi, E., Corperet, C., Ma, S., Liou, S., and Liu, F. Chem. Rev. 1996, 96,
365. b) Tietze, L. F., Chem. Rev. 1996, 96, 115. c) Heck, R. F., Terpko, M.
O. J. Am. Chem. Soc. 1979, 101, 5281.

(35) a) Masters, J. J, Jung, D. K., Bornmann, W. G., Danishefsky, S. J.
Tetrahedron Lett. 1993, 34, 7253. (b) Masters, J. J.,, Young, W. B.,
Danishefsky, S. J. Am. Chem. Soc. 1995, 117, 5228.

(36) Ma, S., Negishi, E. J. Am. Chem. Soc. 1995, 117, 6345.

(37) Armold, L., Luo, W., Guy, K., Org. Lett., 2004, 6, 3005.

(38) Nishi, K., Narukawa, Y. Onoue, H. Tetrahedron Lett. 1996, 37, 2987.

61



(39) Meyer, F. E., Parsons, P., Meijere, A. J. Org. Chem. 1991, 56, 6487.

(40) Carpenter, N., Overman, L. J. Org. Chem. 1989, 54, 5846.

(41) a) Reddy, K. R., Surekha, K., Lee, G. H,, Peng, S. M,, Liy, S. T.
Organometallics. 2000, 19, 2637. b) Gilbertson, S. R., Xie, D., Fu, Z. J.
Org. Chem. 2001, 66, 7240.

(42) a) Marcazzan, P., Patrick, B. O., James, B. R. Organometallics 2003, 22,
1177-1179. b) Uematsu, N., Fujii, A., Hashiguchi, S., Ikariya, T., Noyori,
R. J. Am. Chem. Soc. 1996, 118, 4916-4917. c) Mao, J. Baker, D. C. Org.
Lett. 1999, 1, 841-843. d) Kuhl, S., Schneider, R., Fort, Y., Organometallics
2003, 22, 4184-4186. e) Willoughby, C. A., Buchwald, S. L. J. Org. Chem.
1993, 58, 7627-7629. f) Willoughby, C. A., Buchwald, S. L. J. A4m. Chem.
Soc. 1992, 114, 7562-7564. g) Zhou, Z., James, B. R., Alper, H.
Organometallics 1995, 14, 4209-4212. h) Willoughby, C. A., Buchwald, S.
L. J Am. Chem. Soc. 1994, 116, 11703-11714. i) Willoughby, C. A.,
Buchwald, S. L., J. Am. Chem. Soc, 1994, 116, 8952-8965 and references
therein.

(43) a) Willoughby, C. A., Buchwald, S. L. J. Am. Chem. Soc. 1992, 114, 7562.
(b) Willoughby, C. A., Buchwald, S. L. J. Am. Chem. Soc. 1994, 116, 8952.

(44) a) Vastag, S., Bakos, J., Toros, S., Takach, N. E., King, R. B., Heil, B.,
Marko, L. J Mol. Catal. 1984, 22, 283. b) Bakos, J., Toth, I., Heil, B.,
Marko, L. J. Organometallics. Chem. 198S, 279, 23. c) Kang, G. J., Cullen,
W. R, Fryzuk, M. D., James, B. R., Kutney, J. P. J. Chem. Soc., Chenﬁ.

Commun. 1988, 1466. d) Becalski, A. B., Cullen, W. R., Fryzuk, M. D,

62



(435)

(46)

(47

James, B. R., Kang, G. J., Rettig, S. J Inorg. Chem. 1991, 30, 5002. ¢)
Burk, M. J., Martinez, J. P., Feaster, J. E., Cosford, N. Tetrahedron 1994,
50, 4399. For hydrogenation of benzylimines of aryl methyl ketones in a
two-phase system, see: f) Bakos, J., Orosz, A., Heil, B., Laghmari, M.,
Lhoste, P., Sinou, D. J. Chem. Soc. Chem. Commun. 1991, 1684. g)
Lensink, C., deVries, J. G. Tetrahedron: Asymmetry 1992, 3, 235.

a) Spindler, F., Pugin, B., Blaser, H. U. Angew. Chem., Int. Ed. Engl. 1990,
29, 558. b) Spindler, F., Pugin, B. (Ciba-Geigy AG). EP Patent 0256982,
1988. ¢) Ng Cheon Chan, Y. P., Osborn, J. A. J. Am. Chem. Soc. 1990, 112,
9400. d) Ng Cheon Chan, Y. P., Meyer, D., Osborn, J. A. J. Chem. Soc.,
Chem. Commun. 1990, 869. €) Sablong, R., Osborn, J. A. Tetrahedron:
Asymmetry 1996, 7, 3059. f) Morimoto, T., Achiwa, K. Tetrahedron:
Asymmetry 1995, 6, 2661. g) Tani, K., Onouchi, J., Yamagata, T., Kataoka,
Y. Chem. Lett. 1995. 955.

a) Oppolzer, W., Wills, M., Starkemann, C., Bernardinelli, G. Tetrahedron
Lett. 1990, 31, 4117. b) Fogg, D. E., James, B. R. In Catalysis of Organic
Reactions, Chemical Industries, Scaros, M. G., Prunier, M. L., Eds, Dekker:
New York, 1995, Vol. 62, p 435. For the use of Ru-diamine complexes in
the enantioselective transfer-hydrogenation of imines, see: (c) Uematsu, N.,
Fujii, A., Hashiguchi, S., Ikariya, T., Noyori, R. J. Am. Chem. Soc. 1996,
118, 4916.

Obora, Y., Ohta, T., Stern, C. L., Marks, T. J. J. Am. Chem. Soc, 1997, 119,

3745 and references therein.

63



(48) a) James, B. R. Catal. Today, 1997, 37, 209 b) Oppolzer, W., Wills, M.,
Starkemann, C., Bernardinelli, G. Tetrahedron Lett. 1990, 31, 4117. c)
Kang, G.-I., Cullen, W. R., Fryzuk, M. D., James, B. R., Kutney, J. P. J.
Chem. Soc., Chem. Commun. 1988, 1466. d) Cullen, W. R., Fryzuk, M. D,
James, B. R., Kutney, J. P, Kang, G. J., Herb, G., Thorburn, I. S.,
Spogliarich, R. J. Mol. Catal. 1990, 62, 243. e) Becalski, A. G., Cullen, W.
R., Fryzuk, M. D., James, B. R., Kang, G. J., Rettig, S. J. Inorg. Chim. 1991,
30, 5002. f) Chan, A. S. C., Chen, C. C,, Lin,. C. W, Lin, Y. C, Cheng, M.-
C., Peng, S.-M. J. Chem. Soc. Chem. Commun. 1995, 1767. g) Burk, M. J,,
Feaster, J. E. J Am. Chem. Soc. 1992, 114, 6266. h) Burk, M. J., Martinez,
J. P., Feaster, J. E., Cosford, N. Tetrahedron 1994, 50, 4399. i) Herrera, V.,
Munoz, B., Landeta, V., Canudus, N. J Mol Catal. 2001, 174, 141. j)
Kamaluddin, A. R., Clapham, S. E, Hadzovic, A., Harvey, J. N., Lough, A.
J., Morris, R. H. J 4Am. Chem. Soc., 2002, 124, 15104 j) Kobayashi, S.,
Haruro, I. Chem. Rev. 1999, 99, 1069 and references therein.

(49) Fryzuk, M. O., Piers, W., E. Organometallics 1990, 9, 986.

(50) F. Liang, H. Schmalle, H. Berke, Inorg. Chem. 2004, 43, 993

(51) Hasimoto, H., Aratani, 1., Kabuto, C., Kira, M. Organometallics 2003, 22,
2199.

(52) a) Nishibayashi, Y., Takei, 1., Uemura, S., Hidai, M. Organometallics 1998,
17,3420 and references therin. b) Yun, J., Buchwald, S., J Am. Chem. Soc.

1999, 121, 5640.

64



(53) Becker, R., Brunner, H., Mahboobi, S., Wiegrebe, W. Angew. Chem., Int.
Ed. Engl. 1985, 24, 995.

(54) Thorn, M., Hill, J., Waratuke, S., Johnson, E., Fanwick, P., Rothwell, I. J
Am. Chem. Soc. 1997, 119, 8630.

(55) Zippel, T., Arndt, P., Ohff A., Spannenberg, A., Kempe, R., Rosenthal, U.
Organometallics 1998, 17, 4429.

(56) Hartwig, J. F, Krug, C. Organometallics 2004, 23, 4594 and references
therein.

(57) Sandorfy, C. The Chemistry of the Carbon-Nitrogen Double Bond, Patai, S.
Ed., Wiley: New York, 1970, 1. (b) Wiberg, K. B., Nakaji, D. Y., Morgan,
K. M. J. Am. Chem. Soc. 1993, 115, 3527.

(58) Alper, H., Amaratunga, S.J. Org. Chem. 1982, 47, 3595.

(59) Vaspallo, G., Alper, H. Tetrahedron Lett. 1987, 28, 3811.

(60) Reduto, A., Hegedus, L. S. Organometallics. 1995, 14, 1586.

(61) Dghaym, R. D., Yaccato, K. J., Arndtsen, B. A., Organometallics. 1998, 37,
1251.

(62) Kacker, S., Kim, J. S., Sen, A., Angew. Chem., Int. Ed. 1998, 37, 125.

(63) Cavallo, L. J. Am. Chem. Soc. 1999, 121, 4238.

(64) Margl, P. M., Ziegler, T. J. Am. Chem. Soc. 1996, 118, 7337.

(65) Krug, C., Hartwig, J. F. J. Am. Chem. Soc. 2004, 126, 2694

(66) Krug, C., Hartwig, J. F. J. Am. Chem. Soc. 2002, 124, 1674.

(67) For a recent review see Fagnou, K., Lautens, M. Chem. Rev. 2003, 103, 169

and references therein.

65



(68)

(69)

(70)

Oi, S., Terada, E., Ohuchi, K, Kato, T., Tachibana, Y., Inoue, Y. J Org.
Chem. 1999, 64, 8660.

a) Drent, E.. Budzelaar, P. H. M. Chem. Rev. 1996, 96, 663. b) Abu-
Surrah, A. S., Reiger, B. Angew. Chem. Int. Ed. Engl. 1996, 357, 2475. (¢)
Sen, A. Acc. Chem. Res. 1993, 26, 303 and references therein.

a) Rix, F. C., Brookhart, M., White P. S. J. Am. Chem. Soc. 1996, 118,
4746. b) Shultz, S. C., DeSimone J. M., Brookhart, M. Organometallics
2001, 20, 16. c) Michalak, A., Zieglar, T., Organometallics 2003, 22, 2660
and references therein. d) Svejda, S. A., Johnson, L. K., Brookhart, M., J.
Am. Chem. Soc. 1999, 121, 10634. ¢) J. A. Ascenso, A. R. Dias, P. T.
Gomes, Macromolecules 1996, 29, 4172, f) J. A. Ascenso, A. R. Gomes,

Macromolecules 1989, 22, 998.

66



CHAPTER TWO

Sequential Insertion of Carbon Monoxide and Imines into

Nickel-Methyl Bonds: A New Route to Imine Hydroacylation

2.0 Introduction

The migratory insertion of imines into metal-acyl bonds provides a
potential method to generate amides from simple and readily available
R’(H)C=NR building blocks. However, while the insertion of carbon-
containing unsaturated molecules (e. g., olefins or alkynes) has been explored
extensively,!” reports of heteroatom containing substrates (e.g., C=X; X = O,
NR) undergoing analogous reactions are much less common.*” Examples of
the latter typically involve electropositive metal centers, which undergo
insertion with a regio-chemistry to generate a robust M-X bond rather than a
new nitrogen-carbon bond.*> The development of late transition metal
complexes that can tolerate functionality during insertion reactions suggests
they might be prime candidates for insertion of substrates such as imines.®"!
Recently, both we'? and others'? have demonstrated that palladium complexes
of the form L,Pd(CH;)RN=C(H)R’)'X (L, = bidentate neutral ligand; R =
alkyl, aryl; R’ = aryl) can mediate the sequential insertion of carbon monoxide
and imines to generate palladium-bound amides. These provide the first well-

defined examples of imine insertion into a late metal-carbon bond.® In an

67



attempt to explore the scope of this reaction, as well as develop a metal
complex capable of mediating imine insertion under more mild conditions, the
synthesis and reactivity of the nickel complexes (bipy)Ni-
(CH3)(RN=C(H)Tol)'X" (bipy = 2,2’-bipyridyl, Tol = p-C¢H4CH3) has been
investigated. We report herein the first example of the sequential insertion of
CO and imines into nickel-methyl bonds, which ultimately leads to a
controlled, metal-mediated route to synthesize amides from imines.'*
Methods for the generation, characterization, and cleavage of the amide
fragments from the nickel center, as well as a comparison of the relative rates
of insertion to the analogous palladium éomplexes, are described in this

chapter.

2.1 Results and Discussion

The reaction of [R(H)N=CH(Tol)]'X" (2.2a-h) with (bipy)Ni(CH3),
in THF at —40 °C results in the immediate liberation of methane and formation
of the cationic nickel-imine complexes 2.3a-h (Eq. 2.1).15 Complexes 2.3a-h
can be isolated by precipitation with pentane, affording solids which are stable
at room temperature under nitrogen. The 'H and '>C NMR for 2.3a-h displays

a downfield shift in the imine resonances upon coordination,'® consistent with

n'-binding of the imine through the nitrogen.'?
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Equation 2.1: Synthesis of cationic nickel-imine complexes

No evidence for imine insertion into the Ni-CHj3 bond of complexes
2.3a-h was observed at ambient temperature, and heating to 70 °C resulted
only in the decomposition of the complex to liberate free imine. Thus, similar
to the analogous palladium complexes,12 2.3a-h have a significant kinetic
barrier to imine insertion into the nickel-alkyl bond. However, the exposure
of complexes 2.3a-h to 1 atm of carbon monoxide results in the rapid insertion
of CO to form the nickel-acyl complexes 2.4a-h. Unlike 2.3a-h, nickel-acyl
complexes react upon standing for several hours in CD,Cl; solution, resulting
in the formation of the product of imine insertion into the nickel-acyl bond
(2.5a-g) (Scheme 2.1). The same reaction at 70 °C results in complete

conversion to 2.5a-g in under 30 min.
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Table 2.1: Synthesis of Complexes 2.3a-h and 2.5a-g

entry Imine R X 2.3° 2.5°
1 2.2a Ph PF, 64% 90%

2 22b CH;Ph  PFg 84%  95%
3 22 Me PFg 2%  98%
4 22d Me SbFs  86%  88%
5 22 Me BAIf® 8%  91%
6 22f Me OTf 8%  36%
7 22g Pr PFs 68%  25%
8 22h 'Bu PF; 78% -

9 22 Me Cl 82%° -

% Isolated yields. ° NMR yields. © BAIT = B(3,5-Cela(CFa))s. ¢ OTf=
OSO,CF;. © Yield of (bipy)Ni(CH;)Cl

Complexes 2.5a-g have been characterized by 'H and '*C NMR, IR,
and in the case of 2.4b, X-ray structural analysis. In all cases, only one
regioisomer of complexes 2.5a-g is obtained, in which imine insertion has
occurred to form an amide bond and a new nickel-carbon bond. The
formation of a robust amide bond likely provides the driving force for imine
insertion into the nickel-acyl bond, which does not exist in nickel-methyl

complexes 2.3a-h.
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Scheme 2.1: Imine insertion into Nickel-acyl bonds

The yield of the imine insertion products is sensitive to the imine and
couterion employed. Use of more strongly coordinating counteranions
dramatically reduces the yield of 2.5 (Table 1, entries 6 and 9). In the case of
the 2.3i, the chloride counterion is found to coordinate preferentially over
imine in both the nickel-methyl and nickel-acyl complexes, and no evidence
for imine insertion is observed. Replacing the primary alkyl substituent on the
imine nitrogen with a secondary iPr substituent greatly reduces both the rate
of insertion and the yield, while the N(/Bu)-substituted imine 2.1h does not
undergo insertion at all. Monitoring the reaction of 2.4g by 'H NMR
(CD,Cl,) reveals the competitive formation of the protonated iminium salt

2.2g in 21% yield in the product mixture and similar results were observed
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with complex 2.4h (40% iminium salt formation). Similarly, the use of a less
basic N-phenyl-substituted imine in 2.3a also leads to the low-yield formation
of 2.2a (6% yield) in addition to 2.5a, as does the coordinating OTf
counterion in 2.4f (2.2f: 42% yield). The generation of protonated iminium
salts with less basic or more slowly inserting imines, or more strongly
coordinating anions, implies that de-coordination of the imine to form
(bipy)Ni(COCH3)L* (L. = CO, X) may lead to decomposition. Consistent with
this observation, the addition of excess PAN=C(H)Tol to the reaction of 2.3a
with CO completely suppresses the formation of the protonated imine
products and generates complex 2.5a in quantitative yield."?

The insertion of imines into the nickel-acyl bond of 2.4a-g occurs with
a lower barrier than that of the analogous palladium complexes, which require
prolonged heating at 70 °C. To quantify the influence of the metal center on
insertion rates, the first-order rate constants for the insertion of imines with a
number of isoelectronic nickel- and palladium-acyl complexes have been
determined. As shown in Table 2.2, the nickel complexes all display a ca.
4.3-5.5 kcal/mol lower barrier for imine insertion than the analogous

palladium complexes.
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Table 2.2: Rates of Imine Insertion with 2.4a-¢ and 2.6a-c.
k' AG*(40°C) Kpa'  AG*(90°C) :
R (107" (kealimol) (10%s") (kealmol) 24C
a Ph 1.5 22.7 0.84 28.2 5.5
b PhCH, 0.27 23.8 0.93 28.1 4.3
¢ CH; 0.89 23.1 23 27.4 4.3

? Rate of disappearance of 2.4a-c at 40 °C in CD,Cl,. ° Rate of
disappearance of 2.7a-c (X = BArf) at 90 °C in CD,Cl,.

