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> ABSTRACT &

The Sequential Insertion of Carbon Monoxide and Imines into Nickel-Carbon c-

Bonds and Kinetic Analysis of Imine Insertion into Palladium-Acyl 6-Bonds

The coupling of imines and carbon monoxide mediated by late transition metals
has been previously reported in the Arndtsen laboratory. The fundamental properties of
2,1-migratory insertion of imines into nickel- and palladium-acyl bonds are presented in
this text.

This study investigates the use of neutral k*-N,O-salicylaldiminato nickel (II)
systems (Chapter 2) as potential complexes to mediate the sequential insertion of carbon
monoxide and imines. These complexes undergo rapid carbon monoxide insertion.
Subsequent imine insertion is permitted when the imine substrate is sterically
unencumbered. The coupling product disproportionates leading to the formation of 1,2-
diamides.

In our laboratory, kinetic and thermodynamic studies on the coordination and 2,1-
migratory insertion of imines into palladium-carbon 6-bonds were the focus of former
student Rania Dghaym, Ph.D. Chapter 3 completes these studies, and offers a
mechanistic picture of the pathway by which 2,1-migratory insertion into palladium-acyl
bonds proceeds. Our mechanistic data suggest that imine insertion is distinct from olefin
insertion and involves the concerted migratory attack of the c-coordinated imine to the

electrophilic acyl ligand.
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& RESUME &

L’insertion séquentielle de monoxyde de carbone et d’imines dans des liens sigma
nickel-carbone ainsi que I’analyse cinétique de ’insertion d’imines dans le lien

palladium-acétyle

Le couplage d’imines et de monoxyde de carbone médié par des métaux de
transition a ¢été récemment publi¢ par le laboratoire du Professeur Arndtsen. Les
propriétés fondamentales de I’insertion migratoire-2,1 d’imines dans les liens nickel- et
palladium-acétyle sont présentées dans le texte ci-présent.

Les complexes neutres k-N,O-salicylaldiminato de nickel (II) sont le sujet de
recherche dans le chapitre 2 pour leur potentiel de médier I’insertion séquentielle de
monoxyde de carbone et d’imine. L’insertion de monoxyde de carbone dans le lien
nickel-méthyle est rapide. Par contre, I’insertion d’imine subséquente est seulement
observée dans les cas ou I’encombrement stérique de celle-ci est minime. Le produit du
couplage mene a la formation de 1,2-diamides.

Dans notre laboratoire, la cinétique et thermodynamique de I’insertion migratoire-
2,1 dans les liens sigma palladium-carbone était le sujet d’étude de Rania Dghaym, Ph.D.,
une ¢tudiante précédente du laboratoire. Au chapitre 3 nous présentons la suite de ses
¢tudes et offrons un portrait global du mécanisme par lequel ’insertion migratoire-2,1
dans les liens palladium-acétyle se produit. Nos résultats suggerent que le mécanisme
d’insertion d’imines est distinct de celui d’insertion d’oléfines et implique une attaque

migratoire concertée de I’imine 6-coordonnée au ligand acétyle électrophilique.
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& CHAPTER 1
Introduction
1.0 Perspective

From drug design and enzymatic research to peptidomimetic materials, the
peptide linkage is a focal point of research. This interest has stimulated the development
of efficient new methods to construct peptides.

The classic approach to polypeptide synthesis involves condensing naturally or
non-naturally occurring amino acids. However, because this route often requires initial
synthesis of the oi-amino acids, and multiple protection and deprotection steps, the scope
and scale upon which peptides can be prepared is limited. Alternative efficient and
modular synthetic routes to form o-amino acids and peptides will be indispensable
synthetic tools for generating novel bio-molecules.

Transition metal complexes catalyze a wide range of synthetically useful
transformations, ~ with  examples including hydrogenation,'  cross-coupling,’
oxidation/reduction,” cycloaddition,* polymerization,” and many others. This is due to
their ability to coordinate multiple substrates and activate them for transformations that
are difficult by organic synthetic methods. The elemental steps that transition metals
mediate these transformations include ligand substitution, oxidative addition, reductive
elimination, insertion, elimination, nucleophilic and electrophilic addition, abstraction,
cycloaddition, and others.°

The reactivity of transition metal complexes led us to consider them in designing
a new route towards peptides synthesis through sequential transition metal-mediated
couplings of carbon monoxide (CO) and imines, as shown in Scheme 1.1. A critical step
in this proposed synthesis is migratory insertion of imines into metal-carbon G-bonds.
We have previously developed cationic palladium (II)- and nickel (II)-systems which can
undergo the sequential insertion of CO and imine to generate amide metal chelates
[Scheme 1.2]." However, the strong chelation of the amide oxygen to the metal center

prevents an empty coordination site from being formed to enable further insertion.



Scheme 1.1: Transition metal-mediated coupling of imine and carbon monoxide to form

peptide bonds.

M = Pd, Ni
S = solvent

Scheme 1.2: Migratory insertion of carbon monoxide and imine in cationic palladium

(IT)- and nickel (II)-based systems.

To overcome this, we propose to weaken the amide chelation to the metal center
by employing less Lewis acidic neutral nickel complexes for the sequential CO/imine
insertion. The ability of such complexes to mediate the insertion of imine into a nickel-
carbon G-bond has not been reported. This is the subject of research in this thesis.

In order to provide some perspective to this research area, this introductory
chapter will contain: (i) a brief overview of traditional and transition metal mediated
amino acid and peptide syntheses; (ii) examples of imine migratory insertion into
transition metal-carbon bonds; and (ii1) a comparison between imine and alkene insertion
mechanisms. Together, these discussions will highlight the focus of this thesis: the

transition metal mediated migratory insertion of imines and its mechanism.



1.1 Synthetic Routes to a-Amino Acids and Peptides
1.1.1 Traditional Synthesis of a-Amino Acids

As mentioned, traditional approaches to peptide syntheses rely upon o-amino acid
condensation. This therefore requires that non-natural o-amino acids be synthesized
prior for their incorporation into peptides. A wide range of methods exist for
synthesizing a-amino acids.® These include Strecker’ and Ugi'® reactions, amination of
a-halo acids (or esters),'’ and approaches through glycine anion or cation equivalents.'?
Enantioselectivity can be induced in these processes using chiral catalysts or auxiliaries.

The most common approaches for constructing amino acids involve the
nucleophilic addition of a carboxylate synthon to a Schiff base (e.g. imine) that has been
generated in-situ from an aldehyde and an amine. For example, the Strecker reaction
involves the condensation of an aldehyde (or ketone), an amine and cyanide [Scheme
1.3].% Similarly, the multi-component Ugi reaction’ combines four substrates to generate
diamides: aldehyde (or ketone), amine, carboxylic acid and isonitrile [Scheme 1.4]. The
latter reaction proceeds via formation of an activated imine, followed by sequential
nucleophilic addition of isonitrile and carboxylate anion to generate intermediate 1.1,

which rearranges to the diamide 1.2.

e NR3, N NR3,
ALt HNRY, + ScN /J%\ H"/H,0 /&
R "R R1E,CN R £;COOH

Scheme 1.3: General Strecker reaction scheme towards oi-amino acids.
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Scheme 1.4: The mechanistic pathway of the Ugi reaction.



Carboxylic acids can also be used as starting materials for synthesizing amino
acids. The process involves nucleophilic displacement of an a-halide or a-pseudohalide

with a range of N-nucleophiles [Scheme 1.5]."

0 0
MY Y.
X\')koRz \')kORZ
R R
X =Br, | Y =N,
= 0SO,R® = NHR*
= HNNHR?
= HNOR*
= N(COR%),

Scheme 1.5: The nucleophilic addition of nitrogen based nucleophiles to o-substituted

carboxylic acids.

An alternative approach to synthesizing o-amino acids is to introduce the side-
chain to a pre-existing amino acid scaffold. For example, an anion glycine synthon 1.3
can react with an electrophile, or a nucleophile can add to a glycoxylic-imine equivalent

1.4 [Scheme 1.6].

S
o m® o o} o o
4 4 4
Kkow R R%Ow R ﬁkow
N N N
R?" "R® R?" RS R?g R®
1.3 1.4

Scheme 1.6: Amino acid synthesis general scheme by adding the side-chain.

These approaches can be made stereoselective with the use of chiral auxiliaries.
An example of using a chiral auxiliary to add an electrophile to an enolate is shown in
Scheme 1.7 with the Schollkopf’s bis-lactime ether'* 1.5. Other examples include
Seebach’s auxiliary' 1.6, oxazaborolidinone'® 1.7, Evan’s auxiliary'’ 1.8, and N-acyl-
oxazinone'® 1.9 [Figure 1.1]. In nucleophilic addition, the electronics of the o-carbon
can be inversed by substituting one of the protons for a halide or other good leaving
groups. One of the most comprehensive examples of this is 3-bromo-oxazinone 1.10

[Figure 1.1].19
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Scheme 1.7: o-Amino acid synthetic strategy utilizing Schollkopf’s bis-lactime ether 1.5.
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Figure 1.1: Auxiliaries employed for amino acid synthesis: Seebach’s auxiliary 1.6,
oxazaborolidinone 1.7, Evan’s auxiliary 1.8 and N-acyl-oxazinone 1.9 and 3-bromo

oxazinone 1.10.
1.1.2 Traditional Routes to Peptides
1.1.2.1 Solid-Phase Peptide Synthesis

The conventional process for synthesizing a peptide is to graft the growing chain
on a solid support matrix and build the chain, monomer by monomer, in a linear fashion.
The solid support is typically a crosslinked polystyrene resin with benzoyl alcohol
monomers as grafting sites. A significant advantage to this heterogeneous method is that
purifying the resulting peptide is simple since by-products can be washed away.
Additionally, a heterogeneous synthesis medium permits the use of excess reagent, and
therefore increases coupling yields.

There are disadvantages to this process, however. Every monomer addition to the
chain requires a minimum of two steps: coupling and deprotection. Further, in order to
construct large peptides, coupling must proceed in high yield, which can be difficult to
achieve with heterogeneous reactions. Despite these issues, solid phase synthesis is by

far the most common approach to peptide synthesis.



1.1.2.2 Solution-Phase Peptide Synthesis

In solution-phase synthesis, the standard strategy is a convergent synthesis, i.e.,
selecting certain building blocks and fragments, which are prepared, isolated, purified,
and coupled, to build the complete sequence [Figure 1.2]. Although a very laborious
method, solution-phase synthesis is very economical; it is still used today as the method

of choice to produce peptides in scales of 10-100 Kg.*

A+B— AB
>—> A-B-C-D

C+D—CD
E+F—» EF

>—’E-F-G-H
G +H— GH

Figure 1.2: Solution-phase convergent synthesis in the construction of peptides.

A-B-C-D-E-F-G-H

1.1.3 Transition Metal Complexes in 0-Amino Acid Synthesis

Over the past several decades transition metal catalysis has become a very
important tool in the development of new synthetic methodologies. Examples of o-
amino acids syntheses using this approach include catalytic versions of the reactions
discussed in section 1.1 (e.g. Strecker'), as well as a number of new methods, such as
alcohol addition to chromium o-aminocarbenes,”* and the asymmetric hydrogenation of
oc,[3-dehydro-aminoacids.23 Perhaps one of the most important transition metal catalyzed
routes to o-amino acids, which also relates to research in this thesis, is aldehyde
amidocarbonylation [Scheme 1.8].%

The amidocarbonylation reaction involves a one step, multicomponent coupling
of aldehydes, amides and carbon monoxide. This reaction is very atom economical (all
the reagents are incorporated into the product), and all the starting materials are readily
available. As such, this reaction is ideal for the industrial scale synthesis of a wide range
of racemic N-acylamino acids 1.11. The most common catalysts for amidocarbonylation
are either cobalt carbonyl complexes (e.g. Cox(CO)g), or palladium complexes (e.g.

Pd(PPhs),).
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Scheme 1.9: Proposed mechanism for the cobalt catalyzed aldehyde amidocarbonylation.

The first example of aldehyde amidocarbonylation was reported by Wakamatsu in
1971 The reaction employed Coy(CO)s as catalyst and proceeded at elevated
temperature (110 °C) and CO (150 bar) and H;, (50 bar) pressures. Subsequent studies
have led to a reasonable understanding of how the reaction proceeds. The active catalysts
for this reaction are believed to be [Co(CO)4]” and/or HCo(CO)4, formed via reaction of
C0,(CO)s with hydrogen gas. The postulated mechanism of the [Co(CO)4]" catalytic
amidocarbonylation is shown in Scheme 1.9. The first step in the catalytic cycle is the
formation of N-a-hydroxyalkyl amide 1.12, formed from the nucleophilic addition of the
amide to the aldehyde. In the presence of acid, the hydroxyl moiety in 1.12 is protonated,
and the water molecule is displaced by a cobalt tetracarbonyl anion. This is followed by
carbon monoxide insertion, to form the cobalt-acyl intermediate 1.13. The resulting
complex can then undergo either an intramolecular attack of the amide oxygen onto the

acyl to release the oxazolonium salt* or the intermolecular attack of water on the acyl to



afford the carboxylic acid 1.14. This reaction is not limited to aldehydes; olefins, acetals,
epoxides, and allylic alcohols as well as alcohols and benzyl chloride can be used as

precursors for in-situ generation of aldehydes [Scheme 1.10].”
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Scheme 1.10: /n-situ generation of aldehydes in cobalt-catalyzed amidocarbonylation by
substituting aldehydes with olefins [A], acetals [B], allylic alcohols [C], and epoxides
[D].

More recent research by Beller and co-workers has shown that palladium
complexes can catalyze the amidocarbonylation reaction at lower temperatures and
pressures.”® The reaction is believed to proceed via a similar route to that with cobalt
[Scheme 1.11], however mechanistically different, thus additives such as inorganic acids
and salts are required in catalytic amounts to drive the reaction forward.”’ The latter are
believed to activate the N-o-hydroxyalkyl amide 1.12 towards oxidative addition to
palladium (0) by transforming 1.12 to an N-acyl iminium salt*® 1.15.

In general, the palladium catalysts for amidocarbonylation have greater activity
under milder conditions (80 °C, 10 bar CO pressure) and superior functional-group
tolerance compared to the cobalt catalysts. Alternatively, alcohols can be used in place of

water as a trapping agent for 1.16 to provide esters.’’ In addition, a range of other



products can be synthesized via this chemistry, with a representative example shown in
Scheme 1.12.*** Today, standardized reactions with a heterogeneous palladium catalyst

on activated carbon and a carbon monoxide pressure of 10 bar increases the methods

. e, 33
applicability.
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Scheme 1.11: Proposed mechanism for the aldehyde amidocarbonylation catalyzed by

palladium.

o o 3 )J\ 2
)k . )k CO/H, RN ON-R
R H R2HN” "NHR3®  catalyst
R" ©
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1.1.4 Transition Metal Complexes in Peptide Synthesis

In contrast to synthesizing oi-amino acids, using transition metal catalysts to build
peptides is less explored. Perhaps the most prominent example involves the catalyst
reported by Deming.** In these studies, nickel complexes such as (bipy)Ni(COD) (bipy =
2,2°-bipyridyl, COD = 1,5-cyclooctadiene) or (Ph3P),Ni(COD) reacted with two
equivalents of a-amino acid-N-carboxyanhydrides (NCA) to generate the active catalytic
species amido-amidate nickelacycle 1.17. Exposing the nickelacycle to an excess of
NCA quickly affords a peptide-polymer formed by the ring-opening polymerization of
NCA [Scheme 1.13]. Importantly, this polymer is living and has allowed the synthesis of
a range of block copolymers (e.g. AB-diblock polymer where A = poly(methylacrylate)
and B = poly(y-benzyl-L-glutamate)’ and ABA-triblock polymer where A = poly(y-
benzyl-L-glutamate) and B = poly(ethylene glycol)*®).

R (0] R 0

Y~ . 0 Y[ %

W, N R R N[ R
. -CO, HN, N+ N
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N HN DMF /\R
/NN X /N NN

Scheme 1.13: The (bipy)Ni(COD)-mediated polymerization of o-amino acid-N-

n

carboxyanhydrides proceeding via amido-amidate nickelacycle species 1.17.

In addition to o-peptides, transition metal catalysis has recently demonstrated
utility in synthesizing B-peptides via catalytic copolymerization of aziridines and carbon
monoxide.”” To date, three catalysts have been successfully employed for this reaction:
PhCH,C(O)Co(CO)4, CH3C(O)Co(CO)3(PPh3), and CH3C(O)Co(CO)s3(P(o-tolyls)). The
hypothesized catalytic cycle of copolymerization is outlined in Scheme 1.14. The first
step is aziridine insertion into the cobalt-acyl bond to generate N-acyl aziridinium species
1.18. Subsequent nucleophilic addition of the cobaltate anion and migratory insertion of
carbon monoxide complete the cycle. Reiteration of the aziridine/CO coupling reaction

affords the poly-B-peptoid product.
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1.2 Imines as Insertion Substrates

Nucleophilic 1,2-addition to imines has become a powerful and relatively general
approach to the synthesis of o-substituted amines. This reaction typically involves
relatively ionic organometallic reagents (e.g. organozinc, organomagnesium and
organolithium reagents) and proceeds via nucleophilic attack of the organic group on the
imine carbon, followed by nitrogen coordination to the metal center. In recent years,
enantioselective processes were added to the repertoire of nucleophilic additions to
imines.

