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Abstract

This thesis describes the development of new palladium and nickel catalyzed
carbonylation reactions to efficiently and rapidly generate products with minimal waste. These
reactions can be carried out using commercially and/or readily available starting materials,

including imines, acid chlorides, aryl iodides, alkynes, alkenes and carbon monoxide.

In chapter 2, we describe a palladium catalyzed carbonylative synthesis of
polysubstituted imidazoles. This transformation involves a tandem catalytic process, where a
single palladium catalyst mediates both the carbonylation of aryl halides to form acid chlorides,
as well as cyclocarbonylation of o-chloroamides, to generate 1,3-dipoles. Finally, a
regioselective 1,3-dipolar cycloaddition with electron poor imines furnishes tetra-substituted
imidazoles. Overall this provides a route to prepare imidazoles from five readily available

building blocks: two electronically distinct imines, aryl halides and two molecules of CO.

In chapter 3, we describe a nickel catalyzed approach to synthesize of isoindolinones via
the carbonylation of aryl iodides in the presence of imines. In this, the nickel catalyzed in situ
generation of acid chlorides via aryl halide carbonylation allows the formation of
a-chloroamides, which in turn undergo an intramolecular cyclization to form isoindolinones.
This reaction offers an efficient alternative to traditional syntheses of isoindolinones, which often

require the initial assembly of the appropriate aryl-tethered precursors for cyclization.

In chapter 4, we describe the development of a palladium catalyzed, electrophilic
approach to the carbonylative C-H bond functionalization of a range of heterocycles.
Mechanistic studies show that the Pd/P'Bus catalyst can mediate the in situ formation of highly
electrophilic aroyl iodide intermediates, which react with heterocycles forming aryl-(hetero)aryl
ketones. This provides a general methodology to construct ketones from aryl iodides and electron
rich heterocycles without the need to prefunctionalize the heterocycle, install directing groups, or

exploit high energy starting materials (e.g. acid chlorides).

Chapter 5 describes mechanistic studies on the palladium catalyzed multicomponent

synthesis of 1,3-oxazolium-5-olates (Miinchnones). Previous work in our laboratory has shown
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that Miinchnones can be generated via the palladium catalyzed multicomponent coupling of acid
chlorides, imines and CO. In order to better understand this reaction, we synthesized and
characterized key reactive intermediates, studied stoichiometric model reactions, and performed
kinetic studies on catalytic reaction. These allowed the elucidation of the role of the catalyst
structure, rate determining steps, as well as the importance of off cycle steps in this

transformation.

In chapter 6, we show how the mechanistic insights laid out in the previous chapter can
be applied to create a highly active catalytic system for synthesis of 1,3-oxazolium-5-olates. By
employing a sterically encumbered pyrrole-based phosphine ligand, which can be more easily
displaced by carbon monoxide for carbonylation, we have created a catalyst that is more than ten
times more active that previous systems for this reaction. When coupled with alkyne
cycloaddition, this offers a broadly generalizable route to form polysubstituted pyrroles from
simple imines, acid chlorides and alkynes. This approach has been applied to the

multicomponent synthesis of Atorvastatin (i.e., Lipitor).



Résumé

Cette these décrit le développement de nouvelles réactions de carbonylation catalysées au
palladium et au nickel pour générer efficacement et rapidement des produits avec un minimum
de pertes. Ces réactions peuvent étre effectuées en utilisant des sources commerciales et/ou des
composés de départ facilement disponibles, comme des imines, chlorures d’acide, iodures

d’aryle, alcénes, alcynes, et le monoxyde de carbone.

Dans le chapitre 2, nous décrivons la synthése carbonylative d’imidazoles polysubstitués
catalysée au palladium. Cette transformation repose sur un procédé tandem ou un seul catalyseur
de palladium est impliqué autant dans la carbonylation des halogénures d’aryle que dans la
cyclocarbonylation des a-chloroamides, pour générer des 1,3-dip6les. Finalement, une
cycloaddition 1,3-dipolaire régiosélective avec des imines pauvres en électrons produit des
imidazoles tétrasubstitués. Globalement, ceci procure une voie efficace pour préparer des
imidazoles a partir de cinq composantes disponibles et faciles d’approche : deux imines
¢lectroniquement distinctes, halogénures d’aryle ainsi que deux molécules de monoxyde de

carbone.

Dans le chapitre 3, nous décrivons une approche catalysée au nickel a I’égard de la
synthese d’isoindolines via la carbonylation d’iodures d’aryle en présence d’imines. La
génération in situ catalysée au nickel de chlorure d’acide via la carbonylation d’halogénure
d’aryle permet la génération de a-chloroamides, qui a son tour subit une cyclisation
intramoléculaire pour former des isoindolinones. Cette réaction offre une alternative efficace aux
synthéses traditionnelles d’isoindolinones, qui pour la plupart demandent 1’assemblage initial des

précurseurs appropriés pour la cyclisation contenant des aryles préalablement connectés.

Dans le chapitre 4, nous décrivons le développement d’une approche électrophile
catalysée au palladium a I’égard de la fonctionnalisation C-H carbonylative d’une gamme
d’hétérocycles. Des études mécanistiques montrent que le catalyseur Pd/P'Bus peut générer in
situ des iodures d’acyles hautement électrophiles qui réagissent avec des hétérocycles formant
des cétones de type aryl-(hétéro)aryl. Ceci fournit une méthodologie générale pour construire des

cétones a partir d’iodures d’aryle et d’hétérocycles riches en électrons sans le besoin de



préfonctionaliser ces derniers, d’installer des groupes directeurs ou d’exploiter des composés de

départ hautement énergétiques (p. ex. chlorures d’acide).