The lower barrier to imine insertion with nickel complexes is not
surprising and is similar to that observed in ethylene insertion into

isolelectronic cationic nickel and palladium complexes.'®%

It has been
suggested that the more rapid insertion of olefins with first row transition
metals may arise from either a weakened metal-olefin bond or perhaps a
weaker metal-alkyl bond.>' While we do not have sufficient evidence to
distinguish between these possibilities for imine insertion, our data are
consistent with a more labile imine o-coordination in the nickel complexes.
This is shown qualitatively by the rapid equilibrium coordination of imine in

2.3a-c in acetonitrile solvent. In contrast to the behavior of palladium

complexes 2.7a-¢ in CD;CN, where (bipy)Pd(CH;3)(RN=C(H)Tol)'X" can be
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clearly distinguished at ambient temperature by 'H NMR," the analogous
equilibrium with nickel complexes 2.4a-c and the solvated complex is much
more rapid, resulting in broadened 'H NMR resonances at temperatures down
to —40 °C.

The sequential insertion of carbon monoxide and imine into the nickel-
methyl bond of 2.3 allows the formation of nickel-bound amides under very
mild conditions (i.e., ambient temperatures and 1 atm of CO). In addition, the
amide ligand in 2.5a-c can be readily cleaved from the nickel center,
providing a metal mediated route to generate amides from imines and CO.
Addition of KCN to a solution of 2.5a in methanol results in the immediate
generation of a colorless solution and cleavage of the organic fragment,
possibly via a o-bond metathesis mechanism with HCN. Removal of the
solvent, followed by an ether extraction and acid wash with 10% HCI,
provides amide 2.8a in >95% yield (Eq. 2.2). A similar process can be
performed with complexes 2.5b and 2.S¢, in all cases leading to the
production of amides in near-quantitative yields. Overall, this reaction
represents a relatively straightforward two-step method to hydroacylate imines
via the sequential insertion of c&bon monoxide and imine into a nickel-
methyl bond. (Eq. 2.2). To our knowledge, the only other report of imine
hydroacylation with carbon monoxide is that by Alper and co-workers, **

which utilizes cobalt carbonyl catalysts at elevated temperatures.
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=N + CO g -
Tol R 2) KCN/MeOH Tol R

(@)
X
H +H 1) (bipy)Ni(CHy), i
N

2.2a-¢ 2.8a-c

Equation 2.2: Hydroacylation of Imines

2.2 Conclusions

In conclusion, we have presented the first example of imine insertion
into a nickel-acyl bond to form the five-membered metallacycles 2.5a-g. This
sequential insertion of carbon monoxide and imine occurs with a significantly
lower barrier with nickel-complexes 2.3a-g than the isoelectronic palladium
complexes and provides a new and controlled route to generate both nickel-
bound and free amides. Considering that these amides are formed via the
well defined insertion of imines into a Ni-C bond, the induction of asymmetry
into this process, and the incorporation of other insertion monomers into the
amide products, should prove to be viable extensions of this work. Studies

directed towards the latter will be discussed in subsequent chapters.

2.3 Experimental Section
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General

Unless otherwise noted, all manipulations were carried out under an
inert atmosphere in a Vacuum Atmosphere 553-2 drybox or using standard
Schlenk or vacuum line techniques. NMR spectra were obtained on 300MHz
and 400MHz Varian machine. IR spectra were obtained on a Bruker IFS-48
spectrometer.

Unless otherwise stated, all reagents were purchased from commercial
sources and used without further purification. Liquids were freeze-pump-
thawed three times to de-gas before use. Diethyl ether was distilled from
sodium benzophenone. Pentane, methylene chloride, and chlorobenzene were
distilled from CaH,. Deuterated solvents were dried as their protonated
analogues, but were vacuum transferred from the drying agent. UHP grade
carbon monoxide was obtained from Matheson. Imines were prepared by
reaction of p-tolualdehyde and amine in diethyl ether at room temperature
over 4A° molecular sieves. (bipy)NiMe, was prepared via literature
procedure.”” Iminium salts were prepared via addition of 1.1 equiv. of
anhydrous HCl in diethyl ether to the appropriate imine and pumped to
dryness. 1 equiv. of the desired counterion salt (i.e. AgPF¢, NaBArf*) was
added in CH,Cl, and stirred for 4hrs. The precipitate was filtered off and the

filtrate pumped to dryness and used without further purification.

[(bipy)Ni(CH3)(PhN=C(H)Tol)] 'PFs (2.3a)
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A typical procedure for the synthesis of complexes 2.3a-h is as
follows. (bipy)Ni(CH3); (75 mg, 0.307 mmol) was suspended in THF (10
mL) and cooled to -40 °C to give an intense dark green solution. In a separate
vessel [Ph(H)N=C(H)Tol)]'PFs (104 mg, 0.307 mmol) was dissolved in THF
(10 mL) and cooled to 40 °C. The iminium salt was then added to the
rapidly stirring solution of (bipy)Ni(CH3), over 3 minutes via pipette. Near
the end of the addition the dark green solution changes to a deep red color.
The solution is cooled to —40°C for 30 minutes and filtered through celite, and
recrystallized from diethyl ether (50 mL) at —40 °C. After twelve hours the
clear solvent mixture was decanted, the solid residue washed with pentane (3

x 5 mL), and then dried under vacuum to produce an orange powder (112 mg,

64% yield)

'H.NMR (270 MHz, CD,CL,): & 9.81 (d, 2H), 8.59 (s, 1H), 8.39 (d, 1H), 8.24-
7.89 (m, 8H), 7.81 (m, 6H), 2.43 (s, 3H), 0.03 (s, 3H).
BC NMR (75 MHz, CD,Cl): 8 169.1, 157.2, 156.4, 153.1, 149.8, 147.1,

146.1, 140.6, 140.4, 132.1, 130.4, 130.0, 129.8, 129.3, 127.7, 127.2, 123 .4,

122.5,122.3, 21.8, -1.50.

IR (KBr): ven = 1606 cm’™

[(bipy)Ni(CH;3)(PhCH,N=C(H)Tol)]'PF (2.3b)

Yield : 84%
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TH.NMR (270 MHz, CD,Cl,): & 9.43 (d, 2H), 8.25 (s, 1H), 8.15 (d, 1H), 8.04-
7.90 (m, 4H), 7.17 (m, 10H), 5.10 (m, 2H) 2.19 (s, 3H), 0.03 (s, 3H).
3C NMR (75 MHz, CD,Cl): § 169.1, 157.2, 152.9, 149.2, 148.1, 145.1,

140.6, 140.4, 139.8, 135.6, 132.1 130.8, 130.3, 128.9, 128.3, 126.9, 122.9,

120.8, 68.2, 21.4, -2.00.
IR (KBr): ven = 1608 cm™
Analysis. Calculated for CysHagF¢N3NiP (C 53.46%, H 4.49%, N 7.19%)

Found (C 53.07%, H 4.52%, N 7.06%).

[(bipy)Ni(CH;3)(CH3;N=C(H)ToD)]'PF¢ (2.3¢)

Yield : 92%

TH-NMR (270 MHz, CD,Cl,): 6 9.39 (d, 2H), 8.41 (d, 1H), 8.39 (s, 1H), 8.15-
8.10 (m, 5H), 7.67 (d, 1H), 7.59 (t, 1H) 7.49 (t, 1H), 7.39 (d, 1H), 3.9(s, 3H),
2.39 (s, 3H), 0.98 (s, 3H).

BC NMR (75 MHz, CD,CL): & 171.1, 156.2, 152.9, 149.2, 147.1, 144.1,
140.6, 139.8, 131.6, 130.1, 129.3, 127'.9, 126.9, 122.9, 122.1, 50.2, 21.4, -

2.00.

IR (KBr): ven = 1608 cm’™

[(bipy)Ni(CH3)(CH3N=C(H)Tol)]'SbF, (2.3d)

Yield : 86%
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'H-NMR (270 MHz, CD,CL,): & 9.39 (d, 2H), 8.41 (d, 1H), 8.39 (s, 1H), 8.15-
8.04 (m, 4H), 7.67 (d, 1H), 7.59 (t, 1H) 7.49 (t, 1H), 7.39 (d, 1H), 3.9 (s, 3H),
2.39 (s, 3H), 0.98 (s, 3H).

BC NMR (75 MHz, CD,Ch): & 171.1, 156.2, 152.9, 149.2, 147.1, 144.1,

140.6, 139.8, 131.6, 130.1, 129.3, 127.9, 126.9, 122.9, 122.1, 50.2, 21.4, -

2.00.

IR (KBr): ven = 1608 cm™

[(bipy)Ni(CH3)( CH;N=C(H)Tol)]'BArf (2.3¢)

Yield : 85%

'H-NMR (270 MHz, CD,Cl): & 9.39 (d, 1H), 8.41 (d, 2H), 8.39 (s, 1 H), 8.15-
8.04 (m, 4H), 7.99-7.91 (m, 3H) 7.71-7.37 (m, 12H), 7.34 (d, 2H), 3.90 (s,
3H), 2.39 (s, 3H), 0.98 (s, 3H).

3C NMR (75 MHz, CD,Cl): § 171.1, 162.9, 162.2, 161.4, 160.7, 156.7,
153.6, 149.4, 148.0, 144.9, 140.7, 140.4, 134.7, 130.6, 129.9, 129.3, 128.7,
127.7, 127.1, 124.1, 123.4, 122.1, 118.6, 117.5, 50.7, 21.3, -1.93.

IR (KBr): ven = 1606 cm™

[(bipy)Ni(CH;3)( CH;N=C(H)Tol)] OTf (2.3f)

Yield : 89%
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'H-NMR (270 MHz, CD,CL): & 9.37 (d, 2H), 8.37 (d, 1H), 8.34 (s, 1H), 8.26
(t, 2H), 8.14 (t, 2H), 7.68 (d, 1H) 7.55 (¢, 1H), 7.45 (t, 1H), 7.35 (d, 2H), 3.9.4
(s, 3H), 2.38 (s, 3H), 0.04 (s, 3H).

13C NMR (75 MHz, CD;CL): & 171.1, 156.6, 153.6, 149.2, 148.1, 144.9,
140.6, 140.4, 131.6, 130.6, 129.9, 127.9, 127.1, 124.1, 123.4, 52.9, 21.4, 1.16.

IR (KBr): ven = 1606 cm™

[(bipy)Ni(CH3)(iPrN=C(H)ToD)]'PFs (2.3g)

Yield : 68%

'H-NMR (270 MHz, CD,Cl,): § 9.50 (d, 2H), 8.41 (s, 1H), 8.36 (d, 1H), 8.15-
8.02 (m, 4H), 7.68-7.49 (m, 2H) 7.38-7.25 (m, 3H), 4.38 (m, 1H), 2.39 (s,
3H), 1.84 (d, 3H), 1.65 (d, 3H), 0.04 (s, 3H).

13C NMR (75 MHz, CD,CL): § 168.1, 156.6, 153.6, 149.2, 147.2, 145.1,

140.6, 139.8, 131.6, 130.3, 129.9, 127.9, 127.3, 122.3, 122.1, 63.2, 24.9, 24.0,

21.6, -3.50.

IR (KBr): ven = 1605 cm™

[(bipy)Ni(CH3)( tBuN=C(H)Tol)]* PFs (2.3h)

Yield : 78%
"H-NMR (270 MHz, CD,CL): 6 9.69 (d, 2H), 8.21 (s, 1H), 8.19 (d, 1H), 8.10-

8.00 (m, 5H), 7.84-7.75 (m, 2H), 7.41-7.35 (m, 2H), 2.39 (s, 3H), 1.90 (s, 9H),

0.18 (s, 3H).
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BC NMR (75 MHz, CD,CL): & 168.1, 149.2, 147.9, 148.1, 144.2, 140.8,

140.2, 131.8, 131.6, 131.0, 130.3, 130.0, 127.4, 127.2, 122.4, 122.3 65.4, 31.9,

214, -4.87.

IR (KBr): vy = 1604 cm™

[(bipy)Ni[n>-C(To)HN(Ph)COCH;]|" PF¢ (2.5a)

A typical procedure for the synthesis of complexes 2.5a-g is as
follows. Complex 2.3a (67.2 mg, 0.118 mmol) was dissolved in CH,Cl; (15
mL) in a 100 mL reaction bomb. The solution was placed under 1 atm of CO
and stirred for 5 minutes. Upon stirring, the solution changes from orange to
deep red, and the bomb was then heated to 70 °C for 20 minutes. The solution
was filtered through celite, added to 10 mL of pentane and cooled to — 40 °C
overnight. The clear solvent mixture was decanted and the solid residue
washed with pentane (3 x 5 mL) and then dried under vacuum to yield an
orange powder (68.4 mg, 97% yield).

"H-NMR (270 MHz, CD,Cl,): & 8.59 (d, 1H), 8.12 (t, 2H), 7.99-7.91 (m, 4H),
7.67 (t, 2H), 7.51 (d, 2H), 7.36-7.30 (m, 2H), 7.07 (d, 2H), 6.95 (d, 2H), 4.62
(s, 1H), 2.22 (s, 3H), 1.98 (s, 3H).

BC NMR (75 MHz, CD,Ch): & 179.9, 157.2, 152.9, 150.1, 148.1, 140.1,
139.8, 138.6, 136.6, 129.8, 129.3, 128.9, 128.1, 126.9, 126.6, 126.1, 121.9,
121.2, 65.2,21.4,18.0.

IR (KBr): veo=1611cm’!
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[(bipy)Ni[n2-C(Tol)HN(CH,Ph)COCH;]]" PF¢ (2.5b)

Yield: 95%

'H.NMR (270 MHz, CD,Cl,): & 8.58 (d, 1H), 8.15 (t, 1H), 7.99-7.91 (m, 4H),
7.67-7.61 (m, 2H), 7.51-7.42 (m, 2H), 7.36-7.30 (m, 2H), 7.28-7.22 (m, SH),
4.40 (d, 1H), 4.401 (d, 1H), 4.31 (s, 1H), 2.23 (s, 3H), 2.21 (s, 3H).

13C NMR (75 MHz, CD;ChL): & 180.1, 155.1, 152.2, 150.9, 148.2, 140.8,

140.1, 138.6, 137.8, 134.6, 130.8, 129.3, 128.9, 128.3, 127.9, 127.1, 122.0,

121.4,59.2,51.1,21.4, 19.0.
IR (KBp): vco = 1605 cm™
Analysis. Calculated for Cy7H26FsN3NiOP (C 52.97%, H 4.28%, N 6.86%)

Found (C 52.65%, H 4.28%, N 7.16%).

[(bipy)Ni[n*-C(Tol) HN(CH;)COCH;]I* PFs (2.5¢)

Yield: 98%
'H-NMR (270 MHz, CD,ChL): & 8.49 (d, 1H), 8.10-7.89 (m, 5H), 7.61-7.55

(m, 3H), 7.39 (t, 1H), 7.17 (d, 2H), 4.27 (s, 1H), 2.78 (s, 3H), 2.19 (s, 3H),
2.14 (s, 3H).

BC NMR (75 MHz, CD,CL): & 179.7, 155.7, 152.9, 150.2, 148.1, 140.5,

139.6, 138.6, 137.1, 130.1, 127.7, 127.0, 126.9, 121.9, 121.1, 62.4, 34.8, 21 4,
18.1.

IR (KBr): veo = 1610 cm™
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[(bipy)Ni[n*-C(Tol)HN(CH;)COCH;]|* SbFs (2.5d)

Yield: 88%
IH.NMR (270 MHz, CD,CL): & 8.49 (d, 1H), 8.10-7.89 (m, 5H), 7.61-7.55
(m, 3H), 7.39 (t, 1H), 7.17 (d, 2H), 4.27 (s, 1H), 2.78 (s, 3H), 2.19 (s, 3H),
2.14 (s, 3H).
13C NMR (75 MHz, CD,CL): § 179.7, 155.7, 152.9, 150.2, 148.1, 140.5,

139.6, 138.6, 137.1, 130.1, 127.7, 127.0, 126.9, 121.9, 121.1, 62.4, 34.8, 21 4,

18.1.

IR (KBr): veo= 1610 cm™

[(bipy)Ni[n*-C(To) HN(CH3)COCH;]]" BArf (2.5¢)

Yield: 91%

'H-NMR (270 MHz, CD,Cl,): 5 8.49 (d, 1H), 8.10-7.55 (m, 13H), 7.53-7.39
(m, 7H), 7.27 (t, 1H), 7.17 (d, 2H), 4.21 (s, 1H), 2.75 (s, 3H), 2.18 (s, 3H),
2.11 (s, 3H).

3C NMR (75 MHz, CD,CL): & 179.6, 163.8, 162.2, 161.2, 160.5, 1512,
1482, 140.6, 139.8.1, 138.6, 136.4, 1343, 1294, 129.1, 128.9(q), 1277,
127.1, 126.7, 122.5, 121.2,117.7, 63.2, 35.4, 21.4, 18.3.

IR (KBr): vco=1611 cm’

[(bipy)Ni[n*-C(To)HN(CH;)COCH;]|* OTf (2.5f)

Yield: 36%

83



'H.NMR (270 MHz, CD,CL,): & 8.49 (d, 1H), 8.19-7.89 (m, 5H), 7.61-7.55
(m, 3H), 7.39 (t, 1H), 7.17 (d, 2H), 4.32 (s, 1H), 2.81 (s, 3H), 2.21 (s, 3H),
2.17 (s, 3H).