In contrast, although transition metal processes involving imines as insertion
substrates have been gaining focus in the last decade, they have received much less
attention. In the following sections, we will elaborate on the coordination modes of
imines to transition metal complexes, and look at examples of their insertion into

transition metal carbon ¢-bonds.

1.2.1 Coordination of Imines to Transition Metals

Although olefins and imines are isoelectronic species, there is significant
difference in their insertion propensity, due to the difference in polarity of the
unsaturation and the presence of the lone pair of electrons on the nitrogen. This lone pair
provides a o-coordination site in addition to the m-coordination which is believed to be
crucial for insertion of olefins. Imines have been observed to coordinate to transition

metals in three possible ways, depicted in Figure 1.3.

R R R

/ M
MEN\ [\l M M=—N \/
H H H
R' R' R'
o-coordination n-coordination o- & m-coordination

Figure 1.3: The coordination of imines to transition metals.

" . PR 1
Most transition metals interact with imines to generate 1 -complexes. However, a

d38,42&

few examples of m-coordinated imines have been reporte that typically involve low
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valent, strong back-bonding transition metal complexes [Figure 1.4]. The 1>
coordination in these imine complexes results from the strong -donor character of the d*
early-transition metals. In addition, certain bimetallic complexes coordinate imines to

both metal centers, one via its lone pair, and the other via its n-bond [Figure 1.5].%

t-Bu L R\
N Ph R N R
(ArO) TI><Ph Cp zl/N '||"><R
I a 2: weell
2\ >—pn v A0\,
/N R' ArO
t-Bu

Figure 1.4: Examples of n*-imine complexes.
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Figure 1.5: Examples of -imines in bimetallic complexes.

In contrast to imines, iminium cations (R;N"=CH,) favour coordination through
the m-bond, since the quaternary nitrogen center is no longer capable of 6-coordination.*’
However, these cations have an alternative resonance structure involving 1'-coordination
of the carbon [Figure 1.6]. Sepelak showed that in the case of low-valent nickel 1’-
iminium complexes, m'-coordination of the iminium carbon can be induced by

introducing bulk and electron density on the Ni center.**

PhP, R\ R R :
’ \Ni/'\\l ~— PhsR /NiR
CI/ \CHZ Cl/NI*CHz

Figure 1.6: The two resonance structures of coordinated iminium cations.

1.2.2 1,2-Migratory Insertion of Imines in Metal-Carbon 6-Bonds

The migratory insertion of substrates containing multiple bonds into metal-alkyl,

-aryl, or -hydride bonds is a fundamental step in many catalytic cycles. Although

13



insertions of olefin C=C m-bonds into metal-alkyl, -acyl, -hydride, or -aryl bonds have
substantial precedent,” well-defined examples of insertions involving C=0 or C=N
multiple bonds of imines, ketones, aldehydes, or related substrates into metal-carbon
bonds are less common. **

The first examples of this reaction involved early transition metals complexes,
such as the titanium™ complex 1.19 [Scheme 1.15 (A)], the zirconium™ complex 1.20
[Scheme 1.15 (B)] and the samarium® complex 1.21 [Scheme 1.15 (C)]. All of these
examples proceed via formal 1,2-insertion to generate the thermodynamically favoured

metal-amide complexes. The mechanism of these reactions has yet to be examined, but it

seems reasonable that metal-nitrogen bond formation drives the insertion.

.Bn
A
ArO:,,Ti Ph H A
Ar0” (A)
1.19
. Me;S
SiMe, _N___CHPh S\ SiMes
‘ PhHC™ N
CpZZ‘r szz*r\N H (B)
L i N~
SiMe, —_— Ph
1.20
N= —
VAN q N
Cp',Sm = CphSm (C)
N

Scheme 1.15: The imine insertion into metal-carbon 6-bonds of selected early transition
metal complexes: (A) titanium complex 1.19, (B) zirconium complex 1.20 and (C)

samarium complex 1.21.

Similarly, examples of imine insertions into late transition metal-carbon bonds are
less common, and only recently observed. However, in contrast to early transition metal-
amide complexes, these metal-amide complexes react further to liberate the free amines.
This reactivity renders late metals attractive for use in catalytic systems involving imine

insertion.
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There have been a number of late transition metal mediated or catalyzed processes
where imine insertion into a metal-carbon bond is postulated. For example, Yamamoto
has recently reported a palladium-catalyzed coupling of imines with allylstannanes to
afford homoallylic amines 1.24.* The proposed active catalyst is a bis-n-allylpalladium
complex 1.22. The postulated mechanism involves allylation of imine, followed by
transmetalation of allyltributylstannane to palladium affording stannyl homoallylamide
1.23 [Scheme 1.16]. Allyl addition to the imine is thought to go through a six-membered
ring transition state. Competitive studies between imines and aldehydes towards
allylation reveal that the reaction is chemoselective towards imines. This observation is
proposed to be a result of the stronger Lewis acid-base pairing between palladium and
imines. Although palladium-amide species is a postulated reaction intermediate, it was
not directly observed. The reaction worked equally well with ketones, aldehydes and
o,B-unsaturated substrates. Also, enantioselectivity can be induced in the allyl addition

by employing an (1S)-B-(-)-pinene derived mt-allyl ligand.”’

R
. | -
HN' Bu3Sn\ < g > R_H
R'/‘\/\ PN
1.24
/\/SnBu3 <:*F’d — Q‘
\ \ Rl
N=
R H
-Pd—N

Scheme 1.16: The catalytic cycle for imine allylation by bis-w-allylpalladium.

The rhodium mediated coupling reactions of aldimines with arylstannanes,"

#8049 o1 arylboronic acids™ to generate ketimines have also been explored, and

arylborates
have become useful method to construct o-substituted amides.  The general
understanding of alkene cross-coupling processes with transmetalating agents leads to the

following proposed cycle: (i) a thodium-aryl (I) species 1.25 is formed in-situ from the
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rhodium precursor and transmetalating agent, (ii) the formal 1,2-insertion of imine in the
rhodium-carbon bond to afford a rhodium-amide (I) complex 1.26 and (iii) the

transmetalation between 1.26 and 1.27 [Scheme 1.17].

Ph—Rh(l) N
1.25 \
R‘/kH
M. .R
N
R‘)\Ph Rh
M = NaBPh;, N-R
SnBuj Ph—A 426
R H
Ph4BNa or
PhSnBuj
1.27

Scheme 1.17: Rhodium catalyzed phenyl 1,2-addition to aldimines involving

transmetalation chemistry.

A Heck-type cross-coupling of imines with aryl halides was developed by
Hartwig.”!  The proposed reaction pathway proceeds analogously to that of the Heck
reaction involving alkenes, where the rhodium-aryl halide complex reacting with
aldimine instead of olefin to afford ketimine product. To facilitate imine insertion it was
demonstrated that an ancilliary donor is required on the aniline moiety of the aldimine
substrate. The heteroatom of the pyrazyl moiety promotes coordination of the imine to
the rhodium favouring insertion. The proposed catalytic cycle [Scheme 1.18] involves
the oxidative addition of an aryl halide to rhodium (I), followed by aldimine 1,2-insertion
in the rhodium-carbon bond of the generated rhodium (III) complex to yield a rhodium-
amide complex 1.28. Subsequently, the rhodium (III)-amide undergoes [-hydride
elimination to afford ketimine and hydridorhodium complex 1.29. Reductive elimination

of HX from 1.29 regenerates the starting rhodium (I) complex.
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Scheme 1.18: The catalytic cycle of aryl halides and aldimines in a Heck-type coupling.

Hartwig recently investigated the stoichiometric reaction of aldimines with
rhodium-aryl complexes.”®> The formation of stable rhodium-amide products enabled
mechanistic studies of the 1,2-insertion of imines. The studies provide evidence to
distinguish between a 1,2-insertion versus 1,2-addition mechanism [Scheme 1.19]. The
kinetic data demonstrated first-order dependence in both rhodium-aryl 1.30 and imine,
with reverse first-order in pyridine. The data confirms substitution of pyridine by imine
prior to insertion; however, it does not confirm the coordination mode of imine. Insertion
of N-aryl benzaldimines into the rhodium-carbon bond affords two isolable products: a
rhodium-amide 1.31 or a metallacycle 1.32. The latter results from B-hydride elimination
of the rhodium-amide followed by ortho-metalation. Reactivity investigations of the
rhodium-aryl complex 1.30 show that the rhodium-carbon bond is polarized; the aryl has

greater nucleophilicity and thus is more nucleophilic towards insertion.
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Scheme 1.19: The 1,2-insertion of aldimines into rhodium-carbon bonds.
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1.3 The Transition Metal Coupling of Imines and Carbon Monoxide in the

Construction of Amide Bonds

Until 1998, there were no examples of imine insertion into late transition metal-
carbon bonds to form stable complexes, though the reaction had been postulated in
several systems.**>*>*

The compatibility of the Pd(II) olefin/CO copolymerization catalysts toward
heteroatoms™ has stimulated studies in our research group to determine if these systems
would allow similar insertion reactions with imines. This showed that cationic
palladium’*® 1.33 and nickel” 1.35 complexes can undergo the sequential insertion of
carbon monoxide and imines into a metal-methyl bond, and represent the first well-
defined examples of imine insertions into late transition metal-carbon bonds [Scheme
1.20]. In contrast to olefins, which insert rapidly into metal-alkyl c-bonds, these
complexes show no evidence of imine insertion into Pd-CH3 bond, even with prolonged
heating. It is reasoned that the thermodynamic and kinetic barriers are too high to
observe the imine insertion product.

However, the insertion of carbon monoxide into the metal-alkyl bond to afford a
metal-acyl complex facilitates the insertion of imine. The main difference is the
thermodynamic stability of the amide-metallacycle generated. Initial attempts to insert
carbon monoxide into the metal-carbon of 1.34b and 1.36 failed due to the intrinsic
strength of the chelate, which prevents a free coordination site from being generated. It
was when a neutral palladium (II) species was employed that a subsequent insertion of
CO was achieved. However, this success lead to the B-hydride elimination product:
Miinchnones 1.37 [Scheme 1.21]. While these small molecules are interesting synthons

for a variety of heterocycles, they put us on a tangent from our goal.
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Scheme 1.20: The carbon monoxide and imine sequential 2,1-insertion mediated by
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Scheme 1.21: The palladium catalyzed formation of Miinchnones 1.37.

Neutral manganese complex 1.38 displayed similar reactivity; however, due to the
lower electropositive nature of the complex, a Lewis acid was required to aid the imine
insertion [Scheme 1.22].°7 The electrophilicity of the acyl group is believed to allow the

direct nucleophilic attack by the imine nitrogen at the acyl carbon.
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Scheme 1.22: Lewis acid initiated imine insertion into a manganese-acyl complex.

The cationic palladium complexes 1.33 were the subject of a Density Functional
Theory study carried out by Cavallo.”® The results obtained provided insight into the
characteristics of the imine insertion transition state. Comparison of the 2,1-migratory
insertion of imines into both Pd-methyl and -acyl species show that the barrier of
insertion into Pd-CHj is approximately 20 kcal/mol higher in energy than into Pd-
COCH;. These results reflect the stability of [(bipy)Pd(CH;)(imine)]” observed
experimentally.”* Comparing this data with the analogous insertion of olefins into Pd-
methyl and -acyl bonds reveals that olefins™ have a lower barrier to insertion than imines
(AH* = 16.6 kcal/mol for CH,=CH, vs. AH* = 22.2 kcal/mol for CH=NH into Pd-
COCHj3). The reaction energy profile drawn by these calculations shows the imine
adopts a m-bond geometry only as it approaches the transition state for insertion.

Furthermore, analysis of the bond lengths is consistent with an early transition state.
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1.4 Overview of Thesis

Cationic Pd (II)- and Ni (IT)-complexes have demonstrated to allow the migratory
insertion of imine into metal-acyl bonds, leading to the coupling of carbon monoxide and
imines to form products with the amide scaffold. However, a stable metallacycle is
formed and inhibits the use of this system for further insertion chemistry. This can be
postulated to result from the Lewis acidic nature of the cationic metal centers, which
promote strong coordination of the acyl oxygen and prevent desired empty coordination
sites from being generated for further insertions. Consequently, to achieve multi-
insertions a novel catalyst is required. The recent successful use of neutral nickel
catalysts to copolymerize ethylene with substrates containing heteroatoms suggest such
lower Lewis acidic neutral complexes may be a good candidate for the sequential
insertion of CO and imines.”® The synthesis of imine coordinated nickel (II)-
salicylaldiminato complexes and the reactivity of these complexes towards insertion is
described in Chapter 2.

In addition, the mechanistic understanding of how imine 2,1-migratory insertion
occurs could prove important for the proper design of transition metal mediated coupling
of imines and carbon monoxide. The mechanism of this process with the cationic
palladium (II) system has been a subject of numerous kinetic studies in our laboratory.
This investigation will be elaborated in Chapter 3 and a fitting mechanistic picture will
be proposed. Correspondingly, the palladium complex also mediates the analogous

alkene insertion; hence both mechanisms of insertion will be compared.
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& CHAPTER 2 &

Nickel (II) Mediated Sequential Insertion of Carbon Monoxide and Imine

2.0 Introduction

The migratory insertion of unsaturated substrates into transition metal-carbon
bonds has significant utility in synthetic chemistry. This has been perhaps most
thoroughly explored with carbon-carbon multiple bonds. The polymerization of olefins
or alkynes is indispensable for the preparation of a wide-range of polymeric materials.'
Additionally, the migratory insertion of alkenes is a critical step in many organic
synthetic transformations (e.g. Heck reaction,” alkene-alkyne coupling reactions,’
reductions, and many others’).

In contrast to olefins, the use of C=N bonds’ in migratory insertion into late
transition metal-carbon bonds is much more limited. This difference may result from
both thermodynamic and kinetic factors. The insertion of imines entails the cleavage of a
strong C=N n-bond, and formation of a C-N single bond, which can be less favoured. In
addition, stable aldimines bear substituents at N and C that render them more hindered
than o-olefins. Finally, imines typically coordinate to transition metals in a o-fashion
through the nitrogen lone pair, instead of via m-coordination, the postulated requirement
for insertion.” Despite these features, examples of both catalytic and stoichiometric
processes involving imine insertion into late transition metal-carbon bonds have been
recently reported.® These processes typically involve the 1,2-insertion of imine and lead
to the formation of metal-nitrogen bonded intermediates or products.

Both we’ and Sen' have recently demonstrated that cationic Pd (IT) complexes
mediate the sequential insertion of carbon monoxide (CO) and imines to generate metal-
amide chelates [Scheme 2.1]. A similar reaction can also occur with Ni (II) complexes.11
Notably, imine insertion proceeds in a 2,1-fashion leading to the formation of a new
metal-carbon bond, and thus represent the fundamental steps in a potential CO/imine

copolymerization. However, the strong coordination of the acyl-oxygen to these metal
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centers in 2.2 and 2.4 inhibits the creation of an empty coordination site and blocks

further insertion steps.
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Scheme 2.1: The sequential insertion of carbon monoxide and imine in palladium (II)

2.1 and nickel (II) 2.3 cationic species.

While the cationic metal-amide complexes 2.2 and 2.4 are stable, we have

recently observed that the less Lewis acidic neutral Pd (II) complexes 2.5 [Scheme 2.2],

generated via oxidative addition of N-acyl iminium salts to palladium (0), can undergo

further insertion of carbon monoxide to afford a transient six-membered palladacycle.

This intermediate lacks any stabilizing ligand on 2.6, however, and undergoes rapid [-

hydride elimination to generate an ai-amide substituted ketene 2.7 which is in equilibrium

with its closed heterocyclic form (1,3-oxazolium-5-oxide or Miinchnone 2.8)."”
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The lack of further insertion chemistry with cationic complexes 2.2 and 2.4 is
analogous to the well known inhibition in the polymerization of functionalized alkenes.
The chelation of strongly coordinating functional groups on the alkene can slow or block
polymerization with cationic late transition metal catalysts."> However, recent results
have shown that neutral, less Lewis acidic nickel and palladium catalysts can, under
certain conditions, more easily polymerize functionalized alkenes. For example, neutral
i°-N, O-salicylaldiminato nickel (II) complexes [Figure 2.1] are known to catalyze the
copolymerization of polar alkenes with substituted norbornenes, carbon monoxide, and
a-m functional olefins.'* The lower Lewis acidity in complex 2.9 has been postulated to
inhibit chelation of polar functional groups, thereby allowing further alkene insertions. In
addition, the sterically bulky groups of the salicylaldiminato ligand prevent -hydride
elimination. In light of these features, we became interested in the potential of these
neutral nickel complexes to mediate the sequential insertion of carbon monoxide and
imines. The synthesis and reactivity of the imine coordinated nickel (II)-
salicylaldiminato complexes (N*O)Ni(R)(R'N=C(H)R?) (N"O = salicylaldiminato; R =
CHs, Ph; R' = alkyl; R? = aryl) are presented below. We have found that these nickel
complexes undergo rapid insertion of carbon monoxide. For certain coordinated imines,
these complexes undergo imine insertion, followed by disproportionation to generate 1,2-

diamides.