Le chapitre 5 décrit les études mécanistiques sur la synthése multicomposante de 1,3-
oxazolium-5-olates (Miinchnones) catalysée au palladium. Les travaux précédemment faits dans
notre laboratoire ont montré que les Miinchnones peuvent étre générés via un couplage
multicomposante de chlorure d’acide, d’imines et de monoxyde de carbone catalysé¢ au
palladium. Afin de mieux comprendre cette réaction, nous avons synthétisé et caractérisé les
intermédiaires réactifs clés, ¢étudié des réactions stoechiométriques et effectué¢ des études
cinétiques sur des réactions catalytiques. Ceux-ci ont permis d’¢lucider le role de la structure
catalytique, les étapes cinétiquement déterminantes, ainsi que 1’importance des étapes hors cycle

dans cette transformation.

Dans le chapitre 6, nous montrons comment les connaissances décrites dans le chapitre
précédent peuvent étre appliquées pour créer un systéme catalytique extrémement actif pour la
synthese de 1,3-oxazolium-5-olates. En utilisant un ligand phosphine encombré de type pyrrole,
qui peut plus facilement étre remplacé par le monoxyde de carbone pour la carbonylation, nous
avons créé un catalyseur qui est dix fois plus actif que le systéme précédant pour cette réaction.
En combinaison avec la cycloaddition d’alcynes, ceci offre une voie générale pour former des
pyrroles polysubstituées a partir d’imines simples, de chlorures d’acide et d’alcynes. Cette

approche a été appliquée a la syntheése multicomposante de 1’ Atorvastatin (i.e. Lipitor).
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Chapter 1. Introduction: Palladium and Nickel Catalyzed Carbonylation

Reactions

1.1. Perspective

The field of transition metal catalysis has undergone a dramatic expansion in the last 50
years. Areas as diverse as organic chemistry, pharmaceutical and agrochemical synthesis,
polymer chemistry, fine chemical production, materials science, and many others all now exploit
transition metal catalysis as a routine, and often integral, tool for molecular synthesis. A plethora
of new catalytic reactions have been developed during this period, which can allow, for example,
the efficient manipulation of functional groups, the formation of products with high selectivity,
or coupling reactions to form new bonds. An important example of this area is the rapid
evolution of palladium catalyzed cross-coupling reactions (Scheme 1.1a).! These transformations
can provide a mild method to generate carbon-carbon and related carbon-heteroatom bonds from
stable reagents, and are at the core of many current pharmaceutical syntheses. This field was

highlighted in the 2010 Nobel Prize in chemistry awarded to R. Heck, E. Negishi and A. Suzuki.

a) Transition Metal Catalyzed Cross-Coupling Reactions

Ar—X + R-M Pd or Ni cat. Ar—R'
- MX

M = Sn - Stille Coupling

M = B - Suzuki Coupling

M = Zn - Negishi Coupling
M = Mg - Kumada Coupling
M = Si - Hiyama Coupling

b) Pd and Nickel Catalyzed Carbonylation Reactions

Pd or Ni cat.
- H(M)X Ar Nu (R")

Ar—X + CO + Nu-H(M)

Scheme 1.1. Palladium and Nickel Catalyzed Cross-Coupling and Carbonylation

Reactions.
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A useful variant of cross-coupling reactions are palladium catalyzed carbonylative
coupling reactions (Scheme 1.1b).> Unlike cross-coupling reactions, which typically generate
inert aryl-aryl or aryl-alkyl bonds, carbonylative coupling reactions provide a route to
incorporate a reactive carbonyl group into the final product. While classical approaches to
prepare carbon-containing products typically involve coupling reactions with carboxylic acid
derivatives using high energy stoichiometric reagents and additives (e.g. SOCI,, PCl;,
carbodiimides (DCC), etc.), palladium catalyzed carbonylation reactions form these same
products using simple carbon monoxide, which is one of the most readily available feedstocks in

the chemical industry.*

Since the seminal work of Heck in the 1970s, a tremendous variety of palladium and
nickel catalyzed carbonylative coupling reactions have been developed.’ The products of these
transformations are aldehydes, ketones or carboxylic acid derivatives, which are vital
intermediates or products in the manufacture of pharmaceuticals, dyes, agrochemicals and other
industrial products. Representative examples are shown in Figure 1.1.° Thus, the development of
simple, cost-efficient and reliable carbonylation methodologies continues to be of great interest.
This chapter will highlight the general types of these transformations, including examples of
efforts towards creating new catalysts (Section 1.2), their application to more elaborate products
(Section 1.3), and new uses in C-H bond functionalization (Section 1.4). This will provide the
background for this thesis, which is focused upon development of new nickel and palladium
catalyzed carbonylation reactions of utility in heterocycle synthesis, as well as new platforms for

carbonylative C-H bond functionalization.
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Figure 1.1. Representative Examples of Pharmaceuticals and Chemical Intermediates
Produced via Aryl-Halide Carbonylation.

1.2. Palladium and Nickel Catalyzed Aryl-Halide Carbonylation Reactions
1.2.1. Overview of Mechanism

Palladium and nickel catalyzed carbonylation reactions cover a large number of closely
related transformations in which carbon monoxide is coupled between an organic R-X
electrophile and nucleophile. These most commonly involve the use of (hetero)aryl- or vinyl-
halides as the electrophilic substrate, although alkyl and related sp’® C-X bonds can also be
employed. A number of studies have been conducted to elucidate the exact mechanism of
carbonylation reactions.” The most commonly involved mechanism for these reactions is

outlined in Scheme 1.2.