13C NMR (75 MHz, CD,CL): § 179.7, 155.7, 152.9, 1512, 148.1, 140.5,

139.6, 138.6, 137.1, 130.1, 127.7, 127.0, 126.9, 121.9, 121.1, 62.4, 34.8, 21 4,

18.1.

IR (KBr): vco = 1609 cm™

[(bipy)Ni[n>-C(To)HN('Pr)COCH;]|" PFs (2.58)

Yield: 25%

TH-NMR (270 MHz, CD,Cl): & 8.55 (d, 1H), 8.25 (d, 1H), 8.10-7.89 (m,
4H), 7.64-7.51 (m, 4H), 7.13-7.08 (m, 2H), 4.57 (s, 1H), 2.26 (s, 3H), 2.19 (s,
3H), 1.38 (d, 3H), 0.84 (d, 3H).

BC NMR (75 MHz, CD,CL): 8 179.7, 155.8, 153.1 151.4, 148.7, 140.9,

140.6, 140.1, 136.1, 130.1, 127.8, 127.1, 126.0, 121.8, 121.3, 57.7, 21.6, 21.2,

20.6, 19.1.

IR (KBr): vco = 1607 cm’™

Cleavage of the Amide from 2.5

A typical procedure for the cleavage of the amide ligand from 2.5¢ is
as follows. Complex 2.5¢ (16 mg, 0.03 mmol) was dissolved in 1 mL ds-

methanol. To this solution was added 4 mg KCN. The reaction solution
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immediately turned colorless. 'H NMR of reaction mixture reveals the
formation of TolCH;(Me)NCOMe (2.6¢) in 95% yield (vs. Me;SiPh internal
standard). 2.6¢ can be isolated by removal of the solvent in vacuo, dissolution
of the resultant oil in 5 mL CH,Cl; and washing with 10% HCI (25 mL).
Evaporation of the CH,Cl; solvent provides 2.6¢ (4 mg, 80% yield). 'HNMR

(CD,Cly): & 7.20-7.00 (m, 4H), 4.45 (s, 2H), 2.90 (s, 3H), 2.38 (s, 3H).2
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CHAPTER THREE

Investigating the Reactivity of Nickel Chelated Amide

Complexes: (Ly)Ni[n*-CH(R')NRCOR'I'X

3.0 Introduction

The metal mediated sequential insertion of carbon monoxide and
olefins has been utilized effectively in a number of commercially important

pl‘OGCSS@S,l’2

including hydroformylation,’ hydroesterification,”*
hydroacylation,” and Reppe carbonylation (Scheme 3.1).'*® In addition, the
use of carbon monoxide insertion in palladium catalyzed Heck-type reactions
can provide routes to a range of ketones and other carbonylated products (Eq.
3.1).7 Alternatively, perfectly alternating insertion of CO/olefins into nickel

and palladium-alkyl bonds can be used to generate a variety of polyketones

with interesting material properties (e.g. Eq. 3.2).2
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Pd(OAc),, dppe Me—0O Me—0O R

/= + CO + MeOH
R }—\_ + H
MeOH, 120 °C, 20 h o R O CH,
31 hydroesterification 32 33
— PdCl,, dppe H H R
/[~ + +
i CO + H, )__\_ . 2 (
Toluene, 80 °C, 12 h 0 R 0 CH,
3.1 hydroformylation 34 35
R R
/== + CO + H PdCl,, dppp — R
anisole, 110 °C, 20 h o R 0O CH,
31 hydroacylation 36 3.7
/= +CO0 +m0 Ni(CO)4 or PdCl,,/PPh, HO HO}_{R
K - }—\— +
THF, 70 °C, 12 h 4] R O CH;
3.1 Reppe carbonylation 38 3.9

Scheme 3.1 General examples of hydroesterification, hydroformylation,

hydroacylations and Reppe carbonylations.

I PAChL(Phy), 1 atm CO
CL - D

Et;N, CH,CN/CqHg, 80 °C, 6 h

1 o Pd(PPhy), 5 atm CO
-0 -

Et;N, CgHg, 120°C, 20 b

67%
3.12 3.13 3.14

Equation 3.1 Synthesis of ketones via olefin/CO insertion
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0
CH L Pd
—/ 3% co n - M
CH3 n

3.15

Equation 3.2 Palladium catalyzed co-polymerization of CO and

propene

The analogous insertion of carbon monoxide and imines into the
nickel-methyl bond of [bipyNi(CH3)(RN=C(H)R")]'X" (bipy = 2,2’-bipyridyl,
R =Me, Bn, Ph, i-Pr; R' = Tol, X = BArf, PFg, SbF, OTﬂ has been examined
in chapter 2, and demonstrated to provide a route to construct nickel-chelated
amides 3.18 (Scheme 3.2). The ability to induce subsequent insertions of
CO/imine into the nickel-carbon bond of 3.18 would provide a potentially
powerful route to construct poly-amides bearing a peptide linkage in the
backbone. Even the simple insertion of one additional molecule of carbon

monoxide into 3.18 would generate a nickel-bound a-amido acyl complex

3.20, which could presumably be employed to generate a range of o-amino

acid based products.>!?
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Scheme 3.2 Sequential CO/imine insertion with nickel complexes

The product of the sequential insertion of carbon monoxide and imine
into nickel-methyl complexes (3.18) is directly analogous to the palladium-
chelated ketone intermediates observed in metal catalyzed alkene/CO
alternating copolymerization (Scheme 3.3), suggesting that further insertions
may be possible under the appropriate conditions. However, the chelation of
the amide to the nickel center in complex 3.18 is resonance stabilized, in
contrast to that of the ketone in 3.21. As the first step in most migratory
insertion systems involves the coordination of the substrate to the metal
center, this could significantly slow or even prevent further insertions, by
blocking the formation of an empty coordination site on nickel.>>!' Indeed,
similar work done by our group using analogous palladium and manganese

complexes (Eq. 3.3), show no evidence for further insertion into the metal-
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carbon bond of the chelated amide ligand. In addition, crystallographic data

obtained on these complexes show distinctly longer C-O bonds and shorter C-

N bonds consistent with increased metal-oxygen interaction.'>!

+ _CH, —
- CO  LP¢ “CH L,Pd
szq\ 2 q\ s = L /1 L d/\w/U\CH3
s

CO R
3.21 3.22

no resonance
stabalization

0 1)
+
+ szd/k/'J\(CH"
LoP CH, 0

3.2

Scheme 3.3 Effects of resonance on chelate stabilization

/TCI Tol O
-Me co
COuM N A
(CONMs 4 (CO)4M{1)\1|~JJ\CH3
07 CH;, CO Me
324 3.25
. Tol Ve Tol o
bipy)Pd” "N’ Co 7
( p)’)\ //// - (blpy)P\ N/U\CH:;
I
0 CH3 CO Me
3.26 327

Equation 3.3 Analogous Pd and Mn metallacycles
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Considering that Ni-ligand bonds are often weaker than those observed
with palladium, as well as the potential utility of the products, we have
undertaken a study of the general reactivity of complex 3.18 towards
subsequent insertions of CO and imine. The results of these experiments are

described in this chapter.

3.1 Effects of Carbon Monoxide Pressure and Temperature

on the Reactivity of (L)Ni[n>-CH(R')NRCOR'|'X"

The palladium-chelated ketone complexes observed as intermediates
in olefin/CO alternating co-polymerization, have been demonstrated to be in
equilibrium with their non-chelated counterparts 3.28 in the presence of
carbon monoxide, (Eq. 3.4)"* which ultimately leads to insertion and co-
polymerization. (Scheme 3.3). This CO coordinated complex is a critical

intermediate for further insertion reactions.

0

+ K=1.7+1 x 10°M + R
szq/\/u\CHs LZP{/I
CO R co 0% “CHs,
328 3.29

Equation 3.4 Equilibrium for CO displacement of metal-chelate
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R' O
+
CO R co 0~ "CHjy
3.30 3.31

Scheme 3.4 Equilibrium for CO displacement of metal-chelate

In an effort to investigate an analogous reaction with the nickel
chelated amide complexes, a series of experiments were carried out where
complex 3.32 (50 mg) was placed under varying pressures of CO (from 1 atm
to 60 atm) with various solvents and imines (Table 3.1). In all cases, removal
of CO followed by immediate 'H NMR analysis showed no evidence for the
formation of 3.30 or any co-polymerization product, and in most cases the

starting material 3.32 was recovered.

Table 3.1: Reaction of complex 3.32 with CO

Tol e
+ H p
Bipy)Ni”~ "N~ H _R conditions
+ CO + >=N Product
07 “CH;, Tol
3.32 10 equiv.

CO (atm) | Imine X Solvent Temp Product
1 Ph BArF CHyCl, 70°C 3.32
1 Bn BArF CH,Cl, 70°C 332
1 Me BArF CH,(Cl, 70°C 3.32
1 Me SbFe CH,Cl, 70°C 3.32
1 Me OTf CH,Ch, 70°C 332
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1 Me BArF CH;CN 70°C 3.32
1 Me BArF CH;CN 110°C 3.32
60 Me BArF CH3;CN 110°C 332
60 Me BArF CH;CN 120°C free imine + Ni(0)"

* Reaction is performed in the presence of 20-fold excess imine; BArF = B(3,5-CsH3(CF;),)s.
OTf= OSOzCFg

This data suggests that the insertion of carbon monoxide into 3.32 does
not occur readily under these conditions, or that the insertion is reversible and
3.30 rapidly undergoes decarbonylation upon removal of carbon monoxide to
regenerate 3.32. Under pressing conditions (60 atm CO, 120°C, 20 eq. imine),
complex 3.32 does decompose, however, no evidence for the insertion of
carbon monoxide or imine is observed.  Though the products of
decomposition could not be de-convoluted from the reaction mixture due to
the large excess of imine present, the formation of a nickel metal precipitate

was observed.

3.2 Reactivity Towards Ligand Substitution

The apparent lack of reactivity of the nickel complex 3.32 with CO
prompted us to examine the potential of other strongly coordinating mono-
and bi-dentate ligands to displace the amide chelation (Scheme 3.5). The
addition of pyridine (16 mg, 0.21 mmol, 5 eq) to complex 3.33 (50 mg, 0.04

mmol) in dichloromethane showed no evidence for the desired open complex
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3.34, even at temperatures up to 70°C. Instead, 'H NMR analysis revealed
only starting material and free ligand. The reaction of the even more strongly
coordinating triphenylphosphine (52 mg, 0.21 mmol) with complex 3.33 (50
mg, 0.04 mmol) similarly showed no evidence for ligand displacement. The
latter is somewhat surprising, given that the palladium analog (3.35), readily

undergoes ligand exchange to give the bis-(triphenylphosphine) complex

3.36.°

Tol “BArf “BArf
(Bi )r:;i*:fc"'s L ‘”H)T\o' j\
Py X )\ ——ﬁ%» (Bipy)Ni”~ “N” “CH,
07 CH;,4 L CH,
3.33 3.34

L = pyridine, PPhy

Scheme 3.5: Attempts at amide displacement using neutral ligands

To|, OTf’ Tol, OTf~
. L‘,R PhyPt J<L|,R
(Bipy)Pd” "N 2 eq PPh, phspfp\(i :\\
07 CH, CH,Cl, 0™ "CH,
3.35 3.36

Scheme 3.6: Reactivity of Ni and Pd metallacycles with phosphine ligands

One rationale for the lack of ligand exchange observed with the nickel
complex 3.33 may involve the pairing of the softer phosphine ligand with a

hard cationic nickel center, which may prefer to coordinate to the harder
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nitrogen-donor bipyridyl ligand. Indeed, even the

tetramethylethylenediamine (TMEDA) substituted complex 3.38, which can
be prepared by the reaction of 3.37 and (CH,=CHCH,(H)N=C(H)Tol)] 'PF¢"
and CO, is inert towards PPh;.'® However, this same complex, 3.38 is also
unreactive towards substitution with 2,2’-bipyridyl. This contrasts with the
behavior of (TMEDA)NiMe,, which rapidly undergos reaction with bipy to

form (bipy)NiMe; (Scheme 3.8).

“PF, .
\/\ I;;—— Tol 6 To PF6
: )< N A~ SeqPPhy

q
H ————— No reaction
CH,CL

+
(TMEDA)Ni

CH,
(TMEDANIL

CH;  Co, CH,CL 0% ~cH,

3.37 3.38

Scheme 3.7: Reactivity of complex 3.37 with PPh;

The inability to induce ligand exchange with either 3.33 or 3.38
suggests that not only does the nickel center strongly chelate to the amide
oxygen, but that it is also kinetically inert towards substitution of the other
donor ligands on the metal (Scheme 3.8). Even the addition of bi-dentate
phosphine ligands to 3.38 (e.g. 1,2-bis (diphenylphosphino)ethane and 1,3-bis
(diphenylphosphino)propane) does not displace either TMEDA or the amide
ligand. Given the apparent ligand affinity of the nickel center in 3.33, the

generation of an empty coordination site for subsequent insertion substrates to
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bind, via either the amide de-chelation or the displacement of the neutral

nitrogen ligand, appears to be heavily disfavored.

H3C\ CH3
E N'\ 2 eq bipy
N CHs (bipy)Ni(Me),
H;C CH, 30 min, CH,Cl,
3.37

E Nl L/—\L

H3C CH, 0 CH; CHyCh

No reaction

- M\
K~ L T bipy phpP  PPh,  PPhy PPh

Scheme 3.8: Ligand exchange with cationic and neutral nickel complexes

3.3 Reactivity of (L;)Ni[n>~CH(R)NRCOR '|'X" with Lewis

Acids

The ability of Lewis acids to complex with carbonyl functional groups
is well known,’ and is commonly used to activate carbonyl systems towards
nucleophilic attack.'” By coordinating through the lone pair of electrons on
the oxygen, Lewis acids effectively remove electron density from the system.

Such an interaction with the amide ligand in compound 3.40 could potentially
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weaken the chelation to the nickel center, (Scheme 3.9) resulting in an
intermediate which more closely resembles the ketone-based chelates found in
CO/olefin co-polymerization systems. In addition, Lewis acids have also been
shown to enhance insertion rates of carbon monoxide.'® For example, studies
done by Shriver and co-workers demonstrate that the addition of AlX; (X =
Cl, Br) to CH3Mn(CO);s led to a dramatic increase in the rates of migratory
insertion (ca. 10® rate enhancement) to form 3.45. The increase in rates can be
primarily attributed to the coordination of the Lewis acid to the oxygen of the
CO ligand (Scheme 3.10). Once migratory insertion has occurred, the Lewis

acid also plays a thermodynamic role by stabilizing the acyl group and

occupying the vacant coordination site on the metal center.'>"
R R
+ . . +
LzN‘i\/’\N'R Lewis Acid LZN;'\)\J‘iR
O)\R" 'o/ R"
LA
3.40 3.41
co
LA -.IO $ Rl O,- LA
. +. N Rn + |
@ N e i e
Tol O, CO R
LA
3.43 342

Scheme 3.9: Potential coordination of Lewis acid with the amide of 3.40
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~CH; X,

AlX; (0C);Mn Al
] v
XA (0C);Mn” “CHj
3.44 3.45 3.46

Scheme 3.10: Stabilization of metal acyl-species by Lewis acids

Similarly, our group has studied the effect of Lewis acids on the
insertion of imine and carbon monoxide using manganese complexes.13 Initial
efforts to achieve sequential CO/imine insertion with neutral CH3;-Mn(CO)s
complexes yielded instead the ortho-metallated product 3.48 and methane (Eq.
3.5). This suggests that the decarbonylation of 3.47, followed by C-H bond
activation, was occurring at a faster rate than imine insertion. However, when
the reaction is performed in the presence of 1 equivalent of AlICls, the ortho-
metallation pathway is completely blocked, and instead imine insertion occurs
to form the manganese chelated amide 3.50 (Eq. 3.5). The AICl; was
postulated to both stabilize the Mn-acyl ligand as 3.49, as well as facilitate
imine insertion via activation of the electrophilic Mn-acyl carbonyl towards

the nucleophilic imine."
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(0]

Tol
N=( (comySam,  -co s
Mé H } 70°C  (COMr*
(CO)SMH"'CH3 ——— H C’N —————eeee— H
i \
H -CH, %
H,C
3.44 3.47 3.48
AlCk,
1 atm CO
/AlCl3
0
X T
cO)Mn~” ~CH .CH
(CO), ) (OC)4Mn)<N ,
H3C’N\})/Tol 0~ "CH;
H
33%
3.49 3.50

Equation 3.5: Effects of Lewis acid on imine insertion into Mn-acy! bonds

In light of all the above, we investigated the reactivity of nickel
chelated amide complexes with various Lewis acids. The reaction of 3.33 (24
mg, 0.02 mmol) with AICl; (2.5 mg, 0.02 mmol) was followed in situ by 'H
NMR. This showed the formation of a new product in approximately ~10%
yield which is believed to be the Lewis acid coordinated complex (Scheme
3.11). This product contains a similar amide ligand to that in 3.33, in which
the '"H NMR resonances for the COCH; (1.99 ppm) and N(CH3) (2.70 ppm)
are shifted upfield from those observed in 3.33 (2.14 ppm and 2.78 ppm).
While this is consistent with AlCl; binding to oxygen, it is possible that the

Lewis acid may also bind to the bipyridyl ligand (3.52). We have previously
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noted that with palladium, bipyridyl is more labile than the chelated amide,
and the "H NMR 3.51 reveals a broadening. and upfield shift of the bipyridyl
resonances.