2.9

Figure 2.1: Neutral «*-N, O-salicylaldiminato nickel (IT) catalyst for the copolymerization

of polar alkenes.

-32-



2.1 Results and Discussion
2.1.1 Synthesis and Stability of Imine KZ-N,O-Salicylaldiminato Ni (II) Complexes

Nickel-imine complexes 2.11a-0 of the form (N*O)Ni(R)(R'N=C(H)R?) (N*O =
salicylaldiminato; R = CHj; R' = alkyl; R* = aryl) can be synthesized via the reaction of
(tmeda)NiMe, (tmeda = N, N, N°, N’-tetramethylethylenediamine), free phenolic ligand
2.10 and imine in benzene. This procedure is analogous to the synthesis of 2.9 reported
by Grubbs."> Removal of solvents and washing with pentane yielded complexes 2.11a-m
as orange powders. The 'H and >C NMR spectra for 2.11a-o display a downfield shift in
the imine resonances upon coordination, consistent with '-binding of the imine through
the nitrogen (e.g. 2.11g 'H NMR: § 8.43 (s, CH=N), °C NMR: & 166.1 (CH=N), versus
free imine 'H NMR: 8.26 ppm (s, CH=N), °C NMR: & 159.3 (CH=N)).”!" All other
spectroscopic data are consistent with the structure shown and are in agreement with the
literature.'*'®  The regiochemistry of 2.11g, with the imine coordinated cis to the Ni-O
bond, was assigned based on 'H-NOE NMR studies. These studies revealed the nickel-
methyl ligand (2.11g 'H NMR: § -0.73 (s, 3H)) in close proximity to both the aldimine
hydrogen, and the methine (2.11g 'H NMR: §4.16 (sept., 2H)) and methyl (2.11g 'H
NMR: ¢ 1.51 (d, 6H), 1.04 (d, 6H)) protons of the isopropyl group.

Table 2.1: The synthesis of k*-N, O-salicylaldiminato nickel (II) complexes 2.11a-o.

L. CHs;

W
H3C\ ./CH3 N O/NI\N
HSC\N/NI\N/CH3 " OH L, CSH6 }

R? R?
2.10a (R' = Ph, R? = H) 2.11a-0
b (R'=H,R?>=H)
c¢(R'=H,R?=F)
d (R'=H, R2=NO,)
Compound | R’ R’ L Yield 2.11°
A
2.11a Ph H \ - 60%
Tol
2.11b Ph H =N 91%
H Me
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d1c =N ()}
2.11 Ph H H% . 88%
n
2.11d Ph H C@ 89%
Tol
2.11e H H =N 81%
H Me
Tol
2.11f H H H%N\B 76%
n
211g H H CCd 81%
Tol
2.11h H F e 73%
H Me
Tol
2.11i H F HH\B 74%
n
2.11j H F CC 78%
Tol
2.11k H NO, >=N‘M 83%
H e
Tol
2.111 H NO, HH\B 87%
2.11m H | NO, C@ 92%
Tol
2.11n Ph H HFN\C i 0% (20%)"¢
65
Tol
2.110 Ph H H%N\Ph 0% (44%)>°

a Isolated yields; b Determined by 'H NMR analysis for the formation of 2.11; ¢ Not

isolable, thermally unstable.

While nickel complexes 2.11a-m were generally isolated in good yields,
complexes of poorly coordinating imines, N-pentafluoro tolualdimine 2.11n and N-
phenyl tolualdimine 2.110, were not isolable, despite being observed in-situ by "H NMR
spectroscopy.'’ The lower stability of these complexes is likely the result of a weaker
nickel-imine bond, results from the low basicity of these imines and the poor Lewis
acidity of the neutral nickel complex.

The phenyl substituted nickel complex 2.11p can also be prepared via reaction of
(N*O)Ni(Ph)(PPhs)"® (N*O = salicylaldiminato) and 3,4-dihydroisoquinoline, with CuCl
as a phosphine scavenger [Scheme 2.3]. Precipitation of the complex with pentane

afforded a yellow powder. The spectroscopic data observed for 2.11p are analogous to
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those for the nickel-methyl complexes, and 'H-NOE NMR analysis confirms the
regiochemistry depicted in 2.11p.

PhsP,
N/
o \? @@ _cul N
T CeHe rt g N
30 min O

2.11p

Scheme 2.3: The synthesis of the «*-N, O-salicylaldiminato nickel (IT) complex 2.11p.

As it was previously noted for the analogous nickel-acetonitrile complex 2.9,"
these imine complexes decompose in benzene at ambient temperature to generate
uncoordinated imine and bis-salicylaldiminato nickel (II) complexes 2.12."”” As shown in
Table 2.2, this decomposition is accelerated by steric bulk and electron withdrawing
groups on the salicylaldiminato ligand 2.10, as well as by polar solvents. Notably, imine

insertion into the Ni-methyl bond was not observed under any conditions.

Table 2.2: Approximate decomposition times of selected nickel-imine complexes.

Lo /CH3
el
/X

R \ CeHe + CHCH,
R? \<>)
2.11a-0 2.12a R1 Ph, R? = H)
b(R1 H, R?=H)
¢(R'=H,R*=F)
d (R'=H, R =NO,)
Compound | R' | R’ L Time* | Yield 2.12"
Tol
2.11f H H HH\ 61 hrs 96 %
Bn
Tol
2.11i H F HH\ 39 hrs 91 %
Bn
Tol
2.111 H | NO; =N 10 hrs 95 %
H Bn
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Tol
2.11c¢ Ph H =N, 6 hrs 84 %°
H Bn
211 | H | H | [} | tihes 89 %
Tol
2.1114 H H —N 5 hrs 88 %°
H Bn

a General conditions: 0.02 M of 2.11 in d¢-benzene at 25°C, monitored in-situ by 'H
NMR; b 'H NMR yields with ligand as the limiting reagent; ¢ isolated yield; d in ds-

acetonitrile.

2.1.2 Reaction of KZ-N,O-Salicylaldiminato Ni (II) Complexes With Carbon

Monoxide

Exposing complexes 2.11b-m to 1 atm of carbon monoxide (CO) in the presence
of 3 equivalents of imine at ambient temperature results in the rapid insertion of CO to
afford what has been preliminarily assigned as Ni-acyl complexes 2.13b-m. These
complexes are formed in equilibrium with CO-coordinated complexes 2.14a-d [Scheme
2.4]. For examples, monitoring the reaction of 2.11g by 'H NMR spectroscopy reveals
the disappearance of the Ni-CHj; singlet after 15 minutes at ambient temperature, along
with the appearance of two new Ni-COCHj singlets at & 1.92 ppm (2.13g) and 6 2.49
ppm (2.14b) in a 7 to 1 ratio. 'H-NOE NMR studies confirm cis-coordination of these
two ligands in 2.13g. Although 'H NMR spectra of 2.14 show a similar Ni-acyl ligand,
no corresponding coordinated imine is detected. As expected, this same CO-coordinated
complex is observed regardless of the imine in 2.11.

The ratio of 2.13 and 2.14 varies with the coordination ability of the imine, and
the bulk and electronic properties of the ligand [Table 2.3]. As predicted, increasing the
steric bulk around the nickel center favours the generation of 2.14 (e.g. 2.14a vs. 2.14b).
However, having electron withdrawing substituents on the ligand framework, which
presumably increases the Lewis acidity of the metal center, favours imine coordination.

The ratio of imine coordinated complex 2.13 increased with the addition of excess imine.
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Table 2.3: The formation of nickel-acyl complexes 2.13b-m,p and 2.14a-e in the

presence of 1 atm of carbon monoxide.

_ o o _
Lo R N >\R 0C >\\R
Ni ? N N
o N o N
R | 1atm CO R \ CO 1 ‘
o e Y -
RZ RZ R2
2.11b-m,p 2.13b-m,p 2.14a (R = CH;, R = Ph, R2 H)

a (

b (R=CHs, R'=H, R? = H)
¢(R=CHz R'=H,R2=F)
d(
e(

R = CHj, R'=H, R2=NO,)
R =Ph, R" =Ph, RZ=H)

a 1 2 . . . Ratio”
Complex R |[R | R R” | R” | [Imine] 213:2.14
2.11b CH; |Ph| H [Me|Tol| 0.15M 1.2:1
2.11c CH; |Ph| H | Bn | Tol| 0.15M 1.2:1
2.11d CH; |Ph| H [34-DHQ | 0.I5M | 54:1
2.11e CH; | H| H [Me|Tol| 0.I5M 1.9:1
2.11e CH; ) H| H [Me|Tol| 25M | >20:1
2.11fF CH; | H| H | Bn|Tol | 0.I5M | 2.0:1
2.11f CH; | H| H |Bn|Tol| 25M | >20:1
2.11g CH; | H| H |34-DHQ| 0.15M | 7.3:1
2.11g CH; | H| H |34-DHQ| 25M | >20:1
2.11h CH; | H| F [Me|Tol|0.I5M | 78:1
2.11i CH; | H| F | Bn|Tol| 0I5M | 3.1:1
2.11j CH; | H| F |34-DHQ| 0.15M | 11.5:1
2.11k CH; | H | NO; | Me |Tol | 0.I5SM | 55:1
2.111 CH; | H |NO, | Bn | Tol | 0.15M | 32:1
21lm |CHs;| H | NO; |34-DHQ | 0.I5M | 69:1
2.11p Ph |Ph| H |34-DHQ| 0.15M | 32:1

a General conditions: 1 atm of CO at 25°C in ds-benzene with 0.05 M of 2.11; b
measured at 15 mins following the addition of CO to the reaction. (3.,4-

dihydroisoquinoline (3,4-DHQ))
Under 1 atm of CO, Ni-phenyl complex 2.11p undergoes CO insertion at a similar

rate to 2.11b-m.”° The Ni-benzoyl complex 2.13p generated is preliminarily assigned by
'H NMR and NOE spectroscopy. As with the Ni-acyl complexes, 2.13p exist in dynamic
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equilibrium with the CO-coordinated complex 2.14e, with the larger steric bulk

surrounding the nickel center pushed the equilibrium towards 2.14.
2.1.3 Reactivity of k*-N,0-Salicylaldiminato Ni-acyl Complexes 2.13

The synthesis of nickel-acyl imine complexes 2.13 allows us to probe the imine
insertion propensity of these neutral complexes. In contrast to what is observed with the
cationic nickel complexes, where imine insertion occurs rapidly to form amide
palladacycle 2.4, the N-methyl and N-benzyl substituted imine complexes 2.13 do not
undergo insertion into the Ni-acyl bond. Rather, after 5 hours at ambient temperature, the
acyl and the phenolic moieties of the salicylaldiminato ligand reductively eliminate to
generate the respective acetyl esters 2.14a-d along with uncoordinated imine and 2.12
[Table 2.4].%' Although higher concentrations of imine increase the presence of 2.13

relative to 2.14, reductive elimination remains the favoured reaction pathway.

Table 2.4: Reaction products with frans-imine substrates in benzene under 1 atm CO.

H R H RQ A
J=N_ CHs e >L CHs RN >¥ s
R’ Ni R Ni co Ni R
O/ \N 1 atm CO o/ ‘N 1 ‘N + '\‘J
R \ CeDs R! | NRoOR | R /I\H
\
R )\H
R R? R
2.11b,c,e,f,h,i,k,l| 2.13b,c,e,f,h,ik,l 2.14a-d
o)
A AN
r.t. H:z,C1 (O) W\‘ + /Ni\
R o N
RZ
2.15a (R' = Ph, RZ=H) 2.12a-d

b(R'=H,R?=H)
c(R'=H,R?=F)
d (R"=H, R? =NO,)

Complex” | R' | R? | R” | R”" | [Imine] | Yield 2.15" | Yield 2.12°
211b |Ph| H |[Me|Tol] 0.15M 89 % n/a’
211c |Ph| H |Bn | Tol| 0.15M 90 % n/a’
211e |H| H |Me|Tol| 0.15M 86 % 13 %
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2.11e H| H [Me|Tol| 25M 33 % 62 %
2.11f H| H |Bn|Tol| 0.15M 87 % 11 %
2.11f H| H |Bn|Tol| 25M 40 % 56 %
2.11h H| F |[Me|Tol| 0.15M 84 % 13 %
2.11i H| F |Bn|Tol|0.15M 78 % 21 %
2.11k H |NO; | Me | Tol | 0.15M 41 % 42 %
2.111 H | NO, | Bn | Tol | 0.15M 76 % 23 %

a General conditions: 1 atm of CO at 25°C in d¢-benzene with 0.05 M of 2.11; b

H NMR

yields; ¢ "H NMR yields with ligand as the limiting reagent; d Paramagnetic in nature.

This data suggests that reductive elimination from 2.13 or 2.14 has a lower

activation energy barrier than imine insertion into the Ni-acyl bond. To address the issue

of faster reductive elimination than imine insertion, we hypothesized that less sterically

encumbered cis-tethered imines, such as 3,4-dihydroisoquinoline, might coordinate more

tightly to 2.11 and undergo faster insertion. Indeed, nickel complex 2.13d reacted in the

presence of 3 equivalents of imine for 5 hours at ambient temperature to form 1,2-

diamides 2.17a,b as the major products, along with an approximate 15 % yield of ester

2.15a.

2.13g,j,m, each forming 1,2-diamides as major products.

Table 2.5: Reaction product distribution with 3,4-dihydroisoquinoline substrate.

O - |
AN Ni co M
A 1 atm CO o N — o N

1 |
N
R2 RZ R2
2.11d,9,j,m,p 2.13d,9,j,m,p 2.14a-e
R \
N—\<o
b _ U 3
Ni +
J N o N 0
R! \ Rl \ +
R2 R2
212a-d 2.17a (R = CH3, meso) 2.16d,9,j,m,p 2.15a-e
b (R =CHjs, d/)
¢ (R = Ph, meso)
d (R=Ph,d)

-390 .

Similar results are obtained with other 3,4-dihydroisoquinoline complexes,



a 1 2 3,4-dihydro- Yield | Yield | Yield
Entry | Complex” | R*| R gsoquingline] [COL | 5470 | 2.15° | 2.12¢
1 2.11d |Ph| H 0.15M latm | 74% | 15% | n/a’
2 2.11d |Ph| H 0.50 M latm | 94% | 5% | n/a’
3 2.11d |Ph| H 0.15M 3atm | 64% | 26% | n/a°
4" 2.11d |Ph| H 0.15M latm | 25% | 75% | n/a®®
5" 211d |Ph| H 0.15M latm | 75% | 24% | n/a®
6 211g |H| H 0.15M latm | 77% | 14% | 80%
7 211g |H| H 0.50 M latm | 97% | 3% | 95%
8 211g |H| H 0.15M 3atm | 63% | 28% | 72%
9 211g |H| H 0.15M latm | 40% | 53% | n/a®
10" 211g |H| H 0.15M latm | 79% | 20% | 75 %
11 211j |H| F 0.15M latm | 75% | 15% | 85%
12 2.11lm | H | NO, 0.15M latm | 82% | 15% | 84 %
13 211p |Ph| H 0.15M latm | 5% | 40% | 51%
14 211p |Ph| H 0.50M latm | 25% | 14% | 78%

a General conditions: 1 atm of CO at 25°C in d¢-benzene with 0.05 M of 2.11; b "H NMR
yields of both diasteromers; ¢ 'H NMR yields; d '"H NMR yields with ligand as the
limiting reagent; e Paramagnetic in nature; f d;-Acetonitrile; g Precipitates out of

acetonitrile; h With 1 equivalent of 9,10-dihydroanthracene 2.18.

In the case of the Ni-benzoyl complexes, higher concentrations of imine are
required in order to increase the concentration of 2.13p and favour imine insertion [Table
2.5, entry 14]. Thus for similar reaction conditions, the yields of 1,2-diamides 2.17¢,d
are lower with complex 2.11p. The reactivity and products afforded are otherwise

analogous to those of the Ni-acyl complexes.