26



Pd(Il) precatalyst
1.1

0
R)J\Nu Al

L,Pd(0) R-X
c 1.2 \
B

O-__R
R
L—Pld-Nu L-pld-x
L L
1.6 1.3
HX E c/ CO
O-__R
NuH R
L-Pd-X OC-Pd-X
L ~_ Db ~
1.5 1.4

Scheme 1.2. Simplified Mechanism for Alkoxy- or Aminocarbonylation Reactions.

Carbonylation reactions typically require initiation steps (A) to activate the pre-catalyst
(1.1). Many readily available (and oxygen stable) palladium precursors are Pd(I) salts, which
must be converted to Pd(0) in order to enter the catalytic cycle. Catalyst reduction can be
achieved in situ with added ligand (e.g. phosphines), amine base, or CO itself, each of which can
be oxidized to convert Pd(Il) to Pd(0). Once reduced, the ligated Pd(0) complex can then
undergo oxidative addition of the aryl halide electrophile (B). This step, which is common in
most cross coupling reactions, has been widely investigated, and is typically favored by electron
rich phosphine ligands, as their donation into palladium lowers the activation barrier for the
formal oxidation of palladium to form 1.3.7%* The oxidative addition propensity of aryl halides
is strongly dependent upon the halide in the substrate, and typically follows the trend: Ar-1> Ar-
Br > Ar-OTf > Ar-C1.> This reflects to a large degree the strength of these bonds. For example,
while the relatively weak carbon-iodide bond in aryl iodides can be activated by a range of
palladium catalysts, highly sterically encumbered or bidentate ligands are often required for the
aryl-chloride or -triflate carbonylations.” In general, carbonylation reactions can suffer from

lower rates of oxidative addition relative to cross-coupling reactions due to the presence of CO in
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the reaction mixture. Carbon monoxide is a strong m-backbonding ligand, and its coordination

can reduce electron density on palladium, thus slowing oxidative processes.

The next step in carbonylation is the migratory insertion of the CO into Pd-C bond. This
requires the initial coordination of CO to palladium, and, for smaller phosphine ligands, is
typically postulated to involve CO displacement of a coordinated phosphine (C). In the case of
more sterically encumbered phosphines, which generate coordinatively unsaturated Pd(0), CO
can coordinate to an empty Pd(II) coordination site, or may even be present on palladium during
oxidative addition. The insertion of CO into the Pd-Ar bond is influenced by the strength of the
Pd-CO and Pd-C bonds. Generally, electron withdrawing groups in the Ar group decrease the
rate of carbonylation in comparison to electron donating groups, since it strengthens the Pd-C
bond. On the other hand, electron rich ligands increase the backbonding to CO, thus for reactions
where oxidative addition is not rate determining, aryl substituted phosphines often can yield

faster reactions than the corresponding alkyl phosphines.”

The last steps of the catalytic cycle are the reaction of 1.5 with the nucleophile and
elimination of the product. Variation of the nucleophile can lead to a range of different products.
For example, early studies of aryl halide carbonylation often employed alcohol or amine
nucleophiles (alkoxy- and aminocarbonylation respectively). Initial observations by Heck
suggested a direct nucleophilic attack on palladium aroyl ligand in 1.5 leads to the product.
However extensive kinetic studies by Yamamoto and others have shown that the operating
mechanism for most is the coordination of the deprotonated nucleophile to palladium generating

1.6 (Step E) followed by reductive elimination (Step F).>7>°

A number of other reagents can be employed as the nucleophile component in the
reactions (Scheme 1.3.). For example, the use of terminal alkynes as coupling partners generates
a range of alkynones. It is believed that alkyne m-coordination allows for an easy deprotonation
of the terminal C-H bond, thus generating an Pd-acetylide which in turn can reductively
eliminate the product. Hydrogen can also be employed as the coupling partner to form aldehydes.
In a different mechanism, the use of alkenes in carbonylation reactions leads to the synthesis of
chalcones, where an alkene insertion and B-hydride elimination are the product forming steps.
Aryl and alkyl organometallic reagents can be similarly employed as the coupling partners to

undergo a transmetallation step prior to reductive elimination to form ketone products. The use
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of high CO pressure in aminocarbonylation reactions can lead to palladium coordinated CO to
react with the amines forming palladium carbamoyl species, which upon reductive elimination

form 1,2-ketoamides.

a) Alkynes as Nucleophiles

O @) o
L,Pd e
Ar—X +cO —— LnPd\)J\Ar _R=_ and)J\Ar . Ar)\
X A
L - R _;: H R
b) H, as a Nucleophile )
O
@]
L,Pd O
Ar—X +cO ——= LnPd\J\Ar _ H Mo .
X L,Pd_ "Ar Ar H
- - H
c) Alkenes as Nucleophiles
O
L,Pd I R j\ O
A—X +CO —— |L,Pd] Ar LPd” Sar| — AMR
r
L] R~
d) Organometallic Reagents as Nucleophiles
~ o 1 o
L,Pd ) L o)
Ar—X +CcO — LnPd\)J\Ar _RM LPd” A P
X R Ar R
‘e) Double Carbonylaton
O o)
O H
L,Pd CO, RNH
Ar—X +CO —— LnPd\J\Ar =2 Jo | — Ar)HfN\R
X L,Pd ér 5
RHN

Scheme 1.3. Transition Metal Catalyzed Carbonylation Reactions with Nucleophiles.