Allowing the reaction mixture to stand at room temperature overnight,
resulted in no significant increase in the amount of 3.51, suggesting a possible
equilibrium between 3.33 and AICl;. Indeed, incremental addition of 2, 4, and
finally 10 equivalents of AICI; lead to complete conversion of 3.33 to the
Lewis acid coordinated complex. This new complex displayed no evidence
for decomposition or further reactivity in solution after several days.
However, addition of 1 atm of CO to the reaction mixture led to the complete

decomposition of complex 3.51 with no identifiable compounds formed.
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decomposition

Scheme 3.11: Activation of 3.33 with Lewis acids

While no identifiable products are observed upon addition of CO to
3.51, the fact that it does react at all is distinct from our previous results. This
increased reactivity of 3.51 towards CO suggests that an available binding site
may be generated on the nickel center in the presence of AlCl;. The exact role
of AICI; in the activation of complex 3.33 is unclear, and may involve either
amide or 2,2’-bipyridyl de-chelation. The reason CO addition to 3.51 leads to
decomposition is unclear. One possibility could be that AlCl; induces CO.
insertion to generate complex 3.53. However, considering the rapid
decomposition of 3.51 in the presence of CO, it is possible that the latter may )

not be stable under these reaction conditions.
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In an attempt to trap any unstable intermediate, a similar reaction was
performed in the presence of 2 equivalents of Tol(H)C=NCHj; (Eq. 3.6).
Unfortunately, this also led to complete decomposition of complex 3.33, with
no evidence for further insertions of imine or CO. Examination of the
reaction mixture showed that imine had not been consumed, but had instead
bound to AICl;. This same complex can be prepared by the addition of 1
equivalent of AICl; to a solution of Tol(H)C=NCHj;, and displays
characteristic downfield shifts in the =C(H) (8.91 ppm) and N(CH3) (3.90
ppm) 'H NMR signals. This strong coordination with the lone pair of imine is
most likely inhibiting its ability to stabilize or interact with any unsaturated

nickel complex generated.

“BAIF
ok .CH 3
(BipyNi~ N T°'>_N 10 eq AICk Tol
+ N - =N + decomposition
0™ "CH, H  CHy  jamco H CH,
3.33

Equation 3.6: Reactivity of 3.33 in the presence of Lewis acid, imine and CO

In addition to AICl3, the more mild Lewis acid InCl; has also been
examined. However, even with large excesses of InCl; (20 eq.), no interaction
with complex 3.33 was observed by 'H NMR analysis, and the addition of CO
did not result in the subsequent decomposition displayed with AICl;. These
results suggest that stronger Lewis acids are required to achieve the desired

activation of complex 3.33, and allow for further reactivity with CO.
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Unfortunately, in the case of AICls, this Lewis acid is incompatible with the

imines examined.

3.4 General Stability and Reactivity of (L,)Ni[n*-

CH(R)NRCOR'I'’X

In an effort to better understand the relative stability and reactivity of
the nickel-chelated complexes (3.33), the reaction of this metallacycle with a
variety of nucleophilic, electrophilic, and unsaturated substrates was
examined.  Complex 3.33 showed surprising stability towards most
nucleophilic reagents, and in many cases the starting material was recovered
(Scheme 3.12). Complex 3.33 was also unreactive towards hydrogenation and

alcoholysis (Eq. 3.7).
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No reaction Decomposition

H Tol "BArF
_ NaOAc n-CHs MeMgBr .
No reaction (B|py)N| Decomposition
07 "CH,4
3.33
Li
y \\
No reaction Decomposition
Scheme 3.12: Reactivity of 3.33 with nucleophiles
y Tol BArF
+
(Bipy)Ni)\N'CHs 1atm H, ,
No reaction
0”7 “CH,4 MeOH, 3d
3.33

Equation 3.7: Reactivity of 3.33 under hydrogenation conditions

While complex 3.33 displayed little or no reactivity towards
nucleophilic reagents, it was reactive towards Stille-type transmetallations
with tributylvinylstannane. This is somewhat surprising given the apparent

lack of vacant coordination sites on complex 3.33. However, in the presence
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of BuyNBr,?” complex 3.54 reacts smoothly to yield the a-vinyl amide 3.54 in

70% yield. This reactivity with organtin reagents will be described in more

detail in Chapter 5.
To “BAF _
H_{° — ,
+ = Q /
(Bipy)Ni\)\N/\© SnBu, N \_7
HiC ) —
o4l\c|43 70°C, 12 h ror N
BrNBu,
3.54 3.55

Equation 3.8: Stille coupling with complex 3.54

The amide ligand fragment can also be quantitatively cleaved with
KCN in methanol (Eq. 3.9). This could involve the in-situ formation of HCN
as the active substrate,”! since no reaction is observed when KCN is used in

non-protic solvents such as THF and dichloromethane.

Tol -~
H BArF
KCN + .CH, KCN CH;
No reaction -<+—————— (Bipy)Ni” N e P /k
0~ CH i CH
54 3 10 min 3
3.33 3.58

Equation 3.9: Reactivity of 3.33 with KCN

Finally, the reactivity of these nickel metallacycles with alkenes has
been probed. While the insertion of alkenes into nickel and palladium-carbon
bonds is well established with many systems,”’zz’23 3.33 was found to be

unreactive towards all alkenes. In all cases, 3.33 was recovered and no
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reaction was observed (Scheme 3.13). This behavior is consistent with a lack

of available coordination sites, preventing subsequent insertion.

No reaction No reaction

o D
4\® yTol  BAF j}:o

+
No reaction (Bipy)Ni N'CH:’ AN No reaction

0% “CHs3

3.33

Scheme 3.13: Reactivity of complex 3.33 with alkenes

3.5 Conclusions

These studies have demonstrated that the amide ligand in 3.32 is
strongly chelated to the nickel center, and appears to inhibit the ability of
these complexes to undergo subsequent insertion of CO or imine into the
nickel-carbon bond. Strongly coordinating phosphine ligands were also
unable to open the amide chelate, nor were they able to activate it towards
further insertions. In addition, the other ligands on these chelated nickel
complexes (e.g. bipy, TMEDA) are tightly bound, and do not undergo ligand
exchange even in the presence of excess mono- or bidentate ligands.

Activation of the nickel-chelated amide complex 3.33 can be achieved

using AICl;, and results in a dramatic increase in the reactivity of these
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metallacycles towards CO. Though our attempts at further insertions of CO
and imine were unsuccessful, this potential mode of activation is promising.
Further investigation should be directed towards finding more compatible
Lewis acid/imine pairings and achieving a better understanding of the nature
of the interaction of the Lewis acid with these complexes.

While under most conditions these nickel chelated amides are inert to
reaction, they do undergo coupling with tin reagents. This indicates that under
the appropriate conditions, coordination sites can be made available for
further reactions. The use of this observed transmetallation with organotin
reagents as a route to construct amides (Chapter 5), as well as a study of the
ability of alkenes to undergo migratory insertions in the presence of imines

(Chapter 4), will be explored in more detail in following chapters.

3.6 Experimental Section

General

Unless otherwise noted, all manipulations were carried out under an
inert atmosphere in a Vacuum Atmosphere 553-2 drybox or using standard
Schlenk or vacuum line techniques. NMR spectra were obtained on 300MHz

and 400MHz Varian machine. IR spectra were obtained on a Bruker IFS-48

spectrometer.

Unless otherwise stated, all reagents were purchased from commercial

sources and used without further purification. Liquids were freeze-pump-
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thawed three times to de-gas before use. Diethyl ether was distilled from
sodium benzophenone. Pentane, methylene chloride and chlorobenzene were
distilled from CaH,. Deuterated solvents were dried as their protonated
analogues, but were vacuum transferred from the drying agent. UHP grade
carbon monoxide was obtained from Matheson. Imines were prepared by
reaction of p-tolualdehyde and amine in diethyl ether at room ternperature
over 4A° molecular sieves. (bipy)NiMe, was prepared via a literature
procedure.”® Iminium salts were prepared via addition of 1.1 equiv. of
anhydrous HCI in diethyl ether to the appropriate imine and pumped to
dryness. 1 equiv. of the desired counterion salt (i.e. AgPFs, NaBArf>®) was
added in CH;Cl, and stirred for 4hrs. The precipitate was filtered off and the

filtrate pumped to dryness and used without further purification.

Reaction of complex 3.32 with CO

The general procedure followed for all experiments in Table 3.1
performed under 1 atm of CO is as follows. Complex 3.32 (0.075 mmol) and
10 equivalents of the appropriate imine were dissolved in ~1 ml of deuterated
solvent and the solution was placed under 1 atm of CO in a sealed NMR tube.
The reaction was then heated for 24 hours and monitored by 'H NMR. Inall
cases only starting material was observed.

Reactions performed at higher pressures of CO were performed in a

Parr bomb as follows. Complex 3.32 (0.075 mmol) and 20 equivalents of
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imine were dissolved in CH;CN (15 mL) and place under CO in a Parr bomb.
The reaction was then heated for 24 hours. The CO was removed, and the
solvent pumped off under vacuum, followed by immediate analysis by 'H

NMR.

Reaction of [(bipy)Ni[n?-C(Tol)HN(CH;)COCH;]]* BArF(3.33) with
pyridine

To a solution of complex 3.33 (50 mg, 0.04 mmol) in CD,Cl; (500 pL)
was added pyridine (16 mg, 0.21 mmol, 5 eq) in an NMR tube. The reaction
was monitored by 'H NMR, and exhibited no discernable change in the

resonances for 3.33, even upon heating to 70°C for 12h.

Reaction of [(bipy)Ni[n>-C(Tol)HN(CH3)COCH;]]* BArF(3.33) with
PPhj.

To a solution of complex 3.33 (50 mg, 0.04 mmol) in CD,Cl, (500 uL)
was added PPh; (52 mg, 0.21 mmol, 5 eq) in an NMR tube. The reaction was
monitored by NMR and exhibited no discernable change in the 'H resonances

for 3.33 or *'P NMR peaks of PPhs (-5 ppm) after 12 hours at room

temperature.

Ligand Exchange with [(bipy)Ni[nZ-C(Tol)HN(CH:;)COCH;]]" BArF

(3.33) and dppe.
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To a solution of complex 3.33 (50 mg, 0.04 mmol) in CD,Cl; (500 pL)
was added (diphenylphosphino)ethane (83 mg, 0.21 mmol, 5 eq) in an NMR
tube. The reaction was monitored by 'H NMR and exhibited no discernable

change after 12 hours at room temperature.

Ligand Exchange with [(bipy)Ni[n*C(Tol)HN(CH;)COCH;]]" BArF
(3.33) and dppp.

To a solution of complex 3.33 (50 mg, 0.04 mmol) in CD,Cl, (500 pL)
was added 1,3-bis(diphenylphosphino)propane (86 mg, 0.21 mmol, 5 eq) in an
NMR tube. The reaction was monitored by 'H NMR and exhibited no

discernable change after 12 hours at room temperature.

(TMEDA)Ni[n2-C(Tol)HN(CH,=CHCH_)COCH;|] 'PF¢ (3.38)

200 mg (0.846mmol) of (TMEDA)NiMe, was dissolved in 10 ml of
methylene chloride, and 1 equiv. of (CH;=CHCH,(H)N=C(H)Tol)]'PF¢
dissolved in an additional 10 mL of methylene chloride was added drop wise
to the stirring solution. The dark yellow solution rapidly turns a deep red color
near the end of the addition to provide 170 mg (0.34 mmol) of the desired

cationic nickel complex.

Yield: 40%, yellow solid
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'H.NMR (400 MHz, CD,Cl,): & 9.38 (d, J = 11.6 Hz, 2H), 7.79 (s, 1H), 7.30
(d, J = 11.6 Hz, 2H), 5.78 (m, 1H), 5.21 (m, 2H), 4.61 (m, 1H), 4.41 (m, 1H),
2.33 (s, 3H), 2.25 (s, 3H), 2.22-2.01 (m, 10 H), 1.56 (s, 3H), -0.90 (s, 3H).

3C NMR (400 MHz, CD,Cly): & 170.1, 135.9, 131.9, 128.8, 127.3, 122.5,

115.5, 64.2, 63.5, 63.1, 62.9, 62.4, 60.8, 60.1, 21.4, -1.5.

The complex [(TMEDA)Ni(CH;)(CH;=CHCH,N=C(H)Tol)]'PFs" (160 mg,
0.32 mmol) was dissolved in CH,Cl; (15 mL) in a 100 mL reaction bomb.
The solution was placed under 1 atm of CO and stirred for 5 minutes. Upon
stirring, the solution changes from yellow to brown, and the bomb was then
heated to 70 °C for 12 hours. The solution was filtered through celite, added
to 10 mL of pentane and cooled to — 40 °C overnight. The clear solvent
mixture was decanted and the solid residue washed with pentane (3 x 5 mL)

and then dried under vacuum to yield a yellow powder (80 mg, 49% yield).

'H-NMR (400 MHz, CD,Cly): & 7.31 (br, 2H), 7.00 (d, J = 11.6 Hz, 2H), 5.27
(m, 1H), 5.1 (s, 1H), 5.01 (m, 2H), 3.15 (m, 2H), 2.31 (s, 3H), 2.30 (s, 3H),
2.29-2.10 (m, 4H), 2.05 (s, 3H), 2.00 (s, 3H), 1.80 (s, 3H), 1.56 (s, 3H).

13C NMR (400 MHz, CD,ClL,): & 179.9, 135.9, 131.9, 128.8, 127.3, 122.5,

115.5,64.2,63.5, 63.1, 62.9, 62.4, 60.8, 60.1, 35.8,21.4, 18.1.

Reaction of (TMEDA)Ni[n*C(Tol)HN(CH;=CHCH,)COCH;]['PFs

(3.38) with PPh;.
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To a solution of complex 3.38 (20 mg, 0.04 mmol) in CD,Cl, (500 pL)
was added PPh; (52 mg, 0.21 mmol, 5 eq) in an NMR tube. The reaction was
monitored by '"H NMR and exhibited no discernable change after 12 hours at

room temperature.

Reaction of (TMEDA)Ni[n2-C(Tol)HN(CH,=CHCH,)COCH;]]'PF¢
(3.38) with dppe.

To a solution of complex 3.38 (20 mg, 0.04 mmol) in CD,Cl;, (500 uL)
was added 1,2-bis-(phenylphosphino)ethane (83 mg, 0.21 mmol, 5 ¢q) in an
NMR tube. The reaction was monitored by 'H NMR and exhibited no

discernable change after 12 hours at room temperature.

Reaction of (TMEDA)Ni[n*-C(Tol)HN(CH;=CHCH,)COCH;]]'PF¢

(3.38) with dppp

To a solution of complex 3.38 (20 mg, 0.04 mmol) in CD,Cl, (500 uL)
was added 1,3-bis(diphenylphosphino)propane (86 mg, 0.21 mmol, 5 eq) in
an NMR tube. The reaction was monitored by 'H NMR and exhibited no

discernable change after 12 hours at room temperature.

(bipy)Ni[n2-C(H)ToIN(CH3)COCH;] ' BArfs /AICK (3.51)
To a solution of (bipy)Ni[n*-C(H)ToIN(CH;)COCH;]"Barfy” (50 mg,

0.04 mmol) in dry CD,Cl, (500 pL) was added AICl; (54 mg, 2.1 mmol).
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Allowing the mixture to stand overnight led to the postulated Lewis acid
coordinated species, as observed by in-situ NMR analysis.

'H NMR (300 MHz, CD,CL): & 9.50-9.10 (br m, 1H), 8.66-8.52 (m, 2H),
8.03-7.95 (m, 1H), 7-68-7.66 (m, 12H), 7.31-7.23 (m, 4H), 7.25-7.20 (m, 2H),
7.17 (d, J = 11.0 Hz, 2H), 4.62 (s, 1H), 2.70 (s, 3H), 2.21 (s, 3H), 1.99 (s, 3H).
BC NMR (300 MHz, CD,Cly): & 178.7, 159.5, 156.8, 148.9, 147.2, 139.9,

139.2, 138.6, 138.4, 136.1, 129.3, 127.9, 127.2, 124.1, 122.4, 69.8, 36.9, 22.5,

19.2.

Reaction of (bipy)Ni[n’-C(H)ToIN(CH;3)COCH;] Barfy /AIC); (3.51) with
CO.

A solution of complex 3.51, generated from the addition of AlCl; (54
mg, 2.1 mmol) to complex 3.33 (50 mg, 0.04 mmol) in CD3CN (500 uL) ina
J-Young NMR tube was placed under 1 atm of CO and monitored by 'H
NMR. After 12 hours at room temperature, the complex has decomposed

completely to give a complex mixture of organic products.

Reaction of AICl; and CO with complex 3.33 in the presence of excess
imine

To a solution of (bipy)Ni[n?-C(H)ToIN(CH;)COCH;] Barfy (50 mg,
0.04 mmol) in dry CD3CN (500 uL) in a J-Young NMR tube was added 2
equivalents of Tol(H)C=NCH; (11 mg, 0.08 mmol). The reaction mixture

was shaken for 5 minutes and 2 eq of AICl; (10 mg, 0.08 mmol) was added.
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The reaction mixture was placed under 1 atm of CO and monitored by 'H
NMR. After 12 hours at room temperature complex 3.33 was consumed to

give a complex mixture of products including the AlCl; bound imine adduct.

(AICL)N(CH;3)=C(H)Tol

Addition of AICl; (100 mg, 0.74 mmol) to a solution of
N(CH3)=C(H)Tol (50 mg, 0.37 mmol) in CD3CN (500 pL) in an NMR tube
led to the immediate and quantitative formation of(AICI3)N(CH;)=C(H)Tol,

as chacterized by in-siru NMR.

"H NMR (300 MHz, CD;CN): & 8.91 (s, 1H), 7.43 (d, J = 11.2 Hz, 2H), 7.10
(d, J=11.2 Hz, 2H), 3.90 (s, 3H), 2.34 (s, 3H).