2.1.4: Mechanism of N,N’-Diacyl-1,1°,2,2°,3,3°,4,4’-octahydro-1,1’-biisoquinoline

2.17 Formation

The generation of 1,2-diamides in the reaction mixture supports the presence of a
transient amide-nickelacycle, the result of imine insertion into the nickel-acyl c-bond.
This would provide a reasonable mechanism for the coupling of imine and acyl ligand in
2.13, which subsequently decompose to form the 1,2-diamide 2.17. As shown in Table
2.5, the addition of excess imine increases the yield of 2.17, while increased CO pressure

favours 2.15. Similarly, performing this reaction in coordinating solvents also favours
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ester 2.15 formation as these are also competitors to imine coordination. Considering the
dynamic equilibrium between 2.13 and 2.14, this data suggests that the 1,2-diamide 2.17
product forms via imine coordinated complexes 2.13.

In order to further probe the intermediacy of the imine insertion product 2.17 in
this chemistry, the reaction of 2.11g was monitored by "H NMR spectroscopy in de-
benzene. This reveals the formation of a transient species preliminarily assigned as
2.16g. This complex builds up to a maximum of ca. 30% yield over the course of 5 hours
at ambient temperature. 2.16g shows a new acyl resonance at & 0.65 (s, 3H,
NiC(H)NCOCH;), and an up shift in the formal imine hydrogen resonance from o 8.63
(s, CH=N) in 2.13g to 0 5.42 (s, 1H, NiC(H)NCOCHs;) in 2.16g.22 The latter is consistent
with the reduction of the C=N m-bond in 2.16, and is similar to related imine insertion
products with cationic nickel complexes."' Analogous behaviour is also observed with
the other 3,4-dihydroisoquinoline products. The formation of these imine insertion
products is rapid relative to that with cationic palladium complexes (70 °C, 6 hrs) and
similar in rate to what has been observed with cationic nickel complexes (70 °C, 30 min).
This suggests that, provided the imine is sufficiently nucleophilic to compete with ester

reductive elimination, sequential CO/imine insertion is viable with neutral complexes.

X
N\ /O HsC (0] N
+ /NI + R! |
O N
RZ
2.11d,g 2.18 2.17a,b 2.12a,b 2.15a,b

Scheme 2.4: The reactivity of 3,4-dihydroisoquinoline nickel complexes 2.11d,g in the
presence of 9,10-dihydroanthracene 2.18.

Further, monitoring the reaction by 'H NMR spectroscopy shows the
disappearance of 2.16 coincides with the growth of 2.17, consistent with its intermediacy
in 1,2-diamide formation. The bimolecular coupling of nickel-alkyl ligands to form
alkenes is an established transformation.”> These processes could proceed via a number

of pathways, including radical, ionic or bimetallic mechanisms. While at present we have

-41 -



no conclusive data on the mechanism of 1,2-diamide formation, it is notable that the
addition of radical traps24 [Table 2.5, entries 5 and 10, and Scheme 2.4] does not alter

product distribution, arguing against a radical pathway.
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2.2 Conclusion

The sequential insertion of carbon monoxide and imine in
(NMO)Ni(R)(R*(H)C=NR') 2.11 complexes was investigated. The insertion of carbon
monoxide leads to the rapid and general formation of nickel-acyl imine complexes
(NO)Ni(COCH3)(R'N=C(H)R?) 2.13, which are in dynamic equilibrium with the CO-
coordinated (N*O)Ni(COCH;3)(CO) 2.14 complexes. The reductive elimination of the
nickel-acyl and the phenolic ligands to form esters is the dominant reaction with bulky
trans-imines. However, with the cis-substituted 3,4-dihydroisoquinoline imine insertion
is quite rapid (ambient temperature, 5 hrs) leading to the formation of 2.16 intermediate,
which ultimately disproportionates to form 1,2-diamides 2.17. Overall, this suggests that
imine insertion into neutral nickel-acyl bonds is a viable process, and that inhibition of
subsequent disproportionation could allow these products to be used in subsequent

chemistry. Efforts towards the latter are currently underway.
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2.3 Experimental Section

All manipulations were carried out in dried glassware under a dry, dioxygen-free
(Oy), dinitrogen (N,) atmosphere, using standard Schlenk or glovebox techniques and a
Vacuum Atmosphere 553-2 drybox. Unless otherwise noted, all reagents were purchased
from commercial sources and used without purification: carbon monoxide (Matheson,
99.98%), 9,10-dihydroanthracene (Aldrich, 97%), benzyl benzoate (Aldrich, 99+%). All
solvents were freshly distilled and de-gassed before use and stored under nitrogen over
activated molecular sieves. Diethyl ether was distilled using sodium benzophenone.
Pentane, benzene and toluene were distilled using CaH,. Acetonitrile was distilled using
P4O;9. Deuterated solvents were dried as their protonated analogs, but vacuum
> 3,4-dihydroisoquinoline,*®

(tmeda)Ni(CHs), >’ and (6-phenyl-2-((2,6-

transferred from the drying agent. Tolualdimines,’

diisopropylphenyl)iminomethyl)phenoxide)Ni(Ph)(PPh;)'® were prepared via literature

procedures. Salicylaldimines'>**

and their salicylaldehyde precursors were also prepared
as described in the literature.

Nuclear magnetic resonance (NMR) characterization was obtained on JEOL
270MHz, Varian Mercury 200MHz, 300MHz, 400MHz and Varian Unity 500MHz
spectrometers. 'H and °C NMR chemical shifts were referenced to residual solvent.
Electrospray ionization-high resolution mass spectrometry (ESI-HRMS) analyses were
preformed by Alain Lesimple, Ph.D. at the Department of Medicine, Mass Spectrometry
Unit, McGill University, Montréal, Canada. 2.12b"° and 2.17a-d” are previously

reported compounds.

2.3.1 General Procedure for the Synthesis of the K*-N,0-Salicylaldiminato Ni (I)

Complexes

Standard procedure for the synthesis of complexes 2.11a-0 is as follows.
(tmeda)Ni(CHj3), (50.0 mg, 0.244 mmol) was dissolved in a 20 mL scintillation vial in
benzene (ca. 5 mL) to give a yellow brown solution. In a separate vessel, imine (0.732

mmol) and salicylaldimine 2.10 (0.244 mmol) were dissolved in benzene (ca. 10 mL) and
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the mixture was added to the nickel solution, dropwise, while stirring. The resulting dark
reddish brown mixture was left to stir at ambient temperature for 3 hrs. The solution was
then filtered through a Celite plug. The filtrate was concentrated under vacuo and
triturated with pentane (ca. 5 mL). Orange solids were then collected by filtration and

washed with pentane thrice (3 x 2 mL) to afford orange powder product.

(6-phenyl-2-((2.6-diisopropylphenyl)iminomethyl)phenoxide)Ni(CH;)(pyridine)
(2.11a)

No modifications to the procedure were made.

Yield: 60%

"H NMR (400 MHz, C¢Dq): & 8.43 (d, 2H, Juy = 8.2 Hz), 7.57 (s, 1H), 7.40-7.38 (m,
3H), 7.31-6.88 (m, 5H), 6.54 (dt, 2H, "Jun = 29.6 Hz, “Juny = 7.3 Hz), 6.13 (s, 2H), 4.20
(sept., 2H, Jun = 6.6 Hz), 1.49 (d, 6H, Jun= 6.6 Hz), 1.06 (d, 6H, Jun = 6.6 Hz), -0.71 (s,
3H).

3C NMR (500 MHz, C¢Dg): & 166.4, 165.2, 151.8, 150.1, 141.1, 140.6, 135.4, 134.5,
133.8, 133.3, 131.8, 129.8, 127.4, 126.4, 125.6, 123.5, 122.9, 120.6, 114.0, 28.5, 24.8,
23.1,-7.5.

(6-phenvl-2-((2.6-diisopropyvlphenyl)iminomethyl)phenoxide)Ni(CH3)(/N-methyl
tolualdimine) (2.11b)

No modifications to the procedure were made.

Yield: 91%

"H NMR (300 MHz, C¢Dg): 5 9.47 (d, 2H, Jun = 8.2 Hz), 7.61 (s, 1H), 7.55-7.52 (m,
2H), 7.35 (d, 1H, Jun = 5.5 Hz), 7.10-6.89 (m, 6H), 6.86 (d, 1H, Jug = 1.7 Hz), 6.45 (t,
IH, Jun = 7.7 Hz), 4.22 (sept., 1H, Jun = 6.9 Hz), 4.02 (sept., 1H, Jun = 6.9 Hz), 3.35 (s,
3H), 2.03 (s, 3H), 1.51 (d, 3H, Jun= 6.9 Hz), 1.35 (d, 3H, Jun = 6.9 Hz), 1.19 (d, 3H, Jun
=6.9 Hz), 1.04 (d, 3H, Juu = 6.9 Hz), -1.09 (s, 3H).

BC NMR (300 MHz, C¢Dg): 5 166.2, 165.4, 165.2, 149.9, 142.0, 141.2, 141.0, 140.7,
134.5, 133.9, 133.4, 131.8, 130.8, 129.8, 129.3, 127.3, 126.4, 126.0, 123.6, 123.4, 120.6,
114.0, 50.1, 28.5, 28.4, 25.3, 24.9, 23.4, 23.1, 21.5, -11.6.

ESI-HRMS: calculated for C3sH;N,ONi" M + H+) 563.25614; found 563.25585.
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(6-phenvl-2-((2.6-diisopropvlphenyl)iminomethyl)phenoxide)Ni(CH3)(/N-benzyl
tolualdimine) (2.11¢)

No modifications to the procedure were made.

Yield: 88%

"H NMR (500 MHz, C¢Dy): 8 9.57 (d, 2H, Juu = 7.3 Hz), 7.57 (s, 1H), 7.51 (s, 2H), 7.33
(d, 1H, Juu = 7.3 Hz), 7.10-7.02 (m, 9H), 6.93 (d, 2H, Jun = 6.4 Hz), 6.85 (d, 2H, Juy =
6.9 Hz), 6.43 (t, 1H, Jun = 7.3 Hz), 4.93 (dd, 2H, 'Juu = 135.9 Hz, *Jun = 15.1 Hz), 4.03
(sept., 2H, Jun = 6.4 Hz), 2.03 (s, 3H), 1.41 (dd, 6H, "Juy = 17.8 Hz, “Jun = 6.9 Hz), 1.19
(d, 3H, Juu = 6.9 Hz), 1.06 (d, 3H, Juyn = 6.9 Hz), -1.10 (s, 3H).

3C NMR (500 MHz, C¢Dg): & 166.1, 165.0, 164.8, 161.1, 149.8, 142.0, 141.1, 140.9,
135.7, 134.3, 133.7, 133.6, 132.0, 130.9, 130.6, 129.9, 129.4, 129.2, 128.6, 127.9, 127.4,
126.9, 126.3, 125.8, 123.4, 123.3, 120.3, 113.7, 65.7, 65.1, 28.3, 25.2, 24.9, 23.3, 23.1,
22.6,21.4,21.2,-11.1.

ESI-HRMS: calculated for C4;H4sN,ONi ™ (M + H") 639.28774; found 639.28799.

(6-phenvl-2-((2.6-diisopropylphenyl)iminomethyDphenoxide)Ni(CH3)(3.4-
dihydroisoquinoline) (2.11d)

No modifications to the procedure were made.

Yield: 89%

"H NMR (400 MHz, C¢Dg): & 8.27 (s, 1H), 7.59-7.57 (m, 3H), 7.41 (dd, 2H, 'Jy = 4.9
Hz, *Jyu = 2.2 Hz), 7.14-7.05 (m, 3H), 6.92-6.72 (m, 6H), 6.52-6.47 (m, 3H), 4.18 (sept.,
2H, Jun = 6.9 Hz), 3.58 (t, 2H, Jun= 6.3 Hz), 1.91 (t, 2H, Juuy= 8.0 Hz), 1.52 (d, 6H, Jun
=6.9 Hz), 1.07 (d, 6H, Jun = 6.9 Hz), -0.74 (s, 3H).

BC NMR (300 MHz, C¢Dg): & 166.4, 165.3, 164.5, 150.2, 141.1, 141.0, 135.8, 134.5,
133.9, 133.5, 131.7, 129.9, 128.2, 127.9, 127.5, 127.2, 126.9, 126.5, 125.8, 123.6, 120.8,
113.9,49.8, 28.5, 25.3, 24.9, 23.2, -9.8.

ESI-HRMS: calculated for C35H3oN,ONi M + H+) 560.23376; found 560.23391.
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(2-((2.6-diisopropvlphenyl)iminomethyl)phenoxide)Ni(CH3)(N-methyl tolualdimine)
2.11e)

No modifications to the procedure were made.

Yield: 81%

"H NMR (300 MHz, C¢Dg): & 9.41 (d, 2H, Juu = 8.0 Hz), 7.58 (s, 1H), 7.09-6.99 (m,
7H), 6.92 (d, 1H, Juy = 7.0 Hz), 6.40 (t, 1H, Juu = 7.0 Hz), 4.22 (sept., 1H, Juy = 7.0
Hz), 4.04 (sept., 1H, Jug = 7.0 Hz), 3.61 (s, 3H), 2.05 (s, 3H), 1.53 (d, 3H, Jun= 6.6 Hz),
1.31 (d, 3H, Juu = 7.0 Hz), 1.17 (d, 3H, Jun = 7.0 Hz), 1.03 (d, 3H, Juu = 6.6 Hz), -1.09
(s, 3H).

3C NMR (300 MHz, C¢Dg): & 168.4, 166.1, 165.8, 150.1, 141.8, 141.2, 141.0, 134.3,
134.1, 131.9, 131.0, 129.3, 126.4, 123.6, 123.4, 122.9, 119.9, 113.7, 50.3, 28.5, 28.4,
25.2,24.8,23.3,23.1,21.4,-11.2.

ESI-HRMS: calculated for C20H3sN,ONi' (M + H") 487.22518; found 487.22539.

(2-((2,6-diisopropylphenyl)iminomethyl)phenoxide)Ni(CH3)(/N-benzyl tolualdimine)
(2.11f)

No modifications to the procedure were made.

Yield: 76 %

"H NMR (500 MHz, C¢Dy): 5 9.39 (d, 2H, Juu = 7.8 Hz), 7.55 (s, 1H), 7.37 (d, 1H, Juu
= 6.9 Hz), 7.13-6.96 (m, 11H), 6.92 (d, 2H, Jun = 6.4 Hz), 6.42 (t, 1H, Juu = 6.9 Hz),
5.17 (dd, 2H, "Jyn = 215.5 Hz, *Juy = 14.2 Hz), 3.97 (d of sept., 2H, 'Juy = 33.8 Hz, *Jun
= 6.9 Hz), 2.03 (s, 3H), 1.32 (dd, 6H, 'Juy = 23.8 Hz, *Jun = 6.9 Hz), 1.13 (d, 3H, Jun =
6.9 Hz), 1.05 (d, 3H, Juyu = 6.9 Hz), -1.27 (s, 3H).

BC NMR (500 MHz, C¢Dg): & 168.1, 166.1, 165.4, 149.8, 141.8, 141.1, 140.9, 136.6,
134.2, 134.0, 132.1, 131.0, 130.4, 129.4, 129.1, 128.7, 126.9, 126.2, 123.4, 123.2, 122.8,
119.8, 113.6, 66.4, 28.2, 25.2, 25.0, 23.3, 23.2, 21.4, -9.9.

ESI-HRMS: calculated for C3sH4 N,ONi M + H+) 563.25689; found 563.25669.
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(2-((2.6-diisopropvlphenyl)iminomethyl)phenoxide)Ni(CH3)(3.4-

dihvdroisoquinoline) (2.119)

No modifications to the procedure were made.

Yield: 81 %

"H NMR (300 MHz, C¢Dq): & 8.43 (s, 1H), 7.53 (s, 1H), 7.18 (dt, 1H, "Jyy = 5.2 Hz,
*Jun = 1.6 Hz), 7.09-7.06 (m, 3H), 7.00 (d, 1H, Juy = 8.5 Hz), 6.91 (dd, 1H, "Jyy = 7.3
Hz, “Jun = 1.6 Hz), 6.84 (t, 1H, Juy = 7.1 Hz), 6.72 (t, 1H, Jun = 7.1 Hz), 6.53-6.42 (m,
3H), 4.16 (sept., 2H, Jun = 6.9 Hz), 3.78 (t, 2H, Jun= 7.4 Hz), 2.10 (t, 2H, Jug= 7.7 Hz),
1.51 (d, 6H, Juu = 6.9 Hz), 1.04 (d, 6H, Jun = 6.9 Hz), -0.73 (s, 3H).

BC NMR (300 MHz, C¢Ds): & 168.1, 166.1, 164.3, 150.3, 141.2, 135.7, 134.3, 134.1,
131.8,127.3, 127.1, 126.4, 123.6, 122.9, 120.1, 113.7, 49.8, 28.5, 25.7, 24.9, 23.2, -9.1.
ESI-HRMS: calculated for CyoH3sN,ONi M + H+) 484.20246; found 484.20286.

(4-fluoro-2-((2.6-diisopropylphenyliminomethyl)phenoxide)Ni(CH;)(/N-methyl
tolualdimine) (2.11h)

No modifications to the procedure were made.