1.2.2. Nickel Catalyzed Carbonylation Reactions

In 1888, Ludwig Mond reported the first nickel-carbonyl complex, Ni(CO)4,'* as the
product of the reaction of impure nickel ores and carbon monoxide. The unusual properties of
Ni(CO)4 — it has a boiling point near ambient temperature — allowed for the facile purification of

nickel metal, and thus initiated the development of organonickel chemistry. In the first part of
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20" century, Walter Reppe at BASF developed several industrially important nickel catalyzed
carbonylations of acetylene, ethene and benzylic alcohols, which are now more commonly

referred to as Reppe carbonylations or Reppe chemistry (Scheme 1.4).!!

O
= Ni(CO t.
R// +CO + H,0 I(CO)4 ca R/\)J\OH
(0]

AL +CO+H0 Ni(CO), cat. R/\)J\OH

o

Ni(CO), cat.
\(OH . CO (CO)4 \HJ\OH

Ar Ar

Scheme 1.4. Nickel Catalyzed Carbonylation of Alkynes, Alkenes and Alcohols.

It was not until 1954 when Yamamoto and Sato reported the first nickel catalyzed
carbonylation of aryl halides. In this work, 1 mol% of nickel(II) iodide was found to catalyze the
carbonylation of aryl-iodides and —chlorides into carboxylic acids at very high temperatures and
pressures (250-300 °C, 250 atm CO).!? The use of iodobenzene resulted in the quantitative

formation of benzoic acid, whereas chlorobenzene led to diminished yields.

0]
- Nil, 1 mol% B
R +CO + H,0 >R
= 250-300°C, 250 atm =
X=Cl, | 9 examples
31-100 %

Scheme 1.5. Nickel Catalyzed Hydroxycarbonylation of Aryl Halides.

Several mechanistic studies on the Ni(CO)4 catalyzed carbonylation of aryl halides were
conducted by Mizoroki group between 1967 - 1971 (Scheme 1.6a).!* The carbonylation of 1-
bromonaphtalene or bromobenzene were used as the model system in this work. Kinetic studies

show that rate of catalysis is dependent on concentration of aryl bromide, water and Ni(CO)4 and
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inversely related to CO pressure (Scheme 1.6b). This was rationalized by an initial, disfavored
displacement of CO from Ni(CO)4 to form Ni(CO); for the rate determining oxidative addition of
the aryl bromide. In this scenario, the oxidative addition of aryl halide to Ni(CO)3 is in
competition with recombination with CO to form Ni(CO)s. As the regeneration of Ni(CO)s is
rapid (especially at the high CO pressures used to drive this reaction), and Ni(CO);3 is an electron
deficient Ni(0) complex that disfavours oxidative addition, this can create a significant barrier to
the formation of the aryl halide oxidative addition product. Interestingly the kinetics under lower
pressure (below 150 atm) are much different: rate o< [Ni(CO)4][KOAc]. This was explained by
the slow regeneration of Ni(CO)4 at the end of catalytic cycle from Ni(CO)»(H)Br.

a) Aryl Bromide Hydroxycarbonylation

Br Ni(OAc),4H,0
P KOAc P
- +CO + Hy0 '
Lo 200 atm, 200°C, Sep-

1.5h

b) Postulated Mechanism
KOAc, CO _ Ni(CO); _ ,

A

0O (OC)Ni. Ni(CO)3

)J\ Br
Ar” “OH j\ ks |,— Ar-Br
H0 '\ Q

Ar /Ar
(OC)2Ni (OC)3Ni
Br~_ ~ Br

k1 [Ni(CO)4][H,O][ArBr]
ko [PCO]

rate = ks

Scheme 1.6. Model System for Nickel Catalyzed Hydroxycarbonylation of Aryl Halides.

Cassar and Foa demonstrated that nickel catalyzed carbonylations can be performed at

just 1 atmosphere of CO by using highly polar solvents and Ca(OH), base.'* Kinetic studies of
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this reaction indicated that the reaction is autocatalytic, where the buildup of chloride and
bromide ions throughout the course of the reaction allows the generation of the active nickel
catalyst - [Ni(CO);X] (X = Cl, Br). Polar solvents stabilize this ionic intermediate in the reaction
mixture. Consistent with this postulate, if stoichiometric amounts of chloride salt are added to the
reaction mixture, the reaction is no longer autocatalytic and instead displays simple first order
kinetics in aryl halide concentration. Based on Hammett plots and kinetic studies, it was

suggested that oxidative addition is the rate determining step in this system.

(0]
X Ni(CO)4 20 mol%
Ca(OH), 1.0 eq. OH
R +CO >R
DMSO, 1 atm
110°C, 6 h
X =Cl, Br 12 examples
80-97 %

Scheme 1.7. Nickel Catalyzed Hydroxycarbonylation of Aryl Halides.