BC NMR (300 MHz, CD,CL): & 178.9, 136.4, 132.2, 128.8, 127.3, 55.6,

22.4.

Addition of InCl; and CO to complex 3.33

To a solution of (bipy)Ni[n2—C(H)T01N(CH3)COCH3]J'Barf4' (50 mg,
0.04 mmol) in dry CD;CN (500 pL) in a J-Young NMR tube was added 20
equivalents of InCl; (177 mg, 0.80 mmol). The mixture was allowed to stand
at room temperature for 1 hour and monitored by 'H NMR. No discernable
shifts in the resonances of 3.33 were observed. The reaction mixture was

placed under 1 atm of CO and allowed to stand for 24 hours. No reaction was

observed.
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Reaction of 3.33 with LiNMe;

To a solution of 3.33 (0.06 mmol) in THF (20 mL) was added LiNMe;
(3 mg, 0.06 mmol). The yellow solution turns dark purple upon addition of
the nucleophile, and a black precipitate forms. The solvent is removed under

vacuum and 'H NMR of the crude residue shows a complex mixture of

products.

Reaction of 3.33 with MeMgBr

To a solution of 3.33 (0.06 mmol) in THF (20 mL) was added
MeMgBr as a 1M solution in diethyl ether (0.06 pL, 0.06 mmol). The yellow
solution turns dark red upon addition of the nucleophile and then becomes
colorless along with the formation of a black precipitate. The solvent is

removed under vacuum and 'H NMR of the crude residue shows a complex

mixture of products.

Reaction of 3.33 with MeNH,

To a solution of 3.33 (0.06 mmol) in THF (20 mL) was added MeNH,
as a 1M solution in THF (0.12 pL, 0.12 mmol). After stirring at room
temperature for 12 hours the solvent is removed under vacuum and 'H NMR

of the crude residue shows unreacted starting materials.

Reaction of 3.33 with NaH
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To a solution of 3.33 (0.06 mmol) in THF (20 mL) was added 5 eq of
60% NaH oil dispersion (10 mg, 0.30 mmol). After stirring at room
temperature for 12 hours the solvent is removed under vacuum and 'H NMR

of the crude residue shows unreacted starting materials.

Reaction of 3.33 with NaOAc

To a solution of 3.33 (0.06 mmol) in THF (20 mL) was added 5 eq of
NaOAc (24 mg, 0.30 mmol). The slurry was stirred at room temperature for
12 hours. The solvent was removed under vacuum and '"H NMR of the crude

residue showed unreacted starting materials.

Reaction of 3.33 with NaBH,

To a solution of 3.33 (0.06 mmol) in THF (20 mL) was added 5 eq of
NaBH4 (20 mg, 0.30 mmol). The yellow solution turns colorless upon
addition of the NaBH,4 along with the formation of a black precipitate. The
solvent is removed under vacuum and "H NMR of the crude residue showed a

complex mixture of products.

General procedure for the Hydrogenation of complex 3.33
Complex 3.33 (50 mg, 0.04 mmol) was dissolved in MeOH (20 mL)
and placed under 1 atm of H; in a Shlenk flask. The yellow solution was

stirred at room temperature for 72 hours under H; using a balloon. The solvent
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was then removed under nitrogen to yield a yellow residue. 'HNMR of the

crude reaction mixture showed only unreacted starting material.

N(Bn)(CH)(CH=CH>)Tol) COCHj; (3.55)

To a solution of complex 3.54 (100 mg, 0.08 mmol) was added
BrNBu, (1 eq) and tributylvinyl tin (1.1 eq). The reaction mixture was left to
stir at room temperature overnight. The solvent was evaporated in vacuo to
provide a brown oil. The residue is then taken up in 50 mL of ethyl acetate.
Tributyl tin chloride was removed by stirring with 25 mL of saturated KF
solution and was accompanied by the immediate formation of a white solid.
The solution was filtered through celite and extracted three times with 50 mL
water/ethyl acetate. The organic layers were combined and dried over MgSQ4
and the solvent removed in vacuo to provide a viscous yellow/orange oil

which was chromatographed on Silica Gel 60 using hexanes/ethyl acetate as

eluent.

Yield: 70%, oil

TH-NMR (400 MHz, CDCl; 25 °C): § 7.30-7.01 (m, 9H), 6.42 (d, 1H, major),
5.96 (m, 1H), 5.50 (d, 1H, minor), 5.29(d, 1H), 5.19 (d, 1H, minor), 4.75 (d,
1H, minor), 4.55 (d, 1H, minor), 4.47 (d, 1H, minor), 4.34 (d, 1H, major),

2.32(s, 3H), 2.23(s, 3H, minor), 2.06 (s, 3H, major).

120



BC NMR (400 MHz, CDCL): 8 171.8, 139.2, 138.2, 138.0, 137.9, 136.1,
135.8, 135.5, 129.8, 129.7, 128.2, 128.0, 127.8, 127.2, 126.5, 126.1, 118.9,

118.2,64.1, 59.8, 49.6, 47.8, 22.3, 21.6.

N(CH;)(CH,CeH4-p-CH3)COCH; (3.46)

To a solution of complex 3.33 in dry CH,Cl, was added 5 ml! of
saturated KCN/methanol solution. The deep red solution immediately goes
colorless to give the free acetamide. The solvent is then removed under
reduced pressure and the residue taken up in 50 mL of ethyl acetate. The
organic layer is washed with 10% HCI (2 x 100 mL), dried over Na,SO4 and
the solvent removed under reduced pressure to yield a colorless oil.

Yield: 95%, oil

'H NMR (300 MHz, CD,Cl,): 8 8.1.5-7.80 (m, 5H), 5.21 (s, 2H, major), 5.19
(s, 2H, minor), 3.59 (s, 3H, major), 3.55 (s, 3H, minor), 2.81 (s, 3H, major),
2.80 (s, 3H, minor), 2.20 (s, 3H).

BC NMR (300 MHz, CD,CL): § 169.8, 138.9, 135.9, 131.2, 128.8, 127.3,

50.2, 50.1, 47.8,47.7, 21.1, 20.7.

General procedure for olefin insertion reactions with complex 3.33
To a solution of 3.33 (25 mg, 0.02 mmol) in dry CD,Cl, was added 5
equivalents of the olefin. The yellow solution was shaken well and allowed to

stand at room temperature for 24 hours. 'H NMR revealed only unreacted

starting materials in all cases.
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CHAPTER FOUR

Generation of 5 and 6 Membered Lactams Via a Nickel

Mediated CO, Olefin, CO, Imine, Insertion Cascade

4.0 Introduction

Transition-metal mediated carbon-carbon and carbon-nitrogen bond
forming reactions have become important fundamental transformations in
synthesis.! In particular, reactions capable of incorporating unsaturated substrates
via migratory insertion have been used extensively in synthetic organic chemistry,
as well as polymer chemistry.> While metal catalyzed reactions involving the
migratory insertion of alkenes are well known (e.g. olefin polymerization,’
hydrogenation,3 and Heck couplings4), examples involving heteroatom containing
unsaturated substrates (e.g. imines and aldehydes) are less common.® Perhaps the
most established of these is the catalytic hydrogenation of aldehydes and imines.’
More recently, the rhodium catalyzed addition of organotin and organoborane
reagents to imines and aldehydes has also been achieved.’

The extensive use of alkene insertion reactions in synthetic processes
suggests that the analogous reaction with imines could provide an effective
method for generating carbon-nitrogen bonds. However, until only recently,

examples of even the stoichiometric insertion of imines into late metal-carbon
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bonds in a fashion analogous to alkenes were rare. This appears to be at least
partially based upon thermodynamics, where the insertion of an imine into a
metal-carbon bond to cleave a carbon-nitrogen n—bond, and the formation of a
new carbon-nitrogen o-bond is not expected to be nearly as exothermic as is
observed with alkene insertion.” This significant difference in reactivity appears
to be a key caveat in the development of systems capable of mediating migratory
insertion with imines. Given the potential utility of this reaction, we were
interested in exploring systems which would allow us to study the relative
insertion propensities of imines and alkenes. To our knowledge, this fundamental
comparison has not been previously explored, and thus could be critical in the
development of synthetic processes that utilize both alkenes and imines as
insertion substrates.

We*6t and others® have recently demonstrated that CO and imines can
undergo sequential migratory insertion into late transition metal-carbon bonds to
yield products analogous to those of CO/alkene insertion. For example, imines
readily undergo insertion into the in-situ generated nickel-acyl bond of 4.2 to
form metal-chelated amides (Scheme 4.1).> Considering that these same nickel
complexes have been demonstrated to readily undergo alkene insertion reactions,
this system provides an intriguing opportunity to probe the relative insertion
propensity of these two fundamental fragments. We report below the results of
these efforts, which examine the steric, electronic, and regiochemical effects

governing competitive insertion between a-olefins and imines. This information
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has been subsequently used to design a nickel mediated four component insertion

cascade to construct 5- and 6- membered lactams.

4.1 Results and Discussion

We have previously demonstrated that imines bound to nickel complexes
of the type 4.1 (BArf = B(3,5-C¢H3(CF3),)s, Tol = p-CcH4CH3) do not undergo
insertion directly into the nickel-methyl bond even at elevated temperature.8
However, exposure of these complexes to 1 atm of carbon monoxide leads to the
formation of the analogous Ni-acyl complex 4.2, which can undergo imine
migratory insertion into the Ni-COCH; bond to generate the stable metallacycle
4.3. The kinetic barrier to this imine insertion (AG* = 23 kcal/mol at 40 °C)’ is
significantly higher than that previously reported for alkene insertions into
analogous nickel-carbon bonds (e.g. AG* = 14 kcal/mol at -40°C for styrene).’
This rate difference, as well as the prerequiste CO insertion, led us to question the
ability of imines to undergo competitive insertion in the presence of olefins.
However, migratory insertion is considered to be an intramolecular reaction from
the coordinatively unsaturated substrate, and the basicity of the imine nitrogen

should compete favorably with olefins for binding to the nickel center.
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Scheme 4.1 Sequential insertion of CO and imine into nickel-alkyl bonds.

As an initial probe of this competition, 2 equivalents of styrene were
added to the nickel-imine complex 4.1 (Eq. 4.1). While the analogous non-imine
coordinated Ni-alkyl complexes are known to mediate the insertion of o-olefins
very rapidly at ambient temperature,”'® complex 4.1 did not react with styrene
after several days at room temperature, and no evidence for decomposition of
complex 4.1 or olefin consumption was observed. This lack of reactivity and no
visible signal broadening in the '"H NMR spectrum, suggested that imine was
remaining bound to the metal center during the reaction, effectively blocking
olefin coordination for insertion. This is notable since previous studies have
determined that the imines in these nickel complexes are relatively labile, and
could be rapidly replaced by other nitrogen donors (e.g. other imines and CH3CN)
at room temperature.8

In an effort to initiate imine dissociation and subsequent insertion, carbon
monoxide was added to the reaction mixture. In contrast to the above, this led to
the rapid insertion of carbon monoxide to form 4.2, which is subsequently
converted quantitatively to the imine insertion product 4.3, with no evidence for

styrene insertion observed.
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Equation 4.1 Competitive insertion of CO and imine into nickel-alkyl

bonds in the presence of styrene.

The observation that the trans-disubstituted imine could undergo
preferential insertion relative to an a-olefin into the nickel-carbon bond was
somewhat surprising, given their typical relative insertion rates, though consistent
with the stronger binding of the imine to nickel. We rationalized that introducing
a tethered a-olefin into the system, which could undergo associative ligand
substitution more readily than a free alkene, might allow for competitive insertion
with imines. The alkene tethered imine complex can be prepared by the addition
of the iminium salt [CH,=CHCH,(H)N=CH(p-CsH,CH;)]'SbFs (4.5) to

(bipy)Ni(CH3); (4.4) (bipy =2,2’-bipyridyl) in CH,Cl,, which affords the deep red
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cationic complex 4.6, along with the rapid liberation of methane. No evidence for
olefin coordination or insertion was observed in 4.6, and the 'H and C NMR
spectra display downfield shifts in the imine resonances consistent with n'-
binding of the imine through the lone pair on nitrogen.!" These complexes are
stable at room temperature in solution, and can be isolated as solids under
nitrogen. These species are however, thermally unstable, and upon heating
undergo complex decomposition during which the signals in 'H NMR associated

with the olefin are consumed.

[ SbF, ® SoF.
2N oy H +H 6 -40°C, 10min ZN . _ch, ,
N+ =N —_— Ni + CH,
= N/ CHs  gof \—\\ CH,Cl, Z N N/\/
S [ ™ ) |
H Tol
4.4 4.5 4.6

Scheme 4.2. Formation of imine bound cationic nickel species.

The addition of 1 atm of carbon monoxide to 4.6 in CD,Cl, and
monitoring the reaction by 'H NMR shows the formation of the Ni-acyl complex
4.7 after 5 minutes (NiCOCH; at 2.60 ppm). This CO insertion initiates the
competitive insertion of the olefin or imine unit into the newly generated nickel-
acyl bond. After 48 hours, the product of imine insertion into the Ni-acyl bond
4.9, as well as the bicyclic complex 4.11 (as a mixture of diastereomers) are
observed in a 1:1 ratio. 4.11 represents the unusual product of the insertion
cascade illustrated in Scheme 4.4, where olefin insertion into the Ni-acyl bond

leads to the formation of a new Ni-alkyl bond, which can undergo insertion of a
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second equivalent of CO, followed by cyclization via imine insertion. Consistent
with our previous observations, the metal chelated amides are inert to further
insertion. The addition of a KCN/MeOH solution readily cleaves the organic
fragments from the metal center, affording the hydroacylated imine 4.10 and the

lactam 4.12 in 41% and 41% yield, respectively.
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CH; 4} CH,
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Scheme 4.3. Products of competitive insertion with CO and olefin

tethered imines.

Carbon monoxide appears to play a critical role in this reaction as both an
insertion monomer, and an initiator for imine and alkene insertion. As was
previously demonstrated, imine insertion requires the formation of a nickel acyl

ligand to be thermodynamically viable. The reason for alkene insertion occurring
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only after CO insertion is less clear, though it may be due to the olefin being able
to compete more favorably with imine for coordination to the Ni-acyl complex,
perhaps by CO behaving as a ligand to initiate an associative exchange process.
While no evidence for alkene coordination is observed, given the much faster

rates of alkene insertion, even a small equilibrium should allow for it to compete

with imine.
R X RS o X N X
I N, ' N, K 1t I N + 2
N _tamco Y wicCemy D Yy CH,
AN - /AN / 3
Z>N N/\/ 5min N N/\/ a N\N
' | ! | I
x Y X |
R,)\R2 R R, |)\Rz
4.7 4.8

By (A .9 ¥
~N+
\ N«
R™ N O KCN/MeOH NS N CH; 2N+ 0
— A N —_— Ni
o] CH;, |N 0 Z N \ CH,
412 il R R,

Scheme 4.4 Postulated insertion pathway for olefin tethered imines.

On the basis of this analysis, it was rationalized that modifying the ability
of the imine to bind to the metal center should provide some degree of control
over the relative insertion propensity of olefin and imine. For example, the use of
electron-withdrawing substituents on the imine reduces its ability to bind to the
metal center, and favors cyclization by initial olefin insertion to form product 4.12
(Table 1, entry b). Conversely, more electron rich imines favored the formation
of the imine insertion product 4.10 (Table 1, entry c¢). The ratio of products is

also affected by the ligands on the metal center, where increasing electron density
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on the ligand (Table 1, entry d and e) favored lactam formation. The latter may
result from the more electron rich metal center favoring coordination to the -
back bonding of the alkene. Use of the harder tetramethyethylenediamine yielded
only the product of direct imine insertion (Table 1, entry f).

Product selectivity also exhibits strong steric trends. Not surprisingly, use
of the more sterically encumbered trisubstituted imines derived from
acetophenone and benzophenone greatly reduced its ability to compete for
insertion with the alkene (Table 1, entry g and h). Nevertheless, these imines
undergo intramolecular insertion at room temperature to form the lactam in good

yield.

Table 4.1 Steric and electronic effects on competitive insertion

\ X-

| R, R,
’b';,;i:\CHz 1.1amt CO, t, 48 hr R’—<N_\_ R,/LD_(O
ZN NN, keNMeoH o = CH;
4.10 4.12
4.7
R1
2
R\rR1 o )__R2
Oy N N
Entry R' R? Ligand Y 7\
HsC ™
Hse” O
410
412
a H p-CH,CH; bipy 41% 41%
b H p-CHCF; bipy - 78%
c H p-CéH,OCH;  bipy 61% 21%
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d H p-C¢HsCH; 10% 70%

e H p-CH,.CH; M 10% 70%
=N N

f H p-CH,CH;, v n 93% -
g CH; Ph bipy - 75%

h  Ph Ph bipy - 7%

T0.85 mmol (bipy)Ni(Me); 0.85 mmol BATF iminium salt, 1 atm CO,
for 48 h at rt in CH,Cl, bipy = 2,2’-bipyridyl.

While f-hydride elimination is often the final step in many insertion based
cascade reactions, these metallacycles appear to be particularly resistant to further
reaction even upon prolonged heating (Scheme 4.5)."* This is presumably due to
the restricted rotation induced by tight chelation to the amide oxygen, which may
prevent the (hydrogens from adopting the syn-orientation required for

elimination to occur.'*

BAIF
AN
I Ph CH3

N«
[ ;N{MCH’ 70°C,24h / /
“ "N b}
¢ o [/

414

Scheme 4.5 Inability of complex 4.14 to undergo f-hydride elimination

Control over the relative rates of insertion provided an unusual route to

synthesize substituted lactams using four distinct components (CO, olefin, CO,
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and imine). In an effort to further probe the generality of this insertion cascade,
we have investigated the potential for generating larger ring systems. When the
tether length was increased by one carbon, the expected six membered lactam
(4.16) was formed in only 20% yield. The major product of the reaction (formed
in 60% yield) was the five membered exo-cyclization product (4.17). Extension
of the tether to 3 methylene units provided the six membered lactam (4.19) with
almost complete selectivity (72% yield) and very little (<5%) of the seven

membered lactam was observed.