Yield: 73 %

"H NMR (300 MHz, C¢Dg): 5 9.41 (d, 2H, Jun = 8.2 Hz), 7.37 (s, 1H), 7.07-6.98 (m,
6H), 6.80-6.72 (m, 2H), 6.57 (dd, 1H, Jun = 9.2 Hz, Jur = 3.0 Hz), 4.16 (sept., 1H, Jug =
6.9 Hz), 3.97 (sept., 1H, Jun = 6.9 Hz), 3.56 (s, 3H), 2.04 (s, 3H), 1.51 (d, 3H, Jun= 6.9
Hz), 1.30 (d, 3H, Jun = 6.9 Hz), 1.14 (d, 3H, Jun = 6.9 Hz), 1.02 (d, 3H, Jun = 6.9 Hz), -
1.09 (s, 3H).

BC NMR (300 MHz, C¢Dg): 8 165.9, 165.1, 165.0, 154.2, 151.2, 149.8, 142.0, 140.9 (d,
Jor = 13.4 Hz), 131.7, 131.0, 129.3, 126.5, 123.8 (d, Jcr = 6.9 Hz), 123.5 (d, Jcr =
12.0Hz), 123.1, 122.8, 117.9 (d, Jcr = 7.8 Hz), 116.2 (d, Jcr = 21.2 Hz), 50.3, 28.5, 28.4,
25.1,24.8,23.3,23.1,21.4,-10.9.

F NMR (400 MHz, C¢Dq): & -137.9.

ESI-HRMS: calculated for CooH3¢N,ONiF" M + H+) 505.21554; found 505.21597.
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(4-fluoro-2-((2.6-diisopropylphenyliminomethyl)phenoxide)Ni(CH;)(V-benzyl
tolualdimine) (2.111)

No modifications to the procedure were made.

Yield: 74%

"H NMR (200 MHz, C¢Dg): & 9.38 (d, 2H, Juu = 7.3 Hz), 7.34 (s, 1H), 7.06-7.00 (m,
6H), 6.80-6.72 (m, 2H), 6.57 (d, 1H, Juy = 7.3 Hz), 5.11 (dd, 2H, 'Jyyu = 80.8 Hz, *Jyy =
14.3 Hz), 3.91 (sept., 2H, Jun = 7.3 Hz), 2.03 (s, 3H), 1.31 (t, 6H, Juu= 7.7 Hz), 1.07 (dd,
6H, 'Jun = 14.1 Hz, “Jun = 6.6 Hz), -1.26 (s, 3H).

BC NMR (300 MHz, C¢Dg): 8 165.5, 165.1, 164.7, 153.5, 151.7, 149.6, 141.9, 140.8 (d,
Jor = 28.7 Hz), 136.5, 132.0, 131.0, 130.4, 129.1, 128.7, 128.4, 126.3, 123.7, 123.3 (d,
Jer = 17.7 Hz), 122.8 (d, Jor = 24.4 Hz), 117.7, 116.2 (d, Jor = 21.1 Hz), 66.4, 28.2, 25.1,
24.9,23.3,23.2,21.4,-9.8.

F NMR (400 MHz, C¢Dq): & -132.9.

ESI-HRMS: calculated for C3sH4N,ONIiF* (M + H") 581.24635; found 581.24727.

(4-fluoro-2-((2.6-diisopropylphenyl)iminomethyl)phenoxide)Ni(CH5)(3.4-

dihydroisoquinoline) (2.11j)

No modifications to the procedure were made.

Yield: 78%

"H NMR (500 MHz, C¢Ds): & 8.39 (s, 1H), 7,33 (s, 1H), 7.10-7.05 (m, 3H), 6.90 (dt, 1H,
'Jin = 4.6 Hz, *Jur = 1.4 Hz), 6.83 (dt, 1H, "Juy = 8.7 Hz, *Jur = 1.4 Hz), 6.76-6.70 (m,
2H), 6.57 (dd, 1H, "Juu = 8.9 Hz, *Jur = 3.2 Hz), 6.51 (d, 1H, Juy = 6.9 Hz), 6.46 (d, 1H,
Jun = 7.3 Hz), 4.10 (sept., 2H, Jun = 6.9 Hz), 3.73 (t, 2H, Jun = 7.8 Hz), 2.08 (t, 2H, Jun
= 7.8 Hz), 1.50 (d, 6H, Juu = 6.9 Hz), 1.03 (d, 6H, Juy = 6.9 Hz), -0.73 (s, 3H).

BC NMR (500 MHz, C¢Dg): & 165.1, 164.6, 164.3, 153.5, 151.7, 150.0, 140.8, 135.6,
131.7, 127.1 (d, Jer = 24.5 Hz), 126.4, 123.7, 123.6, 123.5, 123.0, 122.8 (d, Jcg = 24.0
Hz), 118.0 (d, Jor = 8.2 Hz), 116.3 (d, Jor = 21.6 Hz), 49.7, 29.1, 28.4, 25.5, 24.7, 24.3,
23.6,23.1,-9.0.

F NMR (400 MHz, C¢Dq): & -132.6.

ESI-HRMS: calculated for C20H3,FN,ONi ™ (M + H") 502.19304; found 502.19362.

- 49 -



(4-nitro-2-((2.6-diisopropvlphenyl)iminomethyl)phenoxide)Ni(CH;)(N-methyl
tolualdimine) (2.11k)

No modifications to the procedure were made.

Yield: 83%

"H NMR (500 MHz, C¢Dg): §9.29 (d, 2H, Juy = 7.8 Hz), 7.96 (s, 1H), 7.88 (dd, 1H,
'V = 9.6 Hz, *Juy = 2.7 Hz), 7.22 (s, 1H), 7.09-6.92 (m, 6H), 6.46 (d, 1H, Jyy = 9.1
Hz), 4.02 (sept, 1H, Juy = 6.9 Hz), 3.79 (sept, 1H, Jun = 6.9 Hz), 3.42 (s, 3H), 2.03 (s,
3H), 1.48 (d, 3H, Jun = 6.9 Hz), 1.27 (d, 3H, Juu = 6.9 Hz), 1.08 (d, 3H, Juu = 6.9 Hz),
0.99 (d, 3H, Jun = 6.9 Hz), -1.05 (s, 3H).

BC NMR (500 MHz, C¢Dg): 5 171.7, 166.6, 166.1, 161.5, 148.9, 142.4, 140.4, 140.3,
136.2, 131.9, 131.3, 130.7, 129.3, 129.2, 128.7, 128.4, 128.2, 128.0, 127.8, 126.7, 123.6,
123.5,122.5, 118.4, 49.8, 48.0, 28.5, 28.4, 25.0, 24.6, 23.2, 22.9, 21.3, 21.2 -10.2.
ESI-HRMS: calculated for C20H3sN303Ni" (M + H") 532.21090; found 532.21047.

(4-nitro-2-((2,6-diisopropvylphenyl)iminomethvlphenoxide)Ni(CH5)(N-benzyl
tolualdimine) (2.111)

No modifications to the procedure were made.

Yield: 87 %

"H NMR (300 MHz, C¢Dq): § 9.31 (d, 2H, Jun = 8.2 Hz), 7.95-7.90 (m, 2H), 7.32-7.30
(m, 3H), 7.14-6.94 (m, 9H), 6.40 (d, 1H, Juu = 10.4 Hz), 4.84 (dd, 2H, 'Juy = 62.4 Hz,
*Jun = 14.0 Hz), 3.78 (sept., 1H, Juy = 6.9 Hz), 3.69 (sept., 1H, Juy = 6.9 Hz), 2.01 (s,
3H), 1.32-1.26 (m, 6H), 1.03 (d, 3H, Jun = 6.9 Hz), 0.99 (d, 3H, Jun = 6.9 Hz), -1.19 (s,
3H).

BC NMR (300 MHz, C¢Dg): & 171.6, 166.2, 148.9, 142.6, 140.6, 140.3, 136.2, 131.9,
131.7, 131.0, 130.4, 129.3, 128.8, 128.7, 127.9, 126.7, 123.6, 123.5, 122.6, 118.4, 66.7,
28.4,25.1,24.9,23.4,23.3,21.5,-9.2.

ESI-HRMS: calculated for C3sHsoN;O0;3Ni* M + H+) 608.24184; found 608.24177.
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(4-nitro-2-((2.6-diisopropvlphenyl)iminomethyDphenoxide)Ni(CH3)(3.4-

dihvydroisoquinoline) (2.11m)

No modifications to the procedure were made.

Yield: 92%

"H NMR (500 MHz, C¢Dg): & 8.21 (s, 1H), 8.04 (d, 1H, Juy = 9.2 Hz), 7.98 (s, 1H),
7.18-7.02 (m, 4H), 6.84 (t, 1H, Jyu = 6.9 Hz), 6.71 (t, 1H, Juy = 7.3 Hz), 6.50-6.45 (m,
3H), 3.96 (sept., 2H, Jun = 6.4 Hz), 3.59 (t, 2H, Jun = 7.8 Hz), 2.03 (t, 2H, Jun = 8.2 Hz),
1.47 (d, 6H, Juu = 6.4 Hz), 1.00 (d, 6H, Juy = 6.4 Hz), -0.70 (s, 3H).

BC NMR (500 MHz, C¢Dg): 5 171.5, 166.1, 164.8, 149.2, 140.4, 136.2, 135.5, 132.1,
131.9, 128.7, 127.7, 127.2, 127.1, 126.8, 123.6, 122.5, 118.5, 49.6, 28.5, 25.4, 24.6, 23.1,
-8.2.

ESI-HRMS: calculated for C20H24N3NiO; * (M + H") 529.18754; found 529.18743.

(6-phenvl-2-((2.6-diisopropylphenyl)iminomethyl)phenoxide)Ni(Ph)(3.4-

dihydroisoquinoline) (2.11p)

(6-phenyl-2-((2,6-diisopropylphenyl)iminomethyl)phenoxide)Ni(Ph)(PPhs)
(150.0 mg, 0.199 mmol) and 3,4-dihydroisoquinoline (31.4 mg, 0.239 mmol) were
dissolved in benzene (ca. 10 mL). In a second vessel, a slurry of CuCl (29.6 mg, 0.239
mmol) in benzene (ca. 2 mL) was added to the mixture with stirring. After 30 min at
room temperature, the solution was filtered through a Celite plug. The filtrate was
concentrated under vacuo and redissolved in minimal pentane for crystallization at -40°C.
Yellow crystals were then collected by filtration and washed with cold pentane thrice (3 x

2 mL) (104.2 mg, 84 % yield).

'H NMR (400 MHz, C¢Dq): 5 8.35 (s, 1H), 7.67-7.59 (m, 5H), 7.42 (d, 2H, Jiyy = 4.9
Hz), 6.93-6.39 (m, 13H), 4.13 (sept., 2H, Juy = 6.9 Hz), 3.42 (¢, 2H, /iy = 6.3 Hz), 1.81
(t, 2H, Juy= 6.6 Hz), 1.39 (d, 6H, Jun = 6.9 Hz), 1.01 (d, 6H, Jiy = 6.9 Hz).

3C NMR (300 MHz, C¢Dq): 5 167.5, 165.1, 164.8, 150.9, 150.8, 140.7, 140.6, 136.7,
135.8, 134.8, 134.7, 134.5, 134.1, 133.8, 133.7, 133.5, 131.9, 129.9, 129.7, 128.8, 128.7,
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128.2, 127.5, 127.1, 126.8, 126.4, 125.0, 124.9, 123.0, 122.2, 120.7, 114.4, 49.8, 28.8,
25.6,25.2,22.8.
ESI-HRMS: calculated for C40H4NoNiO ™ (M + H') 622.24941; found 622.24933.

2.3.2 Decomposition Studies of the 1(2-N,0-Salicylaldiminat0 Ni (I) Complexes

A J-Young tube was charged with a 0.02 M solution of nickel complex 2.11f (6.4
mg, 0.01 mmol) in C¢Dg (0.50mL). Benzyl benzoate was added as the internal standard.
The formation of bis-salicylaldiminato nickel (II) complexes 2.12 was monitored by 'H
NMR spectroscopy at 25 °C. The decomposition time was determined by measuring

both the disappearance of the complex and the appearance of uncoordinated imine.

(6-phenyl-2-((2,6-diisopropylphenyl)iminomethyl)phenoxide)Ni(CH3)(N-benzyl
tolualdimine) (2.11c): ~ 6 hrs;
(2-((2,6-diisopropylphenyl)iminomethyl)phenoxide)Ni(CH3)(N-benzyl tolualdimine)
(2.11f): ~ 61 hrs;
(2-((2,6-diisopropylphenyl)iminomethyl)phenoxide)Ni(CH3)(3,4-dihydroisoquinoline)
(2.11g): ~ 11 hrs;
(4-fluoro-2-((2,6-diisopropylphenyl)iminomethyl)phenoxide)Ni(CHj3)(N-benzyl
tolualdimine) (2.11i): ~ 39 hrs;
(4-nitro-2-((2,6-diisopropylphenyl)iminomethyl)phenoxide)Ni(CHj3)(N-benzyl
tolualdimine) (2.111): #;,~ 10 hrs.

2.3.3 General Reaction Conditions for the Insertion Chemistry

A 25 mL reaction bomb was charged with the appropriate amount of Ni complex
2.11 (0.0618 mmol) and imine (0.185 mmol) dissolved in benzene (ca. 10 mL). The
solution was placed under 1 atm (14.70 psi) of carbon monoxide and stirred at ambient
temperature for 5 hrs. Carbon monoxide atmosphere was removed by a freeze-pump-
thaw process. The resulting solution was concentrated under vacuo and then stirred in

acetonitrile, causing the bis-salicylaldiminato nickel (II) complex 2.12 to precipitate. The
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solids were removed by filtration and the filtrate was concentrated under vacuo.
Purification was achieved via silica gel chromatography using a 60% hexanes and 40%
dichloromethane mixture as the eluent. Note: When 3,4-dihydroisoquinoline is the
reaction substrate a gradient mixture was used starting with 60 hexanes: 40

dichloromethane and incorporating 3 % triethyl amine and 3 % methanol.

Acetic acid 3-((2.6-diisopropvlphenyl)iminomethyl)-biphenyl-2-vl ester (2.15a)

"H NMR (300 MHz, CDCl;): & 8.28 (s, 1H), 8.18 (dd, 1H, "Juu= 8.2 Hz, “Juu = 1.6 Hz),
7.55-7.36 (m, 7H), 7.18-7.10 (m, 4H), 2.96 (sept., 2H, Juy = 6.9 Hz), 1.98 (s, 3H), 1.16
(d, 12H, Jyu= 6.9 Hz).

3C NMR (300 MHz, CDCls): § 169.0, 157.5, 149.3, 148.0, 137.6, 137.1, 136.2, 133.7,
128.9, 128.4, 127.9, 127.8, 126.7, 124.3, 123.1, 27.9, 23.5, 20.5.

ESI-HRMS: calculated for Co;H3NO,™ (M + H") 400.22686; found 400.22711

Acetic acid 2-((2,6-diisopropylphenyl)iminomethyl)-phenyl ester (2.15b)

"H NMR (300 MHz, CDCls): & 8.29 (s, 1H), 8.17 (dd, 1H, "Jun= 7.9 Hz, “Juyu = 1.5 Hz),
7.53 (dt, 1H, "Juy = 7.3 Hz, *Juy = 1.8 Hz), 7.39 (t, 1H, Juy = 6.2 Hz), 7.19-7.12 (m, 4H),
2.95 (sept., 2H, Jun= 7.0 Hz), 2.27 (s, 3H), 1.16 (d, 12H, Jyu= 7.0 Hz).

BC NMR (300 MHz, CDCl3): § 169.0, 157.2, 150.6, 149.3, 137.6, 132.1, 128.7, 128.0,
126.4, 124.3, 123.1, 123.0, 27.8, 23.4, 20.7.

ESI-HRMS: calculated for C;HasNO," (M + H") 324.19577; found 324.19581

Acetic acid 2-((2.6-diisopropylphenyl)iminomethyl)-4-fluoro-phenyl ester (2.15¢)

"H NMR (300 MHz, CDCl;): & 8.24 (d, 1H, Jur = 2.2 Hz), 7.90 (dd, 1H, 'Juu = 8.9 Hz,
2Jun = 3.0 Hz), 7.26-7.13 (m, 5H), 2.92 (sept., 2H, Jun = 6.9 Hz), 2.28 (s, 3H), 1.17 (d,
12H, Jun= 6.9 Hz).

3C NMR (300 MHz, CDCLy): § 169.2, 162.1, 158.9, 156.1, 148.9, 146.5, 137.5, 129.6
(d, Jcr = 7.8 Hz), 124.6 (d, Jcr = 5.1 Hz), 124.5, 123.1, 119.0 (d, Jcr = 23.5 Hz), 114.4
(d, Jcr = 24.4 Hz), 27.9, 23.5, 20.7.

F NMR (400 MHz, CDCl;): 5 -115.3 (s).
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ESI-HRMS: calculated for CHasNO,F™ (M + H") 342.18631; found 342.18638.