The Alper group developed a more mild aryl iodide carbonylation using a commercially
available Ni(CN); catalyst (90°C, 1 atm CO, Scheme 1.8).!> The reaction was shown to afford
carboxylic acids with a range of aryl iodides, and even 2-thiophenyliodide. It is believed that
[Ni(CO);CN] is generated in situ in this system, and upon CO dissociation forms a more
electron rich nickel complex, Ni(CO)CN™ (relative to Ni(CO)3), for oxidative addition of the
aryl iodide. Interestingly the presence of tetraalkylammonium bromide is critical for this
transformation, and no carbonylation was observed in the absence of the organic salt. The
authors suggest that the role of this phase-transfer catalyst could be the dissolution of Ni(CN); in
the toluene solvent, as well as providing a solvent cage for a radical pair that may be generated

upon a single electron transfer mechanism from the aryl iodide.
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O

Ni(CN)24H,0 10 mol%
I NaOH 5.0 eq. OH 9 examples
R + CO R up to 100% yields
Toluene, C16H33(CH3)3NBr

1 atm, 90°C, 16 h A

Y
|

S .
[(CO)(CN)Ni]~ ~"~"" > | (CO)(CN)Ni +

Scheme 1.8. Nickel Catalyzed Hydroxycarbonylation of Aryl Halides Using a

Tetraalkylammonium Bromide.

Unlike studies with palladium catalysts (vide infra), strong donor ligands such as
phosphines are not generally employed in nickel catalyzed carbonylation reactions. This is
presumably the result of their formation of even more stable (phosphine)nickel-carbonyl
complexes that cannot readily lose CO to enter the catalytic cycle, e.g., a disfavoured equilibrium
of (R3P)Ni(CO); 5 (R3P)Ni(CO)2 + CO. However, Giannoccaro and coworkers showed that
Ni(CO)2(PPh3), can catalyze the aminocarbonylation of aryl iodides.!® A range of primary
anilines as well as secondary aryl, alkyl-amines were viable reaction partners affording the

amides in moderate to good yields. This reaction does require high temperatures and CO

pressures.
0] 7
| H,N R
N 2 Ni(CO),(PPhs), 2 mol% NN
R +CO+ R? R H
_ CgHe, 180°C, 40 atm _
21 examples

up to 95% yield

Scheme 1.9. Nickel Catalyzed Aminocarbonylation of Aryl Halides.

Nickel catalyzed carbonylations have also been applied to more elaborate products. For

example, Prichard observed in 1956 an unusual carbonylation of aryl halides in the presence of
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Ni(CO)4 catalyst and Na,COs to form phthalic anhydrides (Scheme 1.10).!7 1In this system, aryl
halides are postulated to be initially converted to benzoic anhydrides, presumably via the initial
generation of benzoic acid, which can act as the nucleophile in a second carbonylation.
Interestingly, however, the benzoic anhydride is found to undergo a rearrangement under the
reaction conditions to phthalic anhydrides and arenes. While the exact mechanism of the latter
step remains unclear, control experiments suggest that Ni(CO)s and CO are required to convert
benzoic anhydride to phthalic anhydride. This may represent an early example of chelation

assisted arene C-H functionalization via the mechanism shown below.

Ni(CO)4 6 mol%

X
Na,CO3 0.5 eq.
R Toluene, 275°C,

R R
100 atm, 2h @]
N 6 examples //
'\ up to 47% yield
_ o o —
0 0 o
O .
(CO)}Ni. H R
R R & R
R
— R —

Scheme 1.10. Nickel Catalyzed Carbonylative Synthesis of Phthalic anhydrides.

1.2.3. Palladium Catalyzed Carbonylation Reactions

While nickel catalysts have been known for some time to mediate aryl halide
carbonylations, the pressing condition required for the reaction, moderate scope, and toxicity of
Ni(CO)4, have limited their utility. A significant advance in the field was the report by Heck in

1974 using palladium complexes to catalyze aryl halide carbonylation.>®

In this study, it was
found that aryl-iodides and -bromides could undergo carbonylative coupling with n-butanol with
1.5 mol% of Pd(OAc)> or PdBr2(PPh3), catalyst to form esters (Scheme 1.11a-b). Importantly,
and unlike many nickel catalyzed carbonylations, this transformation proceeds at relatively mild

temperatures (100 °C) and pressures (1-2 atm CO). Aryl halides bearing electron withdrawing
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groups increased the reaction rates, while electron donating groups slowed the reaction,

suggesting that oxidative addition was at least partially involved in the rate determining step.”®

In addition to aryl iodides, a range of vinyl iodides and bromides were found to be similarly

converted to the corresponding esters in goods yields. However, this reaction forms a mixture of

cis and trans products. In a follow-up report, Heck described analogous aminocarbonylation

reaction with aniline derivatives as the nucleophile (Scheme 1.11¢-d).>®

a) Aryl Halide Alkoxycarbonylation

Pd(OAc), or O
PdBr,(PPh3), 1.5 mol%

I
R +CO + BuOH NaOAc 1.0 eq. R OBu
1-2 atm CO

100°C, 20-48 h

9 examples
up to 89% yield

b) Vinyl Halide Alkoxycarbonylation
Pd(OAc), or

R2 PdBry(PPhs), 1.5 mol%  R* O
X NaOAc1.0eq. _ J\(U\
1 + CO + NuH > pl
R J\( 1 atm CO R Nu
R3 R®

60-100°C, 2-48 h
16 examples

X =1,Br up to 83% yield

c) Aryl Bromide Aminocarbonylation

O
Br PdBry(PPh3), 1.5 mol% R
R +CO + RNH, NaOAc1.0eq. _ R ”
1-2 atm CO
100°C, 2-10 h 9 examples

up to 94% yield

d) Vinyl Halide Aminocarbonylation

R2 PdBrz(PPh3)2 1.5 mol% R2 O
NaOAc 1.0 eq. )\Hk
X > N
1 + CO +RNH > 1
R JYS 2 1 atm CO R , Nu
R o R
60-100°C, 1-10 h 9 examples
X=1,Br up to 88% yield

Scheme 1.11. Palladium Catalyzed Amino and Alkoxy-Carbonylation.
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Since this pioneering work by Heck, there has been significant effort directed toward
developing more active catalysts for carbonylations. Highlights of these are provided below.'8
For example, while the carbonylation of aryl iodides can be achieved by using simple, in situ
reduced palladium salts without added ligands (e.g. Pd(OAc)>), the activation of stronger bonds
often requires the incorporation of donor ligands onto palladium. This latter presumably creates
a more electron rich Pd(0) for oxidative addition. As first noted by Heck, the addition of 2
equivalents of PPh; to a Pd(OAc), catalyst allows for the carbonylation of aryl bromides at
synthetically useful rates and in good yields (Scheme 1.11¢).