=L\ BAF 1y BipyNi(CHy), CH,Cl, P:B\N Ph
b}=<Ph 1 atm CO, rt, 48h oa\)*cm + ph}m
0 0 CH;

H Ph 2)KCN/MeOH

\ - 1) B'p N'(CH ) CH,CI Ph
1pyiNil i
i " . - JJ\/?K

N=( 1 atm CO, t, 48h Ph
H Ph 2) KCN/MeOH

Scheme 4.6 Synthesis of substituted lactams

The change in regioselectivity for the olefin insertion step appears to be
directly related to the length of the tether, though the exact nature of the directing
influences remain unclear. The N-allyl substituted imihes show complete
selectivity for the sterically less congested 1,2 insertion product. This selectivity
may be a result of the sterically bulky imine unit directing the orientation of the
initial olefin coordination prior to insertion. As the length of the tether is
increased the steric interactions at the metal center should become less

pronounced, and the selectivity reverts back to the favored 2,1 insertion products
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(Scheme 4.7) more commonly found in systems bearing ligands with smaller bite
angles, (e.g. 2,2-bipyridyl).”” While the selectivity of the olefin was reversed at
longer tether lengths, the regiochemistry of imine insertion remained unchanged.
In all cases, insertion occurs such that amide bond formation is conserved

regardless of the regiochemistry of the olefin insertion or the sterics about the

imine.
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Scheme 4.7 Postulated insertion pathway for 1,2 and 2,1 insertion

products

4.2 Conclusions

Overall, these provide the first examination of the relative insertion
propensity of imines and alkenes under competitive conditions. In general, while
the rate of imine insertion into nickel-carbon bonds is slow, this does not prevent
them from competing for insertion into Ni-acyl bonds with «-olefins. The
relative insertion propensity shows clear steric and - electronic effects, and
indicates that the superior coordinating ability of imines allows them to compete
for insertion, despite the faster insertion rates of a-olefins. These effects can be
used to direct the reaction towards either imine hydroacylation or cyclization to
form the lactam. The latter has been used to design a novel nickel mediated one-
pot insertion cascade of CO, olefin, a second unit of CO, and imine, to synthesize
5 and 6 membered lactams in good yield under mild conditions. Further
investigation into the relative insertion propensity of imines with other types of
unsaturated monomers, as well as studies directed towards the coupling of these
cyclizations into catalytic reactions (e.g. cross-coupling), should further expand

the scope and utility of this chemistry.

4.3 Experimental
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General

Unless otherwise noted, all manipulations were carried out under an inert
atmosphere in a Vacuum Atmosphere 553-2 drybox or using standard Schlenk or
vacuum line techniques. NMR spectra were obtained on 300MHz and 400MHz
Varian machine. IR spectra were obtained on a Bruker IFS-48 spectrometer.

Unless otherwise stated, all reagents were purchased from commercial
sources and used without further purification. Liquids were freeze-pump-thawed
three times to de-gas before use. Diethyl ether was distilled from sodium
benzophenone. Pentane, methylene chloride and chlorobenzene were distilled
from CaH,. Deuterated solvents were dried as their protonated analogues, but
were vacuum transferred from the drying agent. UHP grade carbon monoxide was
obtained from Matheson. Imines were prepared by reaction of the aldehyde and
amine in THF at room temperature over magnesium sulfate. Benzophenone
derived imines were prepared by reacting benzophenone imine with the
appropriate HCI salt of the amine at room temperature overnight in methylene
chloride. The solution was then filtered and the solvent removed under vacuum to
give the desired imine as a colorless oil. (bipy)NiMe, was prepared via literature
procedure.'® Iminium salts were prepared via addition of 1.1 equiv. of anhydrous
HCI in diethyl ether to the appropriate imine and pumped to dryness, 1 equiv. of
the desired counterion salt (i.e. AgSbFg, NaBArf”) was added in CH,Cl;, and
stirred for 4hrs. The precipitate was filtered off and the filtrate pumped to dryness

and used without further purification.
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General Procedure for the Cyclocarbonylation of Imines

(bipy)NiMe; (200 mg, 0.846 mmol) was dissolved in 10 ml of dry
methylene chloride to give an intense blue-green solution. 1 equiv. of iminum
salt was dissolved in an additional 10 mL of methylene chloride and added
dropwise to a stirring solution of (bipy)NiMe,. The solution rapidly turns a deep
red color near the end of the addition to provide fhe cationic nickel compi»lex. The
addition is also accompanied by the evolution of methane. The solution was then
transferred to a 300 mL bomb, frozen in a liquid nitrogen bath, and the
atmosphere evacuated and replaced with 1 atm of carbon monoxide gas. The
mixture is then allowed to warm to room temperature and stirred for 48 h. The
organic products are then cleaved from the metal center by addition of a saturated
solution of KCN/MeOH. This is accompanied by a rapid color change from deep
red to pale yellow. The solvent is removed and the residue dissolved in
methylene chloride, filtered through celite and the solvent removed again. The
resulting oil is then dissolved in ethyl acetate, washed twice with 10% HCI
solution, and purified by silica gel column chromatography. The products were
identified by comparison of spectral data with those of the authentic materials

where known (4.12g)18, as well as spectral data [IR, NMR ('H, ).
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Procedure for the Synthesis of [(bipy)Ni(CH;)(CH,=CHCH,N=(H)Tol]'SbF¢

A typical procedure for the synthesis of complexes 4.6 is as follows.
(bipy)Ni(CH3); (75 mg, 0.307 mmol) was suspended in THF (10 mL) and cooled
to -40 °C to give an intense dark green solution. In a separate vessel
[CH;=CHCH,(H)N=CH(p-C¢H4CH3)]'SbFs (124 mg, 0.307 mmol) was
dissolved in THF (10 mL) and cooled to —40 °C. The iminium salt was then
added to the rapidly stirring solution of (bipy)Ni(CH3), over 3 minutes via pipette.
Near the end of the addition the dark green solution changes to a deep red color.
The solution is cooled to —40°C for 30 minutes and filtered through celite, and
recrystallized from diethyl ether (50 mL) at —40 °C. After twelve hours the clear
solvent mixture was decanted, the solid residue washed with pentane (3 x 5 mL),

and then dried under vacuum to produce an orange powder (112 mg, 64% yield)

[(bipy)Ni(CH;3)(CH,;=CHCH,N=(H)Tol]'SbF¢ (4.6)
Synthesis of compound 4.6 was carried out via the general procedure

given above and isolated for analysis by re-crystallization from dichloromethane

and pentane.

Yield 66% isolated, yellow powder

'H-NMR (400 MHz, CD,Cl,): & 9.39 (d, J = 11.6 Hz, 2H), 8.40-8.35 (m, 2H),
8.15-8.01 (m, 4H), 7.63-7.54 (m, 2H), 7.41-7.30 (m, 3H), 6.50-6.36 (m, 1H),

5.61-5.54 (m, 1H), 5.36-5.30 (m, 1H), 4.65 (d, J= 7.2 Hz, 2H), 2.38 (s, 3H), 0.09

(s, 3H).

142



3¢ NMR (400 MHz, CD,CL,): §169.1, 157.2, 156.4, 153.1, 149.8, 147.1, 146.1,
141.1, 136.6, 134.0, 129.3, 128.2, 127.7, 127.2, 123 4, 122.5, 115.5, 63.5, 21 4, -
L.5.

Analysis. Calculated for CoH4F¢N3NiSb (C 42.29%, H 3.87%, N 6.72%) Found

(C41.97%, H 3.77%, N 6.55%).

N-Allyl-N-(4-methyl-benzyl)-acetamide (4.10a):

Yield: 41% isolated, oil

"H-NMR (400 MHz, CDCls): & 7.20-7.00 (m, 4H), 5.81-5.65 (m, 1H), 5.24-5.04
(m, 2H), 4.75 (s, 2H, major), 4.43 (s, 2H, minor), 3.98 (d, 2H, J = 7.6 Hz, minor),
3.79 (d, 2H, J = 7.6 Hz, major), 2.38 (s, 3H, minor), 2.31 (s, 3H, major), 2.38 (s,
3H, minor), 2.36 (s, 3H, major).

>C NMR (400 MHz, CDCly): § 171.1, 169.8, 137.5, 137.3, 134.7, 133.2, 132.6,

129.8, 129.5, 128.5, 126.5, 117.7, 117.0, 50.8, 49.9, 48.0, 47.9, 21.8, 21.6, 21.4,

21.3.
IR (KBr): vco: 1650 cm’™
Analysis. Calculated for C;3H;7NO (C 76.81%, H 8.43%, N 6.89%) Found (C

76.41%, H 8.72%, N 7.23%).

4-Acetyl-1-(4-methyl-benzyl)-pyrrolidin-2-one (4.12a):

Yield: 41% isolated, oil
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'H-NMR (400 MHz, CDCls): § 7.20-7.02 (m, 4H), 4.39 (dd, J=14.6 Hz, 8.3 Hz,
2H), 3.50-3.12 (m, 3H), 2.62 (d, J= 9.8 Hz, 2H), 2.34 (s, 3H), 2.18 (5, 3H)

3C NMR (400 MHz, CDCly): 8 206.1, 172.2, 137.7, 133.1, 129.7, 128.4, 47.3,
46.5,43.5,33.4,28.6,21.3.

IR (KBr): vco: 1699 cm™

Analysis. Calculated for Ci4H;7NO; (C 72.70%, H 7.41%, N 6.06%) Found (C

72.44%, H 7.85%, N 6.39%).

4-Acetyl-1-(4-trifluoromethyl-benzyl)-pyrrolidin-2-one (4.12b):
Yield: 78% isolated, oil
"H-NMR (400 MHz, CDCly): § 7.57 (d, 2H, 8.4 Hz), 7.35 (d,J= 8.4 Hz, 2H),
4.42 (d, J=11.4 Hz, 2H), 3.45 (m, 1H), 3.40-3.20 (m, 2H), 2.63 (m, 2H), 2.19 (s,
3H)
BC NMR (400 MHz, CDCLy): & 206.0, 172.5, 140.3, 128.5, 128.4, 125.9, 125.8,
47.4,46.3,43.3,33.2,28.7
IR (KBr): vco: 1699 cm™
Analysis. Calculated for C;4H;4F3NO; (C 58.95%, H 4.95%, N 4.91%) Found (C

58.58%, H 5.21%, N 5.18%).

N-Allyl-N-(4-methoxy-benzyl)-acetamide (4.10c):

Yield: 61% isolated, oil
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"H-NMR (400 MHz, CDCl3): § 7.35 (d, J = 8.8 Hz, 2H, major), 7.18 (d, J = 8.8
Hz, 2H, minor), 6.78 (d, /= 9.6 Hz, 2H, minor), 6.62 (d, /= 9.6 Hz, 2H, major),
5.81-5.61 (m, 1H), 5.24-5.07 (m, 2H), 4.50 (s, 2H, major), 4.41 (s, 2H, minor),
3.96 (d, J = 5.2 Hz, 2H, minor), 3.79 (d, J = 5.2 Hz, 2H, major), 2.78 (s, 3H),
2.32 (s, 3H, minor), 2.21 (s, 3H, major)

B3¢ NMR (400 MHz, CDCl; 65 °C): & 171.1, 171.0, 159.2, 159.1, 133.2, 1327,
129.9, 128.7, 127.8, 127.5,117.6, 116.9, 114.5, 114.1, 55.5, 55.4, 50.6, 49.9, 47.7,
47.6,21.9,21.7

IR (KBr): veo: 1650 cm’™

Analysis. Calculated for C{3H;7;NO, (C 71.21%, H 7.81%, N 6.39%) Found (C

70.71%, H 8.15%, N 6.29%).

4-Acetyl-1-(4-methoxy-benzyl)-pyrrolidin-2-one (4.12¢c):

Yield: 21% isolated, oil.

'H-NMR (400 MHz, CDCl;): 6 7.18 (d, J = 8.4 Hz, 2H), 6.88 (d, J = 8.4 Hz,
2H), 444 (d, 1H, J=11.2 Hz, 2H), 4.32 (d, J= 11.2 Hz, 1H), 3.79 (s, 3H), 3.44
(m, 1H), 3.35 (m, 1H), 3.25 (m, 1H), 2.66 (m, 2H), 2.16 (s, 3H)

C NMR (400 MHz, CDCl3): & 206.15, 171.1, 159.4, 129.7, 128.1, 114.3, 55.5,
47.3,46.2,43.5,33.4,28.7

IR (KBr): veo: 1699 cm'™

Analysis. Calculated for C;4H;7NO; (C 68.00%, H 6.93%, N 5.66%) Found (C

67.57%, H 7.15%, N 5.29%).
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4-Acetyl-1-benzhydryl-pyrrolidin-2-one (4.12h):

Yield: 77% isolated, oil.

"H-NMR (400 MHz, CDCl3): & 7.40-7.20 (m, 6H), 7.20-7.08 (m, 4H), 6.57 (s,
1H), m, 3.45-3.35 (m, 1H), 3.33-3.19 (m, 2H), 2.71 (d, J = 11.6 Hz, 2H), 2.14 (s,
3H).

3C NMR (400 MHz, CDCl3): & 206.3, 172.5, 138.5, 138.2, 128.9, 128.8, 128.6,
128.5, 128.0, 127.9, 58.9, 45.3, 43.6, 33.5, 28.8.

IR (KBr): vco: 1699 cm’

Analysis. Calculated for CigH{9NO, (C 77.79%, H 6.53%, N 4.77%) Found (C

78.20%, H 7.02%, N 4.34%).

4-Acetyl-1-benzhydryl-piperidin-2-one (4.15):

Yield: 20% isolated, oil.

"H-NMR (400 MHz, CDCls): & 7.40-7.15 (m, 11H), 3.19 (m, 1H), 3.00-2.81 (m,
2H), 2.69 (m, 2H), 2.19 (s, 3H), 2.08 (m, 1H), 1.85 (m, 1H).

3¢ NMR (400 MHz, CDCl;): 8 208.3, 168.7, 138.7, 138.4, 129.7, 128.7, 128.2,
128.0, 127.5, 60.0, 127.5, 45.7, 42.8, 33.9, 28.3, 25.3.

IR (KBr): vco: 1699 cm™

Analysis. Calculated for C0H,1NO; (C 78.15%, H 6.89%, N 4.56%) Found (C

78.27%, H 7.20%, N 4.34%).
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1-Benzhydryl-3-(2-oxo-propyl)-pyrrolidin-2-one (4.16):

Yield: 60% isolated, oil.

'H-NMR (400 MHz, CDCl3): § 7.40-7.20 (m, 6H), 7.20-7.14 (m, H), 6.58 (s,
1H), 3.23-3.02 (m, 3H), 2.90 (m, 1H), 2.59 (m, 1H), 2.35 (m, 1H), 2.19 (s, 3H),
1.7 (m, 1H).

B¢ NMR (400 MHz, CDCl; 65 °C): § 207.1, 176.0, 138.8, 138.7, 129.1, 128.8,
128.7, 128.2,127.9, 127.6, 59.1, 44.9, 42.9, 38.2, 30.4, 25 8.

IR (KBr): veo: 1699 cm™!

Analysis. Calculated for CaHyNO, (C 78.15%, H 6.89%, N 4.56%) Found (C

78.27%, H 7.20%, N 4.43%).

1-Benzhydryl-3-(2-oxo-propyl)-piperidin one (4.18):

Yield: 72% isolated, oil.

"H-NMR (400 MHz, CDCl3):  7.40-7.10 (m, 11H), 3.18-2.84 (m, 4H), 2.65 (m,
1H), 2.19 (s, 3H), 1.95 (m, 1H), 1.80 (m, 2H), 1.58 (m, 1H).

BC NMR (400 MHz, CDCl): § 207.7, 172.4, 139.1, 129.5, 128.9, 128.7, 128.6,
128.5, 127.6, 127.5, 60.3, 45.7, 44.4, 38.4, 30.6, 27.1, 22.7.

IR (KBr): veo: 1699 cm™

Analysis. Calculated for C;Hx;3NO, (C 78.47%, H 7.21%, N 4.36%) Found (C

78.11%, H 7.63%, N 4.22%).
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CHAPTER FIVE

Imines in Stille-Type Cross-Coulping Reactions: A

Multicomponent Synthesis of a-Substituted Amides.

5.0 Preface

The investigations described in chapter 3 into the reactivity of the
amide—chelated nickel complexes, indicated that- these complexes were
capable of undergoing transmetallation with organotin reagents to form
amides. This chapter will describe the further development of this reaction
with the analogous palladium complexes, generated by the oxidative addition
of N-acyl iminium salts to Pd’. This has been developed into a novel route to
use imines in Stille-type cross coupling reactions. Overall, this provides a
palladium catalyzed multicomponent coupling route to prepare a-substituted

amides from imines, acid chlorides and organotin reagents.