Acetic acid 2-((2,6-diisopropylphenyl)iminomethyl)-4-nitro-phenyl ester (2.15d)

'"H NMR (300 MHz, CDCls): § 9.05 (d, 1H, Juu = 2.9 Hz), 8.37 (dd, 1H, 'Jiyu = 9.0Hz,
Jun = 2.9 Hz), 8.32 (s, 1H), 7.40 (d, 1H, Juy = 8.8 Hz), 7.17 (s, 3H), 2.90 (sept., 2H, Juy
= 7.0 Hz), 2.32 (s, 3H), 1.17 (d, 12H, Juu = 7.0 Hz).

3C NMR (300 MHz, CDCly): § 168.2, 155.2, 154.6, 148.6, 146.1, 137.5, 129.2, 126.7,
124.9, 124.3, 124.2, 123.2, 28.0, 23.5, 20.8.

ESI-HRMS: calculated for C;;HasN,O4™ (M + H") 3.69.18077; found 369.18088.

Benzoic acid 3-((2,6-diisopropylphenyl)iminomethyl)-biphenyl-2-yl ester (2.15¢)

"H NMR (400 MHz, C¢Dy): & 8.58 (s, 1H), 8.40 (d, 1H, Juy = 8.1 Hz), 7.89 (d, 2H, Jun
=17.0 Hz), 7.39 (d, 2H, Jun = 7.0 Hz), 7.26 (d, 1H, Jun = 7.7 Hz), 7.09-6.89 (m, 8H), 6.83
(t, 2H, Jun = 7.7 Hz), 3.23 (sept., 2H, Jun= 7.0 Hz), 1.13 (d, 12H, Jyu= 7.0 Hz).

BC NMR (300 MHz, CDCl3): § 164.8, 157.2, 149.2, 137.6, 136.9, 136.3, 133.8, 133.6,
130.0, 129.2, 128.9, 128.5, 128.4, 128.3, 127.7, 127.6, 124.2, 123.0, 27.8, 23.5.
ESI-HRMS: calculated for C3;H3,NO," (M + H') 462.24245; found 462.24276.

bis(6-phenyl-2-((2.6-diisopropvlphenvDiminomethyl)phenoxide)Ni (2.12a)

Due to the paramagnetic nature of this complex, NMR characterization could not be
achieved."

ESI-HRMS: calculated for CsoHs3N,O,Ni™ (M + H") 771.34593; found 771.34550.

bis(2-((2.6-diisopropylphenyl)iminomethyl)phenoxide)Ni (2.12b)

"H NMR (300 MHz, C¢D): & 7.19 (t, 2H, Jun = 2.1 Hz), 7.06 (m, 4H), 6.75 (t, 2H, Jun
=409 Hz), 6.65 (d, 2H, Jun = 6.4 Hz), 6.22 (t, 2H, Jun = 6.7 Hz), 5.92 (d, 2H, Jug = 8.5
Hz), 4.38 (sept., 4H, Jun = 6.7 Hz), 1.46 (d, 12H, Jun = 7.0 Hz), 1.11 (d, 12H, Jug= 7.0
Hz).

BC NMR (300 MHz, C¢Dg): & 164.6, 164.2, 146.4, 142.3, 134.4, 132.8, 126.3, 123.1,
121.5,119.7, 115.2,29.3, 24.4, 23.7.

ESI-HRMS: calculated for C3sH4sN,O,Ni™ (M + H") 619.28288; found 619.28290
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bis(4-fluoro-2-((2.6-diisopropylphenyl)iminomethyl)phenoxide)Ni (2.12¢)

"H NMR (300 MHz, C¢Dg): & 7.16 (t, 2H, Juy = 7.7 Hz), 7.00 (d, 4H, Juu = 7.7 Hz),
6.82 (s, 2H), 6.47 (dt, 2H, Jun = 8.7 Hz, Jur = 3.0 Hz), 6.28 (dd, 2H, Jun = 8.7 Hz, Jur =
3.0 Hz), 5.69 (dd, 2H, Jug = 9.2 Hz, Jur = 4.4 Hz), 4.28 (sept., 4H, Jun= 6.7 Hz), 1.43 (d,
12H, Jun = 6.9 Hz), 1.09 (d, 12H, Jyn= 6.9 Hz).

3C NMR (300 MHz, C¢Dg): & 163.9, 160.6, 155.0, 151.9, 146.0, 142.0, 126.5, 123.2,
123.1, 122.9, 122.3 (d, Jcr = 7.4 Hz), 118.1 (d, Jcr = 8.3 Hz), 115.5 (d, Jcr = 22.1 Hz),
29.3,24.3, 23.7.

F NMR (400 MHz, C¢D): & -130.4.

ESI-HRMS: calculated for C3sH43N,O,NiF," (M + H") 655.26400; found 655.26406.

bis(4-nitro-2-((2,6-diisopropvlphenyl)iminomethyl)phenoxide)Ni (2.12d)

"H NMR (300 MHz, C¢D¢): & 7.57 (d, 2H, Juu = 2.7 Hz), 7.45 (dd, 2H, Juu' = 9.2 Hz,
Jun® = 2.7 Hz), 7.14 (m, 2H), 6.95 (m, 4H), 6.56 (s, 2H), 4.00 (sept., 4H, Jyu = 7.0 Hz),
1.35 (d, 12H, Juy = 7.0 Hz), 1.06 (d, 12H, Juy = 7.0 Hz).

BC NMR (300 MHz, C¢Dg): & 167.4, 165.0, 144.7, 141.6, 137.8, 130.5, 129.0, 127.1,
118.0,29.3, 24.1, 23.5.

ESI-HRMS: calculated for C3sH4,N4OgNiNa™ (M + Na") 731.23506; found 731.23501.

meso N,N’-diacyl-1,1°,2,2°.3.3°,4.4’-octahydro-1,1’-biisoquinoline (2.17a)*

'"H NMR ( 300 MHz, 25 °C, CDCl;): (two conformers: A ca. 67%, and B ca. 33%) &
7.56 (d, 2H, Jun = 7.1 Hz, A), 7.30-7.07 (m, 10H), 7.01-6.94 (m, 2H), 6.47 (d, 2H, Jyn =
7.7 Hz, A), 6.03 (s, 2H, B), 5.86 (d, 2H, Juu = 5.2 Hz, A), 5.36 (d, 2H, Juu = 5.0 Hz, B),
4.89 (s, 2H, B), 4.62-4.53 (dt, J'yy = 11.8 Hz, Jun = 5.2 Hz, B), 4.41-4.36 (m, 2H, A),
3.94-3.87 (m, 2H), 3.66-3.51 (m, 4H), 3.36-3.28 (m, 2H), 3.12-2.95 (m, 4H), 2.94-2.68
(m, 8H), 2.58-2.52 (m, 2H), 2.39-2.25 (m, 2H), 2.10 (d, 6H, Juy = 11.5 Hz, A), 1.81 (s,
3H, B)

BC NMR (300 MHz, C¢Dg): & 171.2, 170.6, 170.5, 170.4, 135.6, 135.0, 134.9, 134.7,
134.5, 133.7, 133.5, 133.1, 129.2, 128.7, 128.4, 128.2, 127.7, 127.5, 127.4, 126.9, 126.8,
126.5, 126.1, 60.7, 60.1, 59.4, 57.2, 44.0, 42.4, 38.0, 36.6, 28.9, 28.8, 28.0, 27.9, 22.6,
22.4,21.1,21.0.
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ESI-HRMS: calculated for Cp,H,4N,O,Na" M + Na+) 371.17268; found 371.17300.

dl N,N’-diacyl-1,1°,2,2°.3,3°.4.4’-octahydro-1,1’-biisoquinoline (2.17b)*

"H NMR ( 400 MHz, C¢D): § 6.96 (t, 2H, Juyu = 7.3 Hz), 6.90 (d, 2H, Juy = 7.3 Hz),
6.65 (t, 2H, Jun = 7.3 Hz), 5.99 (d, 2H, Juy = 7.3 Hz), 5.69 (s, 2H), 3.84-3.79 (m, 2H),
3.67-3.59 (m, 2H), 2.81 (dt, 2H, 'Jyuy = 10.6 Hz, “Jyy = 5.9 Hz), 2.40 (dt, 2H, 'Jyyy = 15.7
Hz, *Jun = 5.5 Hz), 1.79 (s, 6H).

BC NMR (300 MHz, C¢Dg): & 170.8, 135.4, 134.3, 129.7, 127.6, 127.5, 127.4, 125.3,
57.0, 44.2,28.0,22.3.

ESI-HRMS: calculated for C2,H24N>O,Na" (M + Na") 371.17273; found 371.17300.

meso, d_N,N’-dibenzoyl-1,1°,2,2°,3.3.4.4’-octahydro-1,1’-biisoquinoline (2.17¢,d)**"
"H NMR (500 MHz, CDCl3): § 7.47-7.07 (m, 22H, meso & dl), 7.00 (d, 2H, Jun = 6.9
Hz, meso), 6.93 (d, Jug = 6.9 Hz, meso), 6.75 (d, 2H, Jyny = 6.9 Hz, dI), 6.69 (d, 2H, Juy =
6.4 Hz, di), 6.48 (s, 2H, dI), 6.41 (d, 2H, Juu = 6.0 Hz, dI), 6.08 (d, 2H, Jyu = 7.8 Hz,
meso), 5.25 (d, 2H, Jyu = 7.3 Hz, meso), 5.07 (s, 2H, meso), 4.54-4.37 (m, 2H, dl), 3.64-
3.55 (m, 4H, meso & dI), 3.34-3.15 (m, 5SH, meso & dI), 2.93-2.75 (m, SH, meso & dI),
2.53-2.35 (m, 2H, dI).

BC NMR (500 MHz, CDCl3): § 171.6, 171.3, 170.7, 137.1, 136.3, 135.9, 135.4, 134 4,
134.1, 133.6, 133.3, 129.6, 129.5, 129.4, 129.3, 129.0, 128.8, 128.6, 128.5, 128.4, 128.1,
127.9, 127.5, 127.0, 126.9, 126.8, 126.7, 126.5, 126.5, 126.2, 126.0, 61.3, 60.1, 57.5,
55.1,43.0, 38.5, 38.1, 29.2, 28.7, 27.6, 27.1.

ESI-HRMS: calculated for C3,H2sN,0,Na" (M + Na") 495.20430; found 495.20489.
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& CHAPTER 3 &

Mechanistic Studies on the Insertion of Imines into Palladium-Carbon o-Bonds:

How Similar are Imines to Olefins as Insertion Monomers?
3.0 Introduction

Olefins and imines are isoelectronic species. While the insertion of olefins into
metal-carbon o©-bonds has been extensively studied in polymer synthesis (e.g.
polyolefins,' olefin/CO copolymerization®) and organic synthesis (e.g. Heck reaction,’
alkene-alkyne coupling reactions,” etc.), imines are much less well-explored as insertion
substrates.  Substituting imines for olefins would incorporate nitrogen-containing
functionality into many of these catalyzed processes. Because imines are easy to
synthesize and can be readily diversified, they would add interesting scope to the afore
mentioned reactions. Imines have been exploited in rhodium-catalyzed Heck-type
reactions,” as well as with cross-coupling type reactions with organometallic reagents.’
In addition, we’ have demonstrated the potential use of carbon monoxide and imine

sequential insertion as a route to synthesize o-amino acid derivatives [Scheme 3.1].%

/CH3_’® O_|® CH—3‘®

o R O
o . ~
L,Pd x _1atm CO CH, ©, 70°C o o  (1)4atmCO ‘

~ L,Pd x —2°C, | pd (1)4atm CO_

N R PhBr TR 2 N. X (2) MeOH H3CTN%OCH3
N "t Bt R o R
R” H , R
R H H X =CI

L, = bipy

Scheme 3.1: The sequential insertion of carbon monoxide and imines into palladium-

methyl complexes towards oi-amino acid derivatives.

Using imines as insertion substrates in what are often olefin-based processes
raises the question of how imine insertion occurs, i.e. whether the insertion mechanism
for imines proceeds in a similar manner to olefins. Imines are known to undergo 1,2-

insertion into transition metal-hydride bonds in both catalytic hydrogenation and
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hydrosilation reactions.” In most cases, the catalyst employed also mediates the
corresponding reduction of olefins, and the mechanism is postulated to proceed in an
analogous fashion. This involves the insertion of a m-coordinated imine into the metal-

hydride bond [Scheme 3.2]."°

H H
_R! M7 g LM g2 H
x,-R "\ R LM 2
LM—H + N — N N M IR
n )\ | = N R3
R2” "R3 )\ N R3 )
R2™OR3 R R’

o-coordinated n-coordinated
complex complex

Scheme 3.2: The postulated 1,2-insertion of imine into transition metal-hydride bonds.

However, imines typically coordinate to transition metal complexes in an n'-
fashion through their more basic lone pair, rather than via m’*-coordination of the T-

11
system.

This additional coordination mode of imines adds a degree of complexity to
the insertion mechanism and implies imine insertion may be significantly more hindered
than olefins because the imine must first rearrange to a higher energy m-complex. Direct
mechanistic evidence of this rearrangement is limited.'

Our group recently reported that G-coordinated imine palladium complexes can
undergo 2,1-migratory insertion into the Pd-acyl bond in
[(bipy)Pd(COCH3)(RN=C(H)R")]" to form a well-defined metallacycle.” A simplified
representation of this reaction was the subject of a density functional study by Cavallo."”
The results suggest that the m-coordination of imine to palladium is significantly less
stable than G-coordination (by ca. 18-20 kcal/mol) and does not represent an energy
minimum (i.e. not a reaction intermediate). In addition, the reaction pathway for imine
insertion shows no evidence for coordination of the imine m-system to palladium except
in the last stages of the approach towards the reaction transition state.

In our laboratory, kinetic and thermodynamic studies on the coordination and 2,1-
migratory insertion of imines into palladium-carbon 6-bonds were the focus of former
student Rania Dghaym, Ph.D.”"* We will summarize and discuss those results, as well as
my contributions to this work. Together these results will show that: (i) 6-coordination

of the imine is a productive intermediate for the reaction, and (ii) in contrast to olefins,
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the polar nature of the imine C=N bond, rather than m-coordination, is more important for
achieving insertion into the Pd-C bond. Considering that these palladium complexes are

also known to mediate olefin inser‘cion,z‘ﬂ’15

this study allows for direct comparison of
imine and olefin insertion mechanisms, and to determine the features that facilitate each

process.
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3.1 Results and Discussion

3.1.1 Results Obtained From Previous Work by Rania Dghaym, Ph.D.

3.1.1.1 Characteristics of the Sequential Insertion of Carbon Monoxide and Imine
with [L,Pd(CH3)(R'N=C(H)R*|'X

The addition of 1 atm CO to a ds-bromobenzene (ds-PhBr) solution of 3.1'°
results in rapid insertion of CO into the palladium-methyl bond to form the analogous
palladium-acyl complexes 3.2. Heating the palladium-acyl complexes 3.2 to 70°C causes

these to disappear and new palladium complexes 3.3 to form [Scheme 3.3].

—N N=—
L=\ / \ 7/
®
® 7 © © A—N_ N-A
_CHy | x® o X PSRN NI Al
LRI p 1atmCO _ LPA] 4l 70°C _ L,Pd TN/ ‘
N rt N PhBr ‘r! OO
Rz)\H R2"H R* 1
R" = alkyl, aryl
3.1 3.2 3.3 R2 = aryl
X = OTf, BAr,

Scheme 3.3: The sequential insertion of carbon monoxide and imine to generate an

amide-palladacycle.

The sequential insertion of carbon monoxide and imine into a palladium-methyl
bond was demonstrated to be a general reaction, and proceeds in high yield with a variety
of ligands (bipy, BIAN), counteranions (OTf and BArf4'), and imine substituents (R' =
alkyl, aryl and R* = aryl). The generation of a 5-membered chelate provides a strong
thermodynamic driving force for this reaction, due to the combination of amide bond
formation and the coordination of the amide oxygen to the cationic palladium center.

In the presence of poorly c-donating imines, such as N-sulfonyl substituted
imines 3.5, or coordinating counteranions, such as chloride, no imine insertion is
observed. For example, insertion studies with complex 3.1b under 1 atm CO yielded

uncoordinated imine and the palladium-acyl complex 3.4 [Scheme 3.4]. No evidence of
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interaction between 3.4 and this imine is noted, and heating the reaction simply lead to
decomposition. In the case of neutral palladium complex (bipy)Pd(CH3)Cl 3.6, the
addition of N-methyl tolualdimine and 1 atm CO immediately generates palladium-acyl
complex 3.7 [Scheme 3.5]. No conditions afforded imine coordination or insertion. The
lack of coordination is likely due to strong binding by the chloride counteranion. Both of
these results show the importance of imine G-coordination for insertion into the

palladium-acyl bond.