More recently, a range of ligands have been developed and explored to overcome the
issues with substrate activation or catalyst degradation.!” Representative examples from these

studies are highlighted below (Scheme 1.12).F

Monodentate Ligands

PPh; PBus PCy; P(o-Tol)s @F/\/\

Bidentate Ligands

PPh,
“ @ @’ P(1Bu),
R,PT PR,  Fe PCy: Fe P(Bu),

= ppn,

e¥elesrpoe:

PPh, PPh, PPh,  PPh,

Scheme 1.12. Ligands in Palladium Catalyzed Carbonylation Reactions.

Notable progress with PPhs as a ligand was demonstrated by the Beller group. Rigorous

optimization of reaction parameters, such as temperature, CO pressure, the catalyst precursor,

 For examples of phosphines not highlighted in this chapter see ref. 18.
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and the Pd/ligand ratio allowed the authors to develop a catalytic system for alkoxycarbonylation
of 4-bromoacetophenone with turnover numbers up to 7000 (Scheme 1.132).2° It was found that
80-fold excess of the ligand was necessary to prevent the palladium catalyst from forming
colloids and retain its activity. Increasing the catalyst loading to 0.1 mol% allowed for near
quantitative conversion to the corresponding butyl esters. Using a similar palladium catalyst,
Chaudhari and co-workers described a highly efficient palladium catalyzed carbonylation-
polycondensation protocol for the synthesis of polyamidoesters from para-diiodoarenes and

amine-substituted phenols (Scheme 1.13b).2!
a) Alkoxycarbonylation
Br [Pd(Cl),(PhCN),] 0.01 mol%
PPhs 0.8 mol% OBu
+ CO + BuOH
Etz;N, 5 atm
TON 7000

R | NH Pd(Cl), 0.22 mol% ? R H
2 PPhs 0.88 mol% N
| HO CsHsCl, DBU, 3 atm 5 0
120°C, 1h 6 examples
up to 95% yields

Scheme 1.13. Developments in Palladium Catalyst Activity using PPh3 as a Ligand.

Beller and co-workers have also developed a range of palladium catalyzed carbonylation
reactions based on a new phosphine ligand — di(1-adamantyl)-n-butyl-phosphine (BuAd,P). This
ligand is more electron donating and sterically encumbered than PPhs, and presumably can
generate a more electron rich Pd(0) catalyst. In addition, its the steric encumbrance may more
easily generate an empty coordination site on palladium. These features would favour the
formation of an electron rich, unsaturated Pd(0) for oxidative addition of the R-X substrate. The
first example on the use of this ligand in palladium catalyzed carbonylations was in the synthesis
of aromatic aldehydes. Using only 0.05-0.33 mol% of a palladium catalyst and synthesis gas, a

range of aryl and heteroaryl bromides could be converted to the corresponding aldehydes in good
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to excellent yields (Scheme 1.14a).2? The stability of the ligand allows the reaction to be set up in
air without any loss of catalyst activity. The Pd/BuAd,P catalyst system can also be used in
alkoxycarbonylations with n-butanol to form esters with nearly quantitative yields (Scheme
1.14b),%* as well as aminocarbonylations to generate amides. The latter studies demonstrate that
not only are simple amines viable substrates, but also more challenging nucleophiles, such as
secondary amines, pyrroles, or fert-butylamine. Primary amides, which are important
intermediates in organic synthesis, as well as phenoxyesters, can also be accessed via a similar
protocols, both affording the products in good yields (Scheme 1.14c-d).2* In addition to its use in

carbonylation reactions, BuAd,P has seen application in a range of cross-coupling reactions.?
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a) Formylation

Pd(OAc), 0.05-0.33 mol% o)
BuAd,P 0.75-1.0 mol%

Br
TMEDA H
R'l@/ + CO + H2 > R'I
Toluene, 4 atm (1:1),

100-140°C, 16 h 25 examples
up to 99 % yield

b) Alkoxycarbonylation

Pd(OAc), 0.5 mol% O
BuAd,P 1.5 mol%

Br TMEDA OBu
1 » R
R ©/ + CO+BuOH Toluene, 5 atm, R

100°C, 16 h
18 examples
. up_to 99 % yield
¢) Aminocarbonylation
@)
Br Pd(OAc), 2 mo(I’% NH
R +CO + NHy Bu.AdzP 6 mol% R 2
Dioxane, 4 atm
100°C, 16 h 11 examples
. up to 90 % yield _
d) Phenoxycarbonylation
Pd(OAc), 1 mol% O

Br HO BuAd,P 3 mol%
r2 —EtaN20eq. o o
+CO+ Dioxane, 2 atm
100°C, 16 h R?

21 examples
up to 98 % yield

R1

Q

Scheme 1.14. Palladium Catalyzed Formylation and Alkoxycarbonylation of Aryl

Bromides.