5.1 Introduction

Palladium-catalyzed cross-coupling processes such as the Stille
reaction have emerged as some of the more important methods for the
construction of carbon—carbon bonds.'™ A useful feature of the Stille coupling
is its use of non polar organostannanes, rather than nucleophilic agents, in

reactions with organic halides. Organotin reagents are generally air and
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moisture-stable, and they can be prepared with a diverse range of transferable
substituents, many of which are less readily formed, or unavailable, within
nucleophilic reagents (e.g. Grignard, organozinc and organolithium reagents).
In addition, the lower reactivity of organotin reagents makes them easily
handled and compatible with most functional groups, allowing their use on
substrates without prior functional-group protection. While Stille couplings
with organotin reagents have been performed extensively with electrophilic
compounds RX (organic halides and triflates, and related o-bonded
substrates),2 one traditional limitation of this process is its inability to mediate
similar reactions with a second important class of electrophiles: multiply
bonded substrates R,C=X such as imines.’ Carbon—carbon bond formation
with imines is typically performed with nucleophilic agents and provides a
useful method to construct o-substituted amines.5 However, these reactions
lack many of the features detailed above in the complementary Stille cross-
coupling reactions. This limitation is of relevance, since a-substituted amines
and amides are among the more common units in biologically relevant
molecules, including o-amino acids, peptides, peptidomimetics, and p-lactam
antibiotics.” We report below the development of a method to utilize multiply
bonded substrates such as imines in cross-coupling reactions. This provides a
palladium-catalyzed alternative to nucleophilic chemistry for the preparation
of a-substituted amides, protected amines, and amino acid derivatives by a

Stille-type coupling of imines with organotin reagents.®

153



R-R

0 R-X
) L,Pd
Rgdl.lctlye Oxidative
Elimination Addition
R
e R
LnPd\ L,Pd
R AN

Transmetalation

X3Sn-R

Scheme 5.1 General mechanism of Stille couplings.

5.2 Results and Discussion

Analysis of a generalized mechanism for palladium catalyzed cross-
coupling reactions (Scheme 5.1) reveals why imines and related substrates
(aldehydes and ketones) have remained inappropfiate as cross-coupling
partners: imines have no demonstrated propensity to add directly to palladium
to generate a Pd-C bond. This is likely due to the lack of stabilization of either
the nitrogen anion or palladium cation shown in (Equation 5.1). This analysis
suggests, however, that the addition of substrates that could neutralize the
nitrogen anionic charge might provide a route to activate imines towards this
transformation.’ Indeed, we have recently observed that imines can undergo a
catalyzed coupling with carbon monoxide and acid chlorides to generate 1,3-

oxazolium-5-oxides (Miinchnones),'® a process that was postulated to proceed
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by formation of palladium-chelated amides."" This indicates that the addition

of acid chlorides to imines can convert the latter into a substrate capable of

oxidative addition.'>"?

R? Vi R’H g
— - N
H>_N‘R‘ // LnPd>L )

5.1 5.2

Equation 5.1 Unfavorable oxidative addition of imines with

palladium.
| 0 Tol_ H
Tol
Pd,(dba . X
y=N_ Cl/lkPh [Pealdbmsl “pg” “N-Bn
H Bn CH;CN N
Ph
2
53 54 5.5

Equation 5.2 Pd-C bond formation of N-acyl iminium salts with

palladium.

Stoichiometric control experiments (Eq. 5.2), where the mixing of
Tol(H)C=NBn (Tol=4-CH3C¢H,s), PhCOCl, and [Pd,(dba);]-CHCIl;3
(dba=dibenzylideneacetone) leads to the quantitative formation of chelated

product 5.5. Notably, the 'H NMR spectrum reveals reduction of the imine

C=N bond upon addition to palladium (5=5.06 ppm (s, CHTol)), and *C
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NMR data indicates that amide chelation has occurred to form a five-
membered metallacycle (3= 182.3 ppm (COPh)).M’15 Mass spectrometric data
is consistent with the dimeric structure of 5.5, likely formed through bridging
chloro ligands to generate a pseudo-square-planar 16-electron palladium
complex. The oxidative addition chemistry in Equation 5.2 suggested that this
process might also be employed with imines in palladium-catalyzed carbon-
carbon bond-forming reactions, provided the palladium—carbon-bonded
intermediate 5.5 can be intercepted with transmetalation. This does turn out to
be the case. The reaction of a solution of Tol(H)YC=NEt, PhCOCI, and
Bu;Sn(CH=CH,) with 2.5 mol% [Pdy(dba);]*CHCI; results in the rapid
disappearance of starting materials at ambient temperature. Workup of the
reaction solution reveals that the clean coupling of the three reactants has

occurred to form the vinyl-substituted amide 5.8a in 82% yield (Table 5.1,

entry 1).
0
R H R,
P /?L + A snBy, 2.5% [sz(dba)3].CHC!3‘\)<N/U\R
H N ' a7 TR, RT, 16h ) 3
5.1 5.6 57 CH;CN/CH,Cl, 58

Table 5.1 Palladium-catalyzed synthesis of amides®

Acid
Chloride

X
Me
1 Nﬂ PhCOCI @j\v Ph
Et” > Me Et

5.8 (82%)

Entry Imine Product (yield)
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MeO
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OMe
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Br

o Me
XJ\ o NVO
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BnOCOCI
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@l'f*
Me Bn

5.8b (78%)

N o0
T;IJ\OBn
R Bn

5.8¢: R=Me (68%)
5.8d: R=SMe (73%)

N o
[0 r;xJkoan
o Et

5.8¢ (70%)

X o0
I;l Jj\OBn
Me P-CcHgOCH;

5.8f (68%)

X o0
NJ\OBn
Me W

5.8g (65%)

= 0
1 yQ

I;I Ph
Et
5.8

MeO

OMe h (65%)

N o

A

};I OBn
+-BuOQ. Bn
0 5.8i (59%)

N o
l;l Jj\OBn
Br Et

5.8k (62%)

N o .
N /u\OBn
Me CO,-Bu

5.81 (52%)

X o
x II\IJLPh
Bn

5.8m (60%)



(o]
= J 8
b a—N OBn
12 “~)  BnOCOCI &/m«bﬂ

§.8m' (51%)

* Reaction conditions: 0.75 mmol imine, 0.75 mmol acid chloride. 0.75 mmol
tributylvinyltin, 2.5 mol% [Pdy(dba3)]*CHCI; for 16 h in 20 mL
CH3;CN/CH,Cl; (1:1). ®in the presence of 0.75 mmol BusNBr.

This palladium-catalyzed three-component coupling occurs under mild
conditions and with high selectivity, considering that acid chlorides
themselves are known to undergo cross-coupling reactions.? In examining the
plausible mechanism (Scheme 5.2), we can attribute this selectivity to the
equilibrium reaction of imine and acid chloride strongly favoring N-acyl
iminium salt/o-chloroamide 5.9 formation, which undergoes selective
addition to Pd(0)."® This is facilitated by the ability of 5.9 to chelate to give
5.10, allowing catalysis to proceed in the absence of the ligands often required
to aid in oxidative addition.”> Indeed, the addition of ligands significantly
inhibits this coupling,'® consistent with reports that suggest that an empty
coordination site can facilitate transmetalation from tin.!” As such, reaction
with the organotin reagent can occur directly with the three-coordinate
complex 5.10 to form 5.11, which yields products by reductive elimination.'®
Overall, these multiple mechanistic steps create what is to our knowledge a
unique method to utilize palladium-catalyzed cross-coupling chemistry to

convert imines into a-substituted amides.
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5.12 5.11

Scheme 5.2 Postulated mechanism for the palladium-catalyzed three

component coupling.

Further investigation of this catalytic reaction shows it to have a good
degree of generality. Thus both aryl and alkyl acid chlorides (Table 5.1, entry
2) can be employed to generate vinyl-substituted amides. Alternatively, acid
chlorides can be replaced with chloroformates. This is somewhat surprising,
since the iminium salt of a chloroformate does not oxidatively add to Pd(0) to
form a stable product. This provides a catalytic method to convert imines
directly into N-protected, a-substituted amine building blocks. As anticipated,
the catalytic reaction shows tolerance to various functional groups (e.g. ethers,
thioethers and esters; entries 3-5, 8, 10), although enolizable C-alkyl imines
are not compatible with these coupling conditions.!” This process is also
amenable to substrates capable of undergoing other palladium-catalyzed

reactions. Imines with terminal alkene substituents, which can undergo Heck
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couplings with acid chlorides,? react exclusively at the imine carbon to form
o-substituted carbamates (entry 6). Similarly, imines containing standard
Stille coupling groups such as aryl bromides and electron-rich aryl iodides
undergo preferential coupling as the iminium salt (entries 7 and 9). This
selectivity can be attributed to the stabilizing effect of amide chelation in the
product arising from oxidative addition of the iminium salt, which leads to the
favored generation of 5.10 for transmetalation and coupling.

In addition to imines of aromatic aldehydes, o,B-unsaturated imines
react with benzoyl chloride and tributylvinyltin to form a-substituted amides
(5.8m, entry 11). Interestingly, replacement of the acid chloride with
benzylchloroformate results in the generation of the Michael addition product
5.8m’ as well as 5.8m (ca. 1:1 ratio). Based on the mechanism of this
reaction, this would appear to result from the rearrangement of a chelated
amide intermediate 5.13 to the w-allylic structure 5.14, which can reductively
eliminate at the remote carbon (Scheme 5.3). The addition of a weakly
coordinating bromide source (BuyN'Br’), which can presumably accelerate an
associative rearrangement mechanism relative to transmetalation,?’ results in
the favored formation of the 1,4-addition product 5.8m’ (entry 12). This
provides a useful catalyst-based method to control the regioselectivity of the
addition to unsaturated imine substrates as opposed to nucleophilic

approaches, which typically rely upon variation of the actual vinyl-transfer

substrate.?
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Scheme 5.3 Palladium-catalyzed vinylation of a,B-unsaturated imines

The use of organotin reagents also provides a route to incorporate
substrates into the a-position beyond those accessible from nucleophilic
sources. This is illustrated in Equation 5.3, where the palladium-catalyzed
reaction of benzoyltributyltin® with imine and chloroformate leads to transfer
of the benzoyl unit to the imine carbon and formation of 5.15. Even more
simplified, the intermediacy of Pd-C-bonded complexes suggests the
possibility of incorporating insertion substrates into the overall catalytic
process.! Thus, the catalytic coupling of Tol(H)C=NBn, BnOCOCI, and
phenyltributyltin under one atmosphere of carbon monoxide yields the same
product 5.15 in 51%yield.' Examination of the crude mixture revealed that
the only starting materials present were free imine and phenyltributyltin. The

addition of excess chloroformate (4 equiv) can thus be used to drive
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conversion of the imine into 5.15 in 93% yield?* This represents a rare
example of a selective four-component cross-coupling reaction, in this case
from imine, chloroformate, phenyltin, and carbon monoxide, which allows for
the construction of a-amido ketones. The latter are useful components for the

synthesis of heterocycles® and as enzyme inhibitors.

H R, 9
Tol 2
S gt j\ + ReSuBuy _2:5% [PaabalCHcl s L
< 3
H N cC” "OBn RT, CH,Cl, R
5.1¢ R = COPh (45%) BuyNBr 5.15

R = Ph, 1 atm CO (93%)

Equation 5.3 Synthesis of a-amido ketones

5.3 Conclusion

In conclusion, this study describes a convenient and general 6ne-pot
synthesis of a-substituted amides and N-protected amines by a palladium-
catalyzed three-component coupling of imines, acid chlorides or
chloroformates, and organotin reagents. Mechanistically, this process provides
an oxidative addition/reductive elimination-based alternative to nucleophilic
approaches to C-C bond formation with imines, in which the imines are

activated towards addition to palladium by RCOCL.
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Rt 1 N\ guBy, 1)2:5% [Pdy(dba)s.CHOl  Meo. S
x...Bn - N~ "OBn
N Cl OBn o én
2) 05, MeOH
5.1c 5.16

Equation 5.4 Synthesis of a-aryl glycine derivatives

Considering the utility of imine reduction products, as well as the
generality and mild features of tin couplings, this chemistry could prove
useful in the preparation of a range of a-substituted amine derivatives. One
illustration of this is in Equation 5.4, where the palladium-catalyzed reaction
of Tol(H)C=NBn, BnOCOCI, and tributylvinyltin followed by ozonolysis of
the vinylic group under Marshall conditions®’ provides a simple two step route
to diprotected a-arylglycine derivatives from airstable reagents and a

commercially available catalyst.

5.4 Experimental Section

General Procedures

Unless otherwise noted, all manipulations were performed under an
inert atmosphere in a vacuum atmosphere 553-2 dry box or by using standard
Schlenk or vacuum line techniques. Tris(dibenzylideneacetone)
dipalladiumchloroform was prepared according to literature procedures and
used freshly recrystalized.® Carbon monoxide (99.99%) was purchased from

Matheson and used as received. Imines? were prepared and freshly distilled
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using literature procedures. All other reagents were purchased from Aldrich
and used as received. Tetrahydrofuran (THF) was distilled from
sodium/benzophenone ketyl under nitrogen. Acetonitrile and methylene
chloride were distilled from CaH, under nitrogen. Deuterated solvents were
dried as their protonoted analogues, but were transferred under vacuum from
the drying agent, and stored over 3A molecular sieves. 'H, and ®C NMR
spectra were recorded on JEOL 270, Varian 300 and Varian 400

Spectrometers. Infrared spectra were recorded on a Nicolet Avatar

Spectrometer.

Synthesis of 5.5

(p-CH3C6H4)(H)C=NCH,Ph (62.5 mg, 0.298 mmol) and benzoyl chloride
(42.0 mg, 0.298 mmol) were dissolved in 10 mL of acetonitrile.
Pdy(dba); CHCIl; (150.1 mg, 0.145 mmol) was added to this solution, and the
mixture stirred 16h at ambient temperature. The solvent volume was reduced
to 2 mL and diethyl ether (10 mL) was added and cooled to —40°C, resulting

in the precipitation of the product 5.5 as a yellow solid (92% yield).

'H NMR (CD,Cl,, 270 MHz): & 7.70-7.42 (m, 5H), 7.40-7.26 (m, 3H), 7.20-
7.05 (m, 4H), 7.04-6.94 (m, 2H), 5.06 (s, 1H), 4.28 (dd, 2H), 2.29 (s, 3H).
13C NMR (CD;Cl,, 68 MHz): & 182.3, 138.2, 136.6, 133.9, 132.3, 131.0,

130.3, 129.1, 128.7, 128.3, 128.1, 127.7, 127.5, 65.7, 52.3, 21.6.
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IR (KBr): vco : 1547 em™.
Analysis: Calculated for C»HyoNOCIPd: C, 57.91; H, 4.42; N, 3.07; found: C,
58.24; H, 4.56; N, 3.01.

LRMS: Calc. for C44H4oN,0,Cl3Pdy: 949.0; found: 949 4.

N-Ethyl-N-(1-p-tolyl-allyl)-benzamide (5.82a)

Yield: 82% isolated, oil

'H-NMR (270 MHz, CD;CN 80°C): & 7.42 (m, 5H), § 7.20 (4H, m), & ‘6.25
(1H, m), & 5.63 (broad d, 1H), 6 5.39 (d, 1H, 4Hz), § 5.24 (d, 1H, 7Hz), d 3.32
(g9, 2H, 8Hz), 3 2.33 (s, 3H), § 0.90 (t, 3H, 5Hz)

3C NMR (68 MHz, CD;CN 80°C): 5171.5, 8 138.1, 5 137.4, 5 136.6, § 136.1,

5 129.1, 6 129.0, & 128.4, & 127.8, 6 126.2, 6 117.5, 6 62.9, & 39.7, 5 20.0,

14.0
IR (KCI): vco: 1635 cm™

HRMS. Calculated for CigHpNO: 279.16231; found: 279.16264

N-Benzyl-N-(1-p-tolyl-allyl)-acetamide (5.8b)

Yield: 78% isolated, white solid
'H-NMR (270 MHz, CD3;CN, 80°C): & 7.47-7.10 (m, 9H); 6.16-6.06(m, 1H);

6.02-5.84(s, 1H); 5.38-5.16(m, 2H); 4.60(d, 1H, 17Hz); 4.48(d, 1H, 17Hz);

2.30(s, 3H); 2.07(s, 3H).
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13C-NMR (68 MHz, CDsCN, 80°C): & 171.3; 139.4; 137.5; 136.9; 136.6;
129.3; 128.4; 128.3; 127.2; 126.8; 117.8; 63.4; 49.4; 21.9; 20.3.
IR (KBr): vco: 1638 cm™

HRMS. Calculated for C;oH;1NO: 279.16231; found: 279.16206

Benzyl-(1-p-tolyl-allyl)-carbamic acid benzyl ester (5.8¢)

Yield: 68% isolated, oil

'H-NMR (400 MHz, CDCl; 65°C): & 7.36-7.05 (m, 14H), & 6.08 (m, 1H), &
5.73 (br, 1H), & 5.23 (d, 1H, 8Hz), § 5.16 (d, 1H, 17 Hz), 6 5.16 (s, 2H), 6
4.55 (d, 1H, 17 Hz), & 4.46 (d, 1H, 17Hz), 5 2.36 (s, 3H)

3C NMR (101 MHz, CDCl; 65°C): & 156.6, & 139.0, & 137.1, § 136.8, &
136.5,8 135.9,5 129.1,5 128.4, 6 128.2, 6 128.0, 6 127.9, 8 127.8, 6 127.5, 8
126.8,5118.1,6 67.6,8 63.1,649.3,621.2

IR (KBr): vco: 1699 cm’!

HRMS. Calculated for C,5H;sNO,: 371.18853; found: 371.18747.