—\@ —\(B
oypa” BAY,” i BA,”
bipy)Pdy so,pn 24 co . cH 4 N-SO2Ph
N (bipy)Pd 3 + |
)\\ PhBr \CO Ph)\H
Ph” "H
3.1b 3.4 3.5

Scheme 3.4: The reaction of N-sulfonyl substituted imine palladium-methyl complex and

carbon monoxide.

CH3 /CH3 /CHB
. e N CcoO N
(bipy)Pd —— (bipy)pd] CHs |
N + | py
cl Tol)\H PhBr el Tol/kH
36 3.7

Scheme 3.5: The reaction of N-methyl tolualdimine and (bipy)Pd(CH3)Cl under 1 atm of
CO.

3.1.1.2 Mechanistic Investigation of Imine Insertion into the Palladium-Acyl Bond

Several mechanistic possibilities can be proposed to account for the
transformation of the palladium-acyl complexes 3.2 into 3.3 [Scheme 3.6]. One plausible
mechanism involves forming the mw-imine complex 3.8 prior to the migratory insertion of
imine into the palladium-acyl bond (path A). This mechanism is similar to that

9a,17

previously proposed for imine migratory insertions, and is directly analogous to the

established mechanism of insertion for the isoelectronic olefins.’
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Scheme 3.6: Four proposed mechanisms for the imine insertion into palladium-acyl

complexes.

However, unlike olefins, imines bind through the nitrogen lone pair in m'-
coordination mode and m-coordinated mononuclear imine complexes have not been
previously detected with late metal complexes. The m'-coordination mode of the imine
suggests that the nitrogen lone pair may be involved in imine insertion and other
mechanistic possibilities are envisioned [Scheme 3.6]. The lone pair on the imine
nitrogen, which olefins lack, can act as a nucleophile. Intermolecular nucleophilic attack
of a free imine molecule on the acyl ligand could generate 3.3. This nucleophilic attack
could occur on either 3.2 (path C) or its CO-coordinated analogue 3.4 (path D).
Alternatively, a concerted intramolecular nucleophilic attack directly from G-imine
complex 3.9 would generate the imine insertion product (path B).

Of the mechanisms outlined in Scheme 3.6, two are intermolecular reactions
(paths C and D) and two are intramolecular rearrangements (paths A and B). These
pathways should display distinct features affecting the rate of formation of complex 3.3.

Dynamic equilibrium of imine coordination to 3.2 exists; the equilibrium between 3.2 and
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3.4 is rapidly established prior to the migratory insertion step. Therefore, a pre-
equilibrium kinetic analysis of all pathways is required to obtain the rate expression.'®
Analysis of this mechanism provides distinctive rate expressions for the bimolecular
paths C (k¢) and D (kp). On the other hand, paths A and B will display identical kinetic
behavior. Because both paths involve the intramolecular rearrangement of the imine

ligand in 3.2 to generate the insertion product, they have the same rate expression kag.

Table 3.1: Rate expressions for the mechanisms of imine insertion.

Pathways Rate Equations® Imié‘i:(;i?isgion C%E{?{;ﬁgsgg) "
AandB Ky = [ckéiBf é[:?;lje] v = Kais N kA/B[[{g([)iTine]
¢ i = [col;cfzj[ime] ho = ¢ [?;me] o = kC[[i(r:nci)Tf

a Rate equation for the first order formation of complex 3.3 from an equilibrium of
complexes 3.2 and 3.4; b Equilibrium between 3.2 and 3.4 saturated towards complex

3.2; ¢ Equilibrium between 3.2 and 3.4 saturated towards complex 3.4.

These equations greatly simplify under imine saturation conditions (i.e. the
equilibrium between 3.2 and 3.4 is saturated towards the imine complex 3.2, or CO-
coordinated complex 3.4). As shown in Table 3.1, paths A, B, and D all yield rates
independent of imine concentration under imine saturation conditions, while path C is
still expected to show linear rate dependence on imine concentration. Alternatively, the
expressions reveal that paths A, B and C should be inhibited by CO pressure, while a
mechanism following path D should be facilitated by CO concentration until saturation is
reached.

During her Ph.D. studies, Rania Dghaym demonstrated several important aspects
critical to discern the mechanistic pathway involved in the 2,1-migratory insertion of
imines into metal-acyl c-bonds, based on both kinetic analysis and other observations.

From kinetic studies, with complexes 3.2, it was found that imine insertion shows a zero-
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order dependence in imine concentration. The independence of imine concentration on
the rate of imine insertion rules out path C as a mechanistic possibility: the bimolecular
reaction between 3.2 and free imine.

Interestingly, in the cases involving weakly coordinating imines (e.g. complex
3.2¢), a surprising decrease in rate was observed with the increase of imine concentration
[Table 3.2, entries 1 and 2]. At low imine concentration, analysis of the reaction
products revealed a competitive formation of the protonated iminium salt 3.12 in addition
to the amide palladacycle 3.3. The formation of 3.12 in this case suggests that de-
coordination of imine to form [(bipy)Pd(COCH;)CO]'OTf 3.4 leads to by-product
formation, while imine insertion occurs directly from 3.2. Consistent with this
observation, increasing imine concentration reduces the presence of 3.4, inhibits the
formation of iminium salt 3.12, and favours insertion. The precise mechanism to form
the protonated iminium salt 3.13 from 3.4 remains unclear. However, its generation is
also accompanied by the precipitation of palladium black, suggesting that as 3.4

decomposes, H' is liberated from the acidic acyl ligand.

Table 3.2: Insertion chemistry with poorly coordinative imines: the presence of iminum

salt by-product formation.

o —\®X® CEP .

(bipy)Pd CP'?f wgtg] Dgo (bipy)Pd/OT * + HaPh N
N” * L e > Ph A
)‘\ ds-PhBr To Yy Tol H
Tol H
3.2¢ X = OTf 3.3c 3.12
3.2d X = BAr, 3.3d
Entry | Compound L (M) Kons (x 107 s7H)? Ylelbd Y‘e".}
3.3 3.11
1 3.2¢ - 6.2 (0.5) 74 % 23 %
2 3.2¢ 0.58 M PhN=C(H)Tol 2.0 (0.1) 94 % n/a‘
3 3.2d - 0.84 (0.05) 94 % n/a‘
4 3.2d 0.07 M 3.12¢ 3.2(04) 90 % -

a Determined by 'H NMR analysis of formation of 3.3¢,d under 1 atm CO at 90°C in ds-
PhBr with 0.067M 3.2¢,d; b 'H NMR yields; ¢ Could not be detected; d X = BAr',.

The rate of insertion with the borate anion complex 3.2d is similar to that of 3.2¢

at high imine concentration. Considering that neither of these systems yield appreciable
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amounts of iminium salt 3.12, a plausible rationale for the accelerated rate of insertion at
lower imine concentrations is that the iminium salt produced subsequently catalyzes the
insertion process. In order to confirm this hypothesis, the effect of iminium salt on
insertion rate in complex 3.2d was examined. As predicted, the rate of insertion is
accelerated in the presence of [Ph(H)N=C(H)Tol]" BAr',” [Table 3.2, entry 4]. The
effect of acid catalysis in imine migratory insertion is further investigated in the

following text.

Table 3.3: Influence of imine substituents on insertion rate.

@
o) —|®® BAI, CH3 —\ BArf4
(bipy)Pd)kCH3 1 Sf)nlcc ° (b'py)Pd
AN /O/Y “dgPhBr \©\
/
Z/Q/< H
3.2d-h 3.3d-h
Entry | Compound Y Z Kons (x 107 s7)?
1 3.2d H | CH, 8.2 (0.5)
2 32¢ | OCH; | CH, 8.4 (0.5)
3 321 NO, | CH, 8.8 (0.3)
4 329 H | OCH, 7.9 (0.6)
5 3.2h H | NO, 8.1(0.7)

a Determined by 'H NMR analysis of formation of 3.3d-h under 1 atm CO at 90°C in ds-

PhBr and 10-fold excess imine.

Discerning between paths A and B requires investigation into the nature of the
transition state, since both of these have identical kinetic behaviour. By probing the
electronic influences on insertion [Table 3.3], similar rates of imine insertion were found
by Rania Dghaym for all complexes with either electron donating or withdrawing
substituents.'* This leads us to conclude that the rate is independent of the electronic
properties of the imine, and suggests that the transition state has an almost identical
charge distribution on the imine ligand to that in the ground state; i.e. the polar features of
the imine in the o-coordinated imine palladium complex 3.3 are also present in the

transition state of insertion. In considering pathways A and B, this would be consistent
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with pathway B, where there is no change in the G-coordination mode of the imine (and
thus charge distribution).

This data leaves pathways B and D as the most plausible for imine insertion, both
of which involve a nucleophilic attack on the acyl ligand. However, as previously
mentioned, imine G-coordination to the palladium complex is required for insertion, as
manifested, for example, by the non-reactivity of the neutral palladium complex
(bipy)Pd(COCHj3)CI 3.7 towards insertion. This observation indirectly suggests that
insertion proceeds through an imine coordinated intermediate (e.g. complex 3.2) rather
than a CO coordinated intermediate (e.g. complex 3.4). However, to confidently
eliminate the possibility of path D as a mechanism a kinetic study varying the pressure of

carbon monoxide is critical. Thus, it will be presented further in the text.
3.1.2 My Results and Mechanistic Data Analysis
3.1.2.1 Base Additive Effect with Weakly Coordinating Imines

To further investigate the influence of acid on the rate of insertion for complex
3.2¢, the rate of imine insertion was determined in the presence of methyldiphenylamine
[Scheme 3.7]. The base traps any acid generated during the reaction, and does not
interfere with imine coordination to the metal center. As shown in Table 3.4, the rate of
imine insertion in the presence of 1 equivalent of base is inhibited, and similar to that
observed at high imine concentration (where acid is not generated). This is consistent
with the postulate that acid can accelerate imine insertion in complex 3.2¢, and thus we
can confidently eliminate any dependence of imine concentration on the rate of insertion.

Collectively, the kinetic observations rule out the possibility of path C.

O @
(bi )Pd)k(; Xe 1 atm CO (E\(B
oy ~(
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90 °C O= X @ )
P +  MeNPhy (bipy)P + MeNHPh, X
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_ L d

/H\ ds-PhBr >(
Tol
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Scheme 3.7: The effect of amine base on the rate of insertion for 3.2c.
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Table 3.4: Insertion chemistry of 3.2¢ with various ligands.

Entry | Compound L (M) Kope (x 107 g2 | Yield | Yield
3.3 3.11

1 3.2¢ - 6.2 (0.5) 4% | 23%
2 3.2¢ 0.58 M PhN=C(H)Tol | 2.0 (0.1) 94% | n/a
3 3.2¢ 0.07 M MeNPh, 2.4(0.1) 90 % | n/a

a Determined by 'H NMR analysis of formation of 3.3¢ under 1 atm CO at 90°C in ds-
PhBr with 0.067M 3.2¢; b 'H NMR yields; ¢ Could not be detected.

3.1.2.2 Effect of Carbon Monoxide Pressure on the Insertion Rate

The effect of CO pressure on the imine insertion rate was probed by monitoring
the kinetics of 3.3a formation by "H NMR spectroscopy [Figure 3.1]. The data shows
that at low CO pressures the rate of 3.3a formation is accelerated with increasing CO
concentration until a maximum rate is achieved at approximately 6 atm of CO. At

pressures of 6 atm of CO and greater, the insertion rate saturates.

4.5E-04
4.0E-04 m} *
3.5E-04 -
3.0E-04 1
2.5E-04 - *
2.0E-04 - 8

1.56-04 | *

Rate Constant, kobs (s™')

1.0E-04 1 0

5.0E-05

0.0E+00

0 1 2 3 4 5 6 7 8 9
CO Pressure, P (atm)

Figure 3.1: Plot of kqs vs. [CO] for the reaction of 3.2a to form 3.3a in the presence of
0.2 M (o) and 0.4 M (#) of MeN=C(H)Tol.
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The increase observed in the rate of imine insertion with increasing CO pressures
would appear to be most consistent with pathway D, i.e. increasing the concentration of
CO pushes the equilibrium towards 3.4, the active species for insertion in path D. The
acceleration by CO pressure would saturate when the equilibrium is saturated. However
the imine employed in this study, N-methyl tolualdimine, is strongly coordinated to the
palladium in 3.2a, and monitoring the reaction at all CO pressures reveals no evidence of
3.4. This suggests CO pressure is not significantly perturbing the equilibrium between
3.2 and 3.4 with complex 3.2a and saturation is not the result of saturating this
equilibrium. Consistent with this hypothesis, the rates of insertion for the various
pressures of CO were probed at two concentrations of imines and both sets of data
demonstrate similar rates [Figure 3.1]. These data suggest the concentration of 3.4 does
not influence the rate of imine insertion, and are inconsistent with path D.

This implies that insertion occurs most likely via path B, but raises the question of
what underlying role does CO pressure have in affecting the rate of insertion, especially
since CO pressure should not influence the rate of insertion step? In the case of ethylene
and carbon monoxide copolymerization catalyzed by nickel (II) complexes 3.13a,b
mechanistic studies revealed that five-coordinate species 3.15a,b have a lower barrier
towards insertion [Scheme 3.8]."° Insertion is observed to occur from both four- and
five-coordinate complexes 3.14 and 3.15 respectively, with the five-coordinate pathway
dominating at high pressures of carbon monoxide. Considering the similarity of this
system to ours for imine insertion it seems plausible that the increased rate of imine
insertion may be a result of CO coordinating to the apical site of the palladium complex
3.2 to generate a transient five-coordinate species.”’ Examining the ?C NMR spectra of
complex 3.2a under various “CO pressures (1, 4, 6 and 8 atm), two “C carbonyl
resonances are observed; the acyl resonance at ¢ 225.7 and a broadened resonance at o
184.1 (25 °C).'  This latter signal is in a similar position to free carbon monoxide (0
184.5), as well as that in related CO coordinated complexes (e.g. (phen)Pd(COCH;)CO"
8 174.1),"" suggesting the broadening may result from a rapid exchange between
uncoordinated and coordinated CO. Attempts to slow this exchange at low temperature (-
20 °C) were unfortunately unsuccessful, implying a low barrier to this exchange process.

This broadened *C NMR signal, together with the observed rate increase with CO
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pressure, implies that transient coordination of CO at the apical site of the palladium is
occurring. The latter would create a more electron deficient palladium metal center
through backbonding influences, which could aid insertion at high CO pressures. A
similar rate increase in imine insertion was observed when the electron withdrawing

groups are introduced of the ligand framework.'***
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Scheme 3.8: Mechanism of carbon monoxide insertion for Ni (II) complexes of 1,3-bis-
(diphenylphosphino)propane (dppp) 3.13a and 1,2-bis(bis(2-
methoxyphenyl)phosphino)ethane (o-OMe-dppe) 3.13b.

3.1.3 Mechanistic Picture of Imine Insertion into Palladium-Acyl 6-Bond

Previous studies by Rania Dghaym, Ph.D. showed through kinetic studies that
imine insertion does not involve the intermolecular nucleophilic attack of an
uncoordinated imine on the palladium-acyl imine complex (path C). In addition, indirect
evidence suggests the importance of imine coordination for insertion [Schemes 3.4 and
3.5], arguing against path D. The CO pressure effects on insertion rates presented here
confirm these deductions. Instead, imine insertion appears to occur via an intramolecular
reaction directly from complex 3.2. This leaves paths A and B as plausible mechanisms
for insertion.

While pathways A and B are kinetically indistinguishable, conceptually these
processes are quite different. Path A requires the nitrogen lone pair to dissociate from the

palladium center, allowing the orthogonal C=N m-bond to coordinate to the palladium
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center prior to insertion. In path B, 6-coordination of the nitrogen lone pair represents an
active intermediate that allows concerted nucleophilic attack on the acyl carbon. In
principle, these two mechanisms would be expected to have different electronic
influences on the reaction rate. The results by Rania Dghaym suggest path A is less
likely. In path A, the dissociation of the imine lone pair, and the m-coordination of the
C=N bond, is expected to be facilitated by substituents which decrease the imine’s o-
basicity and increase its backbonding ability (i.e. its electron acceptor ability).'"
However, the fact that all the rate data for imine insertion are within the experimental
error of one another strongly implies a dramatic change in the imine coordination
environment is not occurring. Accordingly, this argues against a significant de-
coordination of the nitrogen lone pair in the transition-state for imine insertion.

This intramolecular nucleophilic attack mechanism (path B) provides a
reasonable rationale for the effect of CO pressure on the reaction, where the rate of imine
insertion is enhanced with CO pressure without influencing imine binding. A transient
five-coordinate palladium complex with carbon monoxide at its apical site is a plausible
intermediate. Increasing the electrophilicity by the coordination of CO to complex 3.2
stabilizes the transition state for insertion.