In a collaboration between the Stradiotto and Beller groups, it was shown that acetone
and acetophenone derivatives can behave as carbon nucleophiles in carbonylations with aryl
iodides to form a range of 1,3-diketones (Scheme 1.152).%° In this system, in situ deprotonation
of the acidic a-C-H bond can form an enolate that can couple with the palladium-aroyl

intermediate. To highlight the utility of this methodology, a one pot, two step procedure was
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developed to synthesize pyrazoles, via the subsequent condensation of the carbonylated product
with hydrazines (See section 1.3.2). In an another collaborative work between these groups,

vinyl benzoates were synthesized via a carbonylative coupling between more sterically

encumbered enolizable ketones and aryl halides (Scheme 1.15b).?’

) 1,3-Diketone Synthesis [Pd(cinnamyl)CI], 1 mol% 6o 0
0 BuAd,;P 4 mol%
Cs,CO3 2 R?
©/ . CO s )J\Rz $,C03 2.0 eq. g R!
3 atm,60°C, 36 h
23 examples
up to 74 % yield

b) Vinylbenzoate Synthesis R?
[Pd(cinnamyl)Cl], 2.5 mol%

X o BuAd,P 1 mol%
RS Cs,C03 2.0 eq.
v CO+ 2L03 q - R o
R MeCN, 10 atm R3

X =Br, | 60 or 120°C, 20 h 23 examples
up to 88 % yield

Scheme 1.15. BuAd:P Ligand in Palladium Catalyzed Carbonylation with Ketones.

Beller and coworkers further extended the use of BuAd;P ligand to the palladium
catalyzed carbonylative synthesis of di(hetero)aryl ketones (Scheme 1.16a).23-3% In these systems,
it was found that CO pressure could influence product formation, and sufficiently high pressure
is required to supress the competitive non-carbonylative Suzuki reaction. This protocol was
extended to a one pot, two step double carbonylative synthesis of the non-steroid anti-
inflammatory drugs Ketoprofen and Suprofen (Scheme 1.16b). In this latter synthesis, the
authors found that increasing the CO pressure and adding H>O/HCI after the carbonylative
ketone synthesis led to a Reppe-type carbonylation of the alkene with the same catalyst to afford

the desired pharmaceuticals in good yields.
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a) Synthesis of Ketones
) Sy Pd(OAC), 0.5 mol% o

BuAd,P 1.5 mol%

Br (HO),B TMEDA 1.0 eq.
1 R2  un R1 R2
R + CO + Toluene, 2.5-5 atm,

100°C, 24 h

28 examples
up to 89 % yield

b) Synthesis of Suprofen and Ketoprofen

1. Pd(OAc), 0.75 mol%
BuAd,P 4.5 mol%
TMEDA 0.75 eq., Toluene
2.5 atm, 80°C, 24 h Ar

2. 37% HCI, 40 atm CO, CO,H
100°C, 20 h

(HO),B
Ar—l + CO +

of i
Ar = Ph (Ketoprofen) up to 70 % yield

Ar = 2-thiophenyl (Suprofen)

Scheme 1.16. BuAd:P Ligand in Palladium Catalyzed Carbonylative Suzuki Reactions.

The Skrydstrup lab has also been very active in developing palladium catalyzed
carbonylative coupling reactions. These often exploit their dual chamber systems to generate CO
from acid chlorides (Scheme 1.17a), where a palladium catalyzed decarbonylation of acid
chlorides can be used to afford a controlled amount of CO gas for use in carbonylation reactions
in a second chamber, and avoids the need for CO gas.’! This system has been used in the
BuAd,P/[Pd(cinnamyl)Cl], catalyzed carbonylative synthesis of ureas and o,p-unsaturated
ketones (Scheme 1.17b-c).>*> The methodology was also used for the '3C isotopic labeling of the

carbonyl unit, since it utilizes a nearly equimolar amounts of CO.
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a) Dual Chamber System for Generation of CO

Q o PdC(COD) 5 mol% . ArX
HBF4P('Bu); 5 mol% —
EtN/Pr, 1.0 eq. /\ _ Pdeat
> +CO! CO Ar” Nu
Anisole, 80°C | N
COgen E NuH
b) Synthesis of Urea
) Synthesis of Ureas Pd(dba), 5 mol% o o
o BuAd,P 5 mol% I re
X I ke KoCO3 1.4 eq. NER A
_ > 1
R1©/ + CO + H,N H Dioxane, 1.1 eq. CO R H H
X = Br. | from 80°C, 20 h 19 examples
=br, COgen up to 99 % yield

¢) Synthesis of a,B-unsaturated Ketones
[Pd(cinnamyl)Cl], 2.5 mol%

I BuAd,P 1 mol% _—
R! + CO + = R? Cy,NMe 3.0 eq. R1 0 R2
Dioxane, 1.5 eq. CO

from 95°C, 20 h 19 examples
COgen up to 79 % vyield

Scheme 1.17. Two Chamber System Generated CO in Palladium Catalyzed

Carbonylations.