Ethyl-[1-(4-methylsulfanyl-phenyl)-allyl]-carbamic acid benzyl ester
(5.8d)

Yield: 73% isolated, oil
'H-NMR (400 MHz, CDCl; 65 °C): & 7.35-7.28 (m, 5H), & 7.22-7.16 (m, 4H),
8 6.12 (m, 1H), & 5.73 (br, 1H), & 5.32 (d, 1H, 8Hz), 6 5.23 (d, 1H, 17Hz), §

5.17 (s, 2H), 8 3.25 (q, 2H, 8Hz), 5 2.48 (s, 3H), § 0.97 (t, 3H, 9Hz)
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BC.NMR (101 MHz, CDCl3, 65°C): & 156.3; 137.9; 137.1; 136.9; 135.7;
128.5; 128.5; 128.0; 127.9; 127.0; 118.2; 67.4; 62.2; 40.3; 16.3; 15.2.
IR (KBr): vco: 1699 cm’™

HRMS. Calculated for C20H23NO,S : 341.14495; found: 341.14336.

[1-(2,3-Dihydro-benzo|1,4]dioxin-6-yl)-allyl]-ethyl-carbamic acid benzyl
ester (5.8¢)

Yield: 70% isolated, oil

'H-NMR (400 MHz, CDCl; 65°C): & 7.40-7.25 (m, SH), § 6.82-6.71 (m, 3H),
8 6.09 (m, 1H), § 5.70 (broad, 1H), 6 5.30 (d, 1H, 10Hz), 6 5.21(d, 1H, 17Hz),
8 5.17 (s, 2H), § 4.22 (s, 4H), 6 3.23 (q, 2H, 8Hz), & 0.96 (t, 3H, 9Hz)
BC.NMR (101 MHz, CD;CN, 20°C): & 155.9; 143.7; 143.2; 137.6; 136.2;

133.3; 128.6; 128.0; 128.0; 120.9; 117.4; 117.2; 116.7; 66.8; 64.7; 64.6; 61.9;

40.1; 14.7
IR (KBr): veo: 1699cm’™

HRMS. Calculated for C,1Hy3NOy4: 353.16271; found: 353.16147

(4-Methoxy-phenyl)-(1-p-tolyl-allyl)-carbamic acid benzyl\ ester (5.81)
Yield: 68% isolated, oil

'H-NMR (400 MHz, CDCl; 65°C): & 7.60-7.41 (m, 3H), § 7.20-7.08 (m, 6H),
0 6.94 (m, 2H), 8 6.76 (d, 2H), 6 6.10 (m, 1H), § 5.91 (br, 1H),  5.32 (d, 1H,

17Hz), 8 5.27 (d, 1H, 8Hz), 5 5.13 (s, 2H), 5 3.78 (s, 3H), 6 2.34 (s, 3H)
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BC.NMR (101 MHz, CDCls, 20°C): & 158.6; 155.8; 137.2; 137.0; 137.0;
136.1; 132.8; 130.7; 129.0; 128.3; 128.1; 127.7; 127.5; 118.2; 113.9; 67.3;
65.0; 55.6; 21.3,

IR (KBr): veo: 1699 cm™

HRMS. Calculated for C5HysNOs: 387.18334; found: 387.18385

Pent-4-enyl-(1-p-tolyl-allyl)-carbamic acid benzyl ester (5.8g)

Yield: 65% isolated, oil

'H-NMR (400 MHz, CDCl; 65°C): & 7.41-7.22 (5H, m), § 7.20-7.03 (4H, m),
8 6.14 (m, 1H),  5.72 (br, 1H), & 5.62 (m, 1H), & 5.31 (d, 1H, 9Hz), 5 5.22 (d,
1H, 8Hz), § 5.17 (s, 2H), & 4.90 (2H, m), & 3.18 (m, 2H), & 2.35 (s, 3H), 5
1.89 (m, 2H), 8 1.61 (m, 1H), & 1.38 (m, 1H)

BC NMR (101 MHz, CDCls, 65°C): § 156.4, § 138.0, § 137.2, § 137.1, 5
136.8, 5 136.0, 5 129.2,  128.5, 5 128.0, 5 127.9, 6 127.8, 5 117.8, 5 114.8, 5
67.3,62.5,86454,531.4,5289,521.3

IR (KB1): vco: 1699 cm'™

HRMS. Calculated for C3H,7NO;: 349.20418; found: 349.20450.

N-Ethyl-N-[1-(3-iodo-4,5-dimethoxy-phenyl)-allyl]-benzamide (5.8h)
Yield: 65% isolated, oil
'H-NMR (400 MHz, CDCl; 65°C): 5 7.40-7.38 (m, SH), § 7.25 (s, 1H), 5 6.81

(s, 1H), & 6.13 (m, 1H), & 5.16 (br, 1H), & 5.42 (d, 1H, 10Hz), 5 5.26 (d, 1H,
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17Hz), & 3.83 (s, 3H), & 3.82 (s, 3H), & 3.40 (m, 1H), & 3.28(m, 1H), 5 1.6 (m,
3H)

13C NMR (101 MHz, CDCl; 65°C): 8171.9, & 152.7, § 149.0, § 137.2, 8 137.1,
5134.8,5129.9, 5 129.4,5 128.5, 5 126.4, 5 119.1, 5 113.2, 5 92.3, 5 62.5,
60.4,8 56.3,8 40.0, 5 14.7

IR (KBr): vco: 1634 cm™

HRMS. Calculated for CpoH2oNOsI : 451.06445; found: 451.06496

2,2-Dimethyl-propionic acid 4-[1-(benzyl-benzyloxycarbonyl-amino)-
allyl]-pheny] ester (5.8i)

Yield: 59% isolated, oil

'H-NMR (400 MHz, CDCl; 65°C): & 7.45-7.06 (m, 12H), § 7.96 (d, 2H), &
6.05 (m, 1H), 8 5.71 (br, 1H), & 5.25(d, 1H), & 5.75 (d, 1H, 15Hz), 6 5.14 (s,
2H), 5 4.57 (d, 1H, 17Hz), 6 4.38 (d, 1H, 15Hz), & 1.38 (s, 9H)

13C NMR (101 MHz, CDCl; 65°C): §176.7, 8 156.6, & 150.6, & 138.7, 6 136.8,
8 136.6,0 135.5,6 128.8, 5 128.3, 6 127.9, 6 127.8, 6 127.5, 6 126.9,  121.3,
5118.4,867.4,662.7,5125.2,649.2,8 39.1,8 27.1

IR (KBr): veo: 1750 cm™, 1699 cm™

HRMS. Calculated for C0H3NOy4: 457.22531; found: 457.22297

[1-(4-Bromo-phenyl)-allyl]-ethyl-carbamic acid benzyl ester (5.8k)

Yield: 62% isolated, oil
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'H-NMR (400 MHz, CDCl; 65°C): & 7.43 (d, 2H, 8Hz), § 7.40-7.21 (m, SH),
§ 7.14 (d, 2H, 8Hz), § 6.09 (m, 1H, 8Hz), & 5.69 (br, 1H), § 5.35 (d, 1H,
10Hz), § 5.24 (d, 1H, 15Hz), & 5.16 (s, 2H), 5 3.26 (q, 2H, 17Hz), § 1.02 (¢,
3H, 15Hz)

3C NMR (101 MHz, CDCl; 65°C): 8156.1, 5 139.1, 6 136.9, § 135.2, § 131.5,

§129.5, 5 128.5, 5 128.0, § 127.9, 6 121.5, 5 118.6, 5 67.4, 5 62.2, § 40.5, &
15.2
IR (KBr): .CO: 1699 cm™

HRMS. Calculated for C;oH,0NO,Br: 373.06774; found: 373.06736

2,2-Dimethyl-propionic  acid  2-[benzyloxycarbonyl-(1-p-tolyl-allyl)-
amino]-ethyl ester (5.8I)

Yield: 52% isolated, oil

'H-NMR (400 MHz, CDCl; 65°C): & 7.40-7.20 (m, 5H), & 7.18-7.01 (m, 4H),
8 6.19 (m, 1H), & 5.41 (br, 1H), 8 5.33 (d, 1H), 6 5.19 (d, 1H, 7Hz),  5.15 (s,
2H), 8 4.00-3.80 (m, 2H), & 3.45-3.30 (m, 2H), 5 2.38 (s, 3H), & 1.19 (s, 9H)
BC NMR (101 MHz, CDCl; 65°C): & 177.7, & 156.0, 8 137.2, § 137.1, &
136.9, 8 136.1, 6 129.0, 8 128.3, & 127.8, 5 127.7, 6 127.5, 5 117.4, 5 66.9, &
62.7,862.4,5442,538.3,526.4,519.9

IR (KBr): vco: 1749 cm™, 1699 cm

HRMS. Calculated for C,sH3;NO4: 409.22531; found: 409.22588

N-Benzyl-N-(3-phenyl-1-vinyl-allyl)-benzamide (5.8m)
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Yield: 60% isolated, oil

'H-NMR (400 MHz, CD3CN 80°C): & 7.58-7.20 (m, 15H), & 6.45 (d, 1H, Hz),
8 6.30 (dd, 1H, 5Hz), & 6.10 (m, 1H), & 5.29-5.15 (m, 3H), 5 4.80 (d, 1H,
17Hz), 8 4.61 (d, 1H, 17Hz)

3C NMR (101 MHz, CD;CN 80°C): 5171.9, & 139.2, § 137.4, & 136.8, &
136.2, 5 132.7, 5 129.3, 5 128.5, 5 128.4, 5 128.2, 5 127.8, 8 127.5, 6 127.2, 8
126.7, 5 126.4, 5 116.8, 5 62.4, 5 47.5

IR (KBr): veo: 1635 cm™

HRMS. Calculated for C,sH,3NO: 353.17796; found: 353.17712

Benzyl-(3-phenyl-penta-1,4-dienyl)-carbamic acid benzyl ester (5.8m’)
Yield: 51% isolated, oil

'H-NMR (400 MHz, CD3CN 80°C): & 7.38-6.91 (m, 15H), 8 6.01 (m, 1H),
5.28 (s, 2H), & 5.40 (m, 1H), 6 5.05 (d, 1H, 17Hz), 5 4.95 (d, 1H, 17Hz), §
4.83 (s, 2H), 3 4.09 (t, 1H, 6Hz)

3C NMR (101 MHz, CD;CN 80°C): 8154.2, & 143.6, & 1412, § 137.7, &
136.8, 6 128.7, 6 128.5, 5 128.2, 6 128.0, 6 127.9, 5 127.8, 8 127.1, 6 126.8, 6
126.4,6117.1,5 114.4,8 113.2,6 68.0, 6 50.1, & 48.2

IR (KBr): vco: 1701 cm’!

HRMS. Calculated for C,6H,5sNO,: 383.18853; found: 383.18888

Synthesis of Benzyl-(2-0xo0-2-phenyl-1-p-tolyl-ethyl)-carbamic acid benzyl

ester (5.15)
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(p-CH;3CgH4)(HYC=NCH,Ph (157.5 mg, 0.75 mmol) and benzyl chloroformate
(408 mg, 3.0 mmol) were dissolved in 10 mL of acetonitrile solution and
stirred for 1 hour in a 50 mL reaction bomb. To this solution was added
Pdy(dba);*CHCI; (20 mg, 0.019 mmol). The solution was stirred until all the
Pdy(dba);*CHCI; was dissolved resulting in a clear yellow solution. BrNBuy
(241 mg, 0.75 mmol) and tributylphenyltin (275 mg, 0.75 mmol) were
dissolved in 10 mL of methylene chloride and added dropwise to the stirring
yellow solution. The solution was degassed once and pressurized with CO (1
atm). The reaction mixture was left to stir at room temperature for 48 h. The
solvent was evaporated in vacuo to provide a brown oil. The residue was then
dissolved in 50 mL of ethyl acetate. Tributyltinchloride was removed by
stirring with 25 mL of saturated KF solution, which resulted in the iranmediate
formation of a white solid. The solution was filtered through celite and
extracted three times with 50 mL water/ethyl acetate. The organic layers were
combined and dried over MgSO4 and the solvent removed in vacuo to provide
a viscous yellow/orange oil which was chromatographed on Silica Gel 60
using hexanes/ethyl acetate as eluent.

Yield: 93% isolated, oil

'H-NMR (400 MHz, CDCl; 65°C): & 7.83 (br, 2H), 5 7.46-6.99 (m, 16H), &
6.94 br, 2H), § 5.14 (dd, 2H, 12Hz), & 4.87 (d, 1H, 16Hz), 6 4.25 (d, 1H,

16Hz), 6 2.26 (s, 3H)
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13C NMR (101 MHz, CDCl; 65°C): $197.2, § 156.2, 8 138.4, & 138.1, 5 136.6,
5136.1,5132.9,8 131.7, 8 131.2, 5 128.7, 5 128.5, § 128.4, § 128.0, & 127.9,
§127.8, 8 127.5,8 126.9, 5 126.5, 8 67.1, 5 65.7, 5 49.1, 5 20.1

IR (KBr): vco: 1704 cm'1,1699 cm-1

HRMS. Calculated for C30H;7NO;5: 449.19909; found: 449.20122

(Benzyl-benzyloxycarbonyl-amino)-p-tolyl-acetic acid methyl ester from
oxidation (5.16)

Yield: 68% isolated, oil

'H-NMR (400 MHz, CDCl; 65°C): & 7.38-6.91 (m, 14H), 5 5.71 (broad, 1H),
8 5.18 (dd, 2H, 5Hz),  4.65 (d, 1H, 17Hz), 6 4.22 (d, 1H, 17Hz), § 3.61 (s,
3H), 6 2.31 (s, 3H)

13C NMR (400 MHz, CDCl; 65°C): 8171.1, 8 156.6, & 138.4, 5 136.1, 5 131.2,
128.7, 8 128.3, 5 128.0, 6 127.9, 8 127.8, 8 127.7, 8 127.5, 8 126.9, 8 126.5, &
68.2,563.8,552.2,549.6,521.6

IR (KBr): veo: 1649 cm™,1699 cm™

HRMS. Calculated for C,5sHysNOy4: 403.17836; found: 403.17801
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CHAPTER SIX

Conclusions, Contributions to Original Knowledge, and

Suggestions for Future Work

This chapter gives a brief summary of the results and conclusions
presented in this thesis, as well as the contributions to original knowledge.
These parallel the individual conclusions made in each chapter. Suggestions

for future work are also provided.

6.0 Conclusions and Contributions to Knowledge

This body of work represents the first investigation of imine as a
viable insertion substrate into nickel-carbon o-bonds. The nickel complexes
L,Ni(CH;)N(R)=C(H)R’"X" with a range of substituents and counteranions
have been synthesized and fully characterized. These complexes have been
demonstrated to undergo the sequential insertion of carbon monoxide and
imine to form the nickel-bound amide complex: (L)Ni[n*
CH(R’)NRCOCH;]'X". Kinetic studies demonstrated that the sequential
insertion of carbon monoxide and imine occurs with a significantly lower
barrier than isoelectronic palladium complexes, and provides a new and
controlled route to generate nickel-bound amides. Further, a method for the
cleavage of the nickel bound amide fragments has been developed which

provides the product of imine hydroacylation.
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Reactivity studies on these amide-bound nickel chelates show that they
are generally inert towards the subsequent migratory insertion of CO, imines
and olefins. These complexes are also inert towards auxiliary ligand exchange
or amide de-chelation, with both mono- and bi-denate nitrogen and phosphine
ligands. They do, however, show increased reactivity towards carbon
monoxide in the presence of strong Lewis acids, which may weaken the amide
ligand interactions with the nickel center.

Cationic nickel-imine complexes have also been found to undergo
competitive insertion with imine tethered a-olefins in the presence of CO.
Despite slower rates of insertion, imines are able to compete favorably for
insertion with olefins. This is likely the result of the supetior coordinating
ability of imines, which prevents the faster rates of insertion displayed by
olefins from dominating. Systems of this type were developed into the first
example of a metal mediated cyclocarbonylation incorporating imine as a
formal insertion substrate. This chemistry can be used to design a one-pot,
nickel-mediated insertion cascade of four units (CO, olefin, a second unit of
CO, and imine) to construct 5 and 6 membered lactams

Though attempts to induce silbsequent insertion into the nickel carbon
bond of the amide chelate (Ly)Ni[n’-CH(R’)NRCOCH;]'X" were
unsuccessful, the complexes were able to undergo reductive coupling with
organotin reagents. This reactivity was further developed with the analogous
amide bound palladium chelates generated via the oxidative addition of N-

acyl iminium salts (R(H)C=N(R’)COR’’)'CI' to Pdj(dba);*CHCI; into a
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catalytic coupling capable of generating a-substituted amide derivatives. This
reactivity was extended into a convenient and general one-pot synthesis of o.-
substituted amides and N-protected amines by a palladium-catalyzed three-

component coupling of imines, acid chlorides or chloroformates, and

organotin reagents.

6.1 Suggestions for Future Works

The strong chelation of the amide carbonyl to the nickel center
represents a significant challenge in the development of catalytic systems
involving the sequential insertion of CO and imine. Efforts toward the
weakening of this chelation using strong Lewis acids were promising and
further investigation in this direction is warranted. In particular, investigation
of more oxophilic or imine compatible Lewis acids may produce a more
controlled activation of the complex, and allow for further insertion. As well,
increasing the lability of the other ligands on the metal center may provide an
additional avenue by which vacant coordination sites can be generated.

Combining imine insertion with other unsaturated insertion substrates
(e.g. alkynes, substituted alkenes and dienes) provides a wide range of
potential coupling and zipper reactions. In addition, the development of more
complex substrates, as well as the investigation of stereo- and regiochemical

control, could lead to a number of total synthesis applications.
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The catalytic coupling of imines with acid chlorides/chloroformates
and organotin reagents represents a synthetically useful process with a number
of potential extensions. The most attractive of these involves expanding the
scope of the reaction to incorporate some of the other coupling partners

currently used in synthesis (e. g boronic acids/esters, organosilanes, and

organo cuprates).
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