Overall, our data suggests a concerted mechanism for imine insertion from
complex 3.2 [Scheme 3.9]. Here, the 6-coordination of the imine is a vital intermediate
for an intramolecular nucleophilic attack on the acyl ligand.”> This concerted mechanism
uses the polar features of the imine C=N bond to achieve insertion and is enhanced by
features that accentuate the electrophilicity of the palladium-acyl bond. This is consistent
with our observation that imine insertion into the palladium-carbon bond only occurs

after CO insertion to generate the acyl ligand.
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Scheme 3.9: Two proposed pathways involved in path B for the imine insertion
palladium-acyl bond: concerted intramolecular nucleophilic attack of imine on acyl

ligand.

3.1.4 Comparison of Imine to Olefin Insertion Mechanisms into Palladium-Carbon

Bonds

The intramolecular migratory insertion of alkenes into the palladium-methyl and -
acyl bonds of [(L,)Pd(R)(alkene)] BAr'y” 3.16a,b, 3.17 and 3.18 (defined in F igure 3.2)

1324 The similarity between these

have been the subject of thorough mechanistic studies.
complexes, and palladium-imine complexes 3.1a, and 3.2b allows for a direct
comparison of the factors influencing imine and olefin insertion in analogous palladium
complexes. The calculated free energy barriers™ for migratory insertion in these
literature systems, and imine complexes 3.1a and 3.2a are shown in Figure 3.2.
Assuming a minimal entropic contribution to AG* in the intramolecular insertion reaction,
the free energy barriers can be directly compared. These show that ethylene and propene

insertion into palladium-carbon bonds are significantly lower barrier processes than the

analogous insertion of the imine CH3N=C(H)Tol, by approximately 10 kcal/mol.
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Figure 3.2: Mechanism and kinetic barriers for ethylene, propene and imine insertion
into cationic palladium-carbon bonds. Value of AG¢C=N > 32 kcal/mol for R = CHj3

estimated from decomposition of 3.2a upon warming to 150 °C.

While this data suggests that imine insertion occurs with a significantly higher
barrier than alkene insertion, it is important to note that the imine in 3.2a is a trans-
disubstituted substrate, while the alkenes are sterically unencumbered ethylene and
propene. Indeed, to our knowledge, trans-aryl substituted alkenes have not been found to
be viable insertion polymerization monomers.

To gain a better comparison to alkenes, the rate of insertion with the simple
formaldimine H,C=NBn palladium complex 3.1i was examined [Scheme 3.10]. As
shown in Scheme 3.10, this imine inserts at a much lower temperature than that of 3.2a.
The conversion of 3.2i to 3.3i was monitored by 'H NMR spectroscopy at 25 °C and the
observed rate of insertion k,p, was 1.46 =+ 0.09 x 104 ! (AGI = 22.7 kcal/mol). Thus,
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alkene insertion into a palladium-carbon bond has a similar yet approximately 3-5

kcal/mol lower barrier than the analogous insertion of the formaldimine BnN=CHj.
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Scheme 3.10: The 2,1-migratory insertion of formaldimine H,C=NBn in complex 3.2i.

In addition to the rate differences, comparing the data for alkene and imine
insertion shows the latter is much more dependent on the type of Pd-carbon bond into
which it inserts. The barriers of insertion for olefins into analogous palladium-methyl
and -acyl ligands are roughly similar, whereas there is a dramatic difference in free
energy barriers for imine insertion.”® This is likely a direct consequence of the distinct
mechanisms by which imines and olefins undergo insertion in these systems. For the
concerted migratory insertion of alkenes into the Pd-R bond, the m-bound olefin does not
rely on the electrophilicity of the Pd-C bond to provide a low barrier route to insertion.
Consequently, alkenes have similar barriers of migratory insertion into both the
palladium-methyl and —acyl bonds (AG*c-c = ~18 kcal/mol). Conversely, the
mechanistic studies above suggest that imine insertion occurs directly from the o©-
coordinated complex, and involves interaction of the nucleophilic imine nitrogen with the
electrophilic palladium-acyl bond. Thus, in contrast to olefins, the complementarity
between the electrophilic Pd-C bond and nucleophilic C=N is of paramount importance to
imine insertion. The importance of this apparent mechanistic distinction between olefin
and imine insertion with cationic palladium complexes is illustrated in our attempts to
facilitate the formation of complex 3.3 by favoring imine m-coordination (i.e. increased
palladium backbonding, weakened imine G-donor ability, occupation of the nitrogen lone
pair). This not only fails to accelerate insertion, but often blocks the reaction. Therefore,
while imines can undergo migratory insertions into palladium-carbon bonds to generate

products analogous to those with olefins, the polarization of the C=N and Pd-C bonds,
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rather than involvement of m-coordination, appears to be the key factor to carrying out

this process with low kinetic barriers.
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3.2 Conclusion

These studies demonstrate that the migratory insertion of imines into palladium-
carbon bond is uniquely facilitated by the presence of an acyl ligand, which can be
generated in-situ upon initial insertion of carbon monoxide into the palladium-methyl
bond of 3.1. Our mechanistic data suggest that imine insertion is distinct from olefin
insertion and involves the concerted migratory attack of the G-coordinated imine to the
electrophilic acyl ligand. This mechanistic picture is consistent with previous theoretical
studies of this reaction and provide a reasonable rationale for the lack of examples of
imine 2,1-insertion into late metal-alkyl bonds that are less electrophilic. Considering
that carbon monoxide insertion to generate metal-acyl ligands is a relatively general
reaction for a wide variety of metal-alkyl complexes and that imine G-coordination is also
easily achieved, this low barrier mechanism for imine insertion could extend to a wide
variety of metal complexes. Indeed, we already observed that sequential CO/imine
insertion can also be achieved with cationic nickel complexes,27 neutral nickel complexes
(Chapter 2) and neutral manganese carbonyl complexes.”® The sequential insertion of
CO and imine could also enable using imines as olefin analogues in metal catalyzed
processes. Studies directed towards the latter are currently the subject of research in our

laboratory.
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3.3 Experimental Section

Unless otherwise noted, all manipulations were carried out under an inert
atmosphere in a Vacuum Atmosphere 553-2 drybox or by using standard Schlenck or
vacuum line techniques. NMR spectra were collected using a JEOL 270MHz
spectrometer.  Unless otherwise specified all reagents were used without further
purification: silver triflate (Aldrich, 99 %), carbon monoxide (Matheson, 99.98 %),
diphenylmethylamine (Aldrich, 96 %) and benzylbenzoate (Aldrich, > 99.0 %) were
dried over 4A molecular sieves before use. All solvents were freshly distilled and de-
gassed before use and stored under nitrogen over molecular sieves. Diethyl ether was
distilled from sodium benzophenone. Pentane, methylene chloride and bromobenzene
were distilled from CaH,. Deuterated solvents were dried as their protonated analogues,
but vacuum transferred from the drying agent. Aldimines were prepared using standard
literature procedures.” (bipy)Pd(CH3)CI* and NaBAr',*! were prepared according to
literature procedures. Complexes 3.1a-i, 3.2a-i and 3.3a-i were prepared according to the

procedure in Rania Dghaym’s thesis."*

3.3.1 Synthesis of [(bipy)Pd(CH3)(BnN=CH,)|'BAr'y" (3.1i)"*

(bipy)PdMeCl (100.0 mg, 0.32 mmol) and BnN=CH,; (76.3 mg, 0.64 mmol) were
dissolved in dichloromethane (ca. 10 mL). To this yellow solution, a slurry of NaBAr',
(283.0 mg, 0.32 mmol) in dichloromethane (ca. 5 mL) was added. The resulting mixture
was stirred for 90 min at ambient temperature providing a brown solution with a white
precipitate. The mixture was then filtered through a Celite plug. The filtrate was
concentrated down to approximately 3 mL in volume under vacuo and layered with
diethyl ether (ca. 5 mL) before cooling to -40°C for crystallization. Crystals were
collected by filtration and washed with pentane (ca. 3 x 3 mL).

Yield: 71%
'"H NMR (500 MHz, CD,Cl,): §8.57 (d, 1H, Juy = 5.0 Hz), 8.13-7.98 (m, 6H), 7.74-
7.57 (m, 15H), 7.43 (d, 1H, Juu = 4.6 Hz), 7.34-7.30 (m, 3H), 4.95 (s, 2H), 0.86 (s, 3H).
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3C NMR (500 MHz, CD,Cl,): § 164.3, 162.6, 162.2, 161.8, 161.4, 156.8, 152.8, 149.4,
147.4, 140.4, 139.9, 135.0, 133.4, 130.3, 129.7, 129.4, 129.2, 129.0, 128.7, 128.0, 127.2,
127.1,125.9, 123.7, 123.2, 122.4, 121.5, 117.7, 70.8, 31.9.

ESI-HRMS: calculated for C19H2oN;Pd”™ (M") 396.06947; found 396.06866.

3.3.2 Synthesis of [(bipy)Pd(n*-CH,N(Bn)COCH;)]'BAr'y~ (3.3i)"

[(bipy)Pd(CH3)(BnNZCH2]+BArf4' 3.1i (189.0 mg, 0.15 mmol) was dissolved in
CH,ClI; (ca. 5 mL) in 50 mL reaction bomb. The solution was placed under 1 atm of CO
(15 psi) and stirred at ambient temperature for 1 hour. The reaction was the heated at 50
°C for 3 hrs. The solution was filtered through a Celite plug, filtrate was layered with ca.
5 mL of diethyl ether, and cooled to -40 °C overnight. The crystalline solids were
collected by filtration, washed with pentane (3 x ca. 5 mL) and dried under vacuo
overnight to yield a beige powder.
Yield: 93%
"H NMR (500 MHz, CD,Cl,): § 8.70 (d, 1H, Juy = 4.4 Hz), 8.17-8.12 (m, 5H), 7.99 (d,
2H, Juy = 6.6 Hz), 7.74 (s, TH), 7.57 (s, SH), 7.47-7.41 (m, 4H), 7.27 (s, 2H), 4.57 (s,
2H), 4.18 (s, 2H), 2.37 (s, 3H).
BC NMR (500 MHz, C¢DsBr): § 181.0, 162.9, 162.5, 162.1, 161.7, 155.8, 151.9, 150.1,
148.1, 139.6, 139.3, 135.1, 133.4, 130.7, 130.3, 130.0, 128.8, 128.3, 128.0, 126.9, 126.8,
125.9,123.7,122.8, 122.1, 121.5, 117.7, 55.5,49.9, 19.6.
ESI-HRMS: calculated for C,0H20N3PdO"™ (M) 424.06418; found 424.06357.

3.3.3 Kinetic Experimental

Imine insertion rate constants were measured by integrating the 'H NMR
spectroscopy product peaks of 3.3 relative to the internal standard benzylbenzoate. A
general protocol follows. Complex 3.1a (38.2 mg, 0.030 mmol) and a 10-fold excess of
CH3;N=C(H)Tol (40.0 mg, 0.30 mmol) were dissolved in ds-bromobenzene (1.10 g, 6.79
mmol, 0.04 M) and transferred to a J-Young capped NMR tube. 1 atm of CO (14.70 psi)
was added to the NMR tube, resulting in the formation of a bright yellow solution. The

- 81 -



solution was left to stand at ambient temperature for 30 min to ensure the palladium-acyl
complex was fully formed. The NMR tube was then placed in a thermostat NMR probe
and the spectra were collected periodically. The rate data collected for the formation of

3.3 was fitted to a first order plot to calculate the observed rate constant (Kyps).

3.3.4 Influence of CO Pressure on Imine Insertion

Modifications to the general protocol involve varying the carbon monoxide
pressures. For pressures from 1 to 4 atm (14.70 to 58.80 psi) J-Young capped NMR
tubes were used, however for pressures from 5 to 8 atm (73.50 to 117.60 psi) Parr high-

pressure NMR tubes were used.

3.3.5 Influence of Base Additive on the Imine Insertion in 3.2¢

The general procedure was applied with the following modifications. The
concentration of the experiment was modified to 0.07M. Complex 3.1¢ (29.7 mg, 0.048
mmol) and MeNPh;, (8.8 mg, 0.048 mmol) were dissolved in ds-bromobenzene (1.10 g,
6.79 mmol, 0.07M) and transferred to a J-Young capped NMR tube. The remaining

protocol is as described in the general procedure.
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& APPENDIX A

'H and *C NMR spectra for Chapter 2
Compounds 2.11a-m,p, 2.12a-d, 2.15a-d and 2.17a-d



'H and “C NMR of (2.11a)
(6-phenvl-2-((2.6-diisopropvlphenyl)iminomethyl)phenoxide)Ni(CH;)(pyridine)
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'H and C NMR of (2.11b)
(6-phenvl-2-((2,6-diisopropvlphenyl)iminomethyl)phenoxide)Ni(CH53)(/N-methyl

tolualdimine)
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'H and ®C NMR of (2.11¢)
(6-phenvyl-2-((2,6-diisopropylphenyl)iminomethyl)phenoxide)Ni(CH;3)(/N-benzyl

tolualdimine)
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'H and ®C NMR of (2.11d)
(6-phenvl-2-((2.6-diisopropylphenyl)iminomethyl)phenoxide)Ni(CH3)(3.4-

dihydroisoquinoline)
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'H and ®C NMR of (2.11¢)
(2-((2.6-diisopropylphenyl)iminomethyl)phenoxide)Ni(CH3)(/N-methyl tolualdimine)
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'H and *C NMR of (2.11f)
(2-((2,6-diisopropylphenyl)iminomethyl)phenoxide)Ni(CH3)(/N-benzyl tolualdimine)
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'H and “C NMR of (2.11g)
(2-((2,6-diisopropylphenyl)iminomethyDphenoxide)Ni(CHj3)(3.4-

dihydroisoquinoline)
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'H and *C NMR of (2.11h)
(4-fluoro-2-((2.6-diisopropylphenyliminomethyl)phenoxide)Ni(CH;)(N-methyl

tolualdimine)
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'H and *C NMR of (2.11i)
(4-fluoro-2-((2.6-diisopropylphenyDiminomethylDphenoxide)Ni(CH3)(/N-benzyl

tolualdimine)
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'H and C NMR of (2.11j)
(4-fluoro-2-((2.6-diisopropylphenv)iminomethyl)phenoxide)Ni(CH;)(3.4-

dihydroisoquinoline)
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'H and *C NMR of (2.11k)
(4-nitro-2-((2,6-diisopropvlphenyl)iminomethyl)phenoxide)Ni(CH;)(N-methyl

tolualdimine)
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'H and *C NMR of (2.111)
(4-nitro-2-((2,6-diisopropylphenyl)iminomethyl)phenoxide)Ni(CH5)(N-benzyl

tolualdimine)
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'H and *C NMR of (2.11m)
(4-nitro-2-((2.6-diisopropylphenyl)iminomethvDphenoxide)Ni(CH3)(3.4-

dihydroisoquinoline)
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'H and *C NMR of (2.11p)
(6-phenvl-2-((2.6-diisopropylphenyl)iminomethyl)phenoxide)Ni(Ph)(3.4-

dihydroisoquinoline)
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'H and C NMR of (2.12b)
bis(2-((2.6-diisopropylphenyDiminomethyl)phenoxide)Ni
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'H and C NMR of (2.12¢)
bis(4-fluoro-2-((2.6-diisopropylphenvyl)iminomethyDphenoxide)Ni
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'H and ®C NMR of (2.12d)

bis(4-nitro-2-((2,6-diisopropvlphenvDiminomethyl)phenoxide)Ni
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'H and “C NMR of (2.15a)

Acetic acid 3-((2,6-diisopropylphenyl)iminomethvl)-biphenvyl-2-vyl ester
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'H and C NMR of (2.15b)
Acetic acid 2-((2,6-diisopropvlphenyl)iminomethyl)-phenyl ester
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'H and C NMR of (2.15¢)
Acetic acid 2-((2,6-diisopropvlphenyl)iminomethyl)-4-fluoro-phenyl ester
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'H and C NMR of (2.15d)
Acetic acid 2-((2,6-diisopropylphenyl)iminomethyl)-4-nitro-phenyl ester
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'H and C NMR of (2.15¢)
Benzoic acid 3-((2,6-diisopropylphenyl)iminomethyl)-biphenyl-2-vyl ester
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'H and “C NMR of (2.17a)
meso N,N’-diacyl-1,1°.2.2°.3.3°.4.4’-octahydro-1,1’-biisoquinoline
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'H and C NMR of (2.17b)
dl N,N’-diacyl-1.1,2.2°.3.3°.4.4’-0octahydro-1.1’-biisoquinoline
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'H and ®C NMR of (2.17¢,d)
meso, dl N,N’-dibenzovl-1,1°.2.2°.3.3°.4.4’-octahvdro-1.1’-biisoquinoline
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& APPENDIX B %

'H and *C NMR spectra for Chapter 3
Compounds 3.1i and 3.3i



"H and C NMR of (3.1i)
[(bipy)Pd(CH;)(BnN=CH,)]'BAr',
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'H and *C NMR of (3.3i)
[(bipy)Pd(M*-CH,N(Bn)COCH;)] 'BAr',
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