Aryl- and vinyl-triflates are attractive substrates in transition metal catalyzed reactions,
since they can be readily accessed from ketones or phenols by treatment with triflic anhydride.
The Cacchi and Ortar research groups developed the first aryl- and enol-triflate carbonylations
using PPhs as the ligand (Scheme 1.18a-b).>* While enol-triflate aminocarbonylation proceeded
at room temperature and mild CO pressures, the alkoxycarbonylation of aryl triflates required
prolonged heating to afford the corresponding esters. Soon after, reports by Dolle and co-
workers showed that the use of bidentate ligands (e.g. dppp) led to a ca. 500-fold rate
enhancement in the palladium catalyzed alkoxycarbonylation of aryl triflates compared to
catalysis with PPhs (Scheme 1.18¢).>* Similarly, Gerlach and co-workers reported the synthesis
of tetralone carboxylic acid esters using a Pd(OAc)>/dppp catalytic system under mild conditions

(2-5 h, 70°C).%*
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a) Vinyl Triflate Carbonylation with PPhg Pd(OAc), 3 mol%

PPh3 6 mol%
oTf EtsN 1.5 eq.
+CO + NH,
DMF,1 atm,

rt, 1-24 h 13 examples
”pt°98%y'e'd __________

b) Aryl Triflate Carbonylation with PPhg Pd(OAc), 3 mol%

PPh3 6 mol%
oTf EtsN 1.5 eq.
R + CO + MeOH
DMF,1 atm,

70-100°C, 24 h 12 examples
up to 81 % yield

c) Aryl Triflate Carbonylation with dppp

R

Q

Pd(OAc), 3 mol%

dppp 3 mol%
oTf Et;N 1.5 eq.
R' + CO + MeOH
DMSO, baloon,

70°C, 1-2 h 13 examples
up to 98 % yield

d) Aryl Triflate Carbonylation with dppp Pd(OAc); 1.5 mol%

dppp 2.25 mol%
oTf pyridine 1.5 eq.,

R! + CO+H,
DMF, 20 atm (1:1),

80-100°C, 24 h

16 examples
up to 92 % yield

e) Aryl Triflate and Bromide Carbonylation with dppf

X Pd(OAC), 2 mol% \H
R©/ + CO + NHj dppf 3 mol% R 2

Dioxane, 4 atm
X = Br, OTf 100°C, 16 h 22 examples

f) Aryl Triflate Carbonylation with dppp

[Pd(cinnamyl)CI], 1 mol%

OTf dppp 2 mol% =
PGNP an e

23 examples

Toluene, 10 atm

e MO0 200 upto 88 % yield
g) Aryl Triflate Carbonylation with Xanphos
[Pd(cinnamyl)Cl], 1 mol% (0]
N Xantphos 2 mol%
oTf S Et;N 2.0 eq. 1

R + CO + R? ~R

Toluene, 10 atm R2

110°C, 20 h 15 examples

up to 83 % yield

Scheme 1.18. Bidentate Ligands in Palladium Catalyzed Carbonylations of Aryl Triflates.



The utility of these chelate ligands is presumably related to their ability to tightly associate two
phosphines to palladium, which could inhibit multiple CO associations to Pd(0) and generate a

more electron rich palladium center for the oxidative addition step.

Beller and co-workers reported that a similar chelating phosphine ligand can allow the
mild formylation of aromatic triflates using synthesis gas (Scheme 1.18d),*® while the dppf
ligand can be used in the aminocarbonylation of aryl triflates to form amides (Scheme 1.18e).>’
In the latter study, it was shown that dppf created a much more active catalyst than the BuAd,P
ligand, and led to catalyst turnover numbers up to 1100. Alkenes have also been used as coupling
partners in a carbonylative Heck reaction of aryl triflates (Scheme 1.18f).>® While many
substrates proceed in good yields, reactions with bulky aryl triflates lead to the competitive direct
Heck coupling without CO insertion. Alternatively, the carbonylative coupling of aryl triflates

and terminal alkynes can be used to form alkynones (Scheme 1.18g).*’

A breakthrough in aryl chloride carbonylation came with the use of the chelating, bulky
d’ppp ligand by the Milstein group (Scheme 1.19).*° The ability of these systems to activate the
robust Ar-Cl bond was attributed to the high donor ability of the electron rich phosphine, as well
as the inhibition of CO coordination due to the steric bulk of the ligand, both of which would
favour oxidative addition to Pd(0). A range of alcohols, water, as well as secondary amines were
employed as coupling partners in this transformation. In a follow up report, the group extended
the use of d’ppp/Pd(OAc): towards the synthesis of aromatic aldehydes, using sodium formate as

t41

the reducing agent.”" This catalytic system was also applied in the synthesis of polyamides from

aromatic dichlorides and diamines.*

Pd(OAc), 1 mol% 0
cl dippp 2 mol% Y Y
= +CO + NuH NaOAc 1.0 eq. Nu P P
DMF, 4.5 atm \( g Y
150°C, 20 h 11 examples dippp

up to 89% vyield
NuH = H,0, MeOH, BuOH, Pr,NH

Scheme 1.19. Aryl-Chloride Amino and Alkoxy Carbonylation.
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In 2001, Beller and coworkers reported the carbonylation of activated and unactivated

aryl chlorides at simply atmospheric pressure of CO using the large mondodentate ligand

Josiphos (Scheme 1.20a).** A range O- and N- nucleophiles could serve as coupling partners,

and afforded the corresponding carbonylated products in good yields. Unfortunately, an excess

of ligand relative to palladium was necessary to inhibit palladium colloid formation. Turnover

numbers up to 1600 were observed for the coupling of chlorobenzene and n-butanol.

a) Beller

[PA(CI),(PhCN),] 0.5 mol% 0 PCy2

JosiPhos 2.0 mol%

cl ,
R©/ . O+ Nu K,CO4 3.0 eq. - Nu Fe PCY
1 atm, 145°C, 16 h >

10 examples

up to 85% yield JosiPhos
b) Buchwald
Pd(OAc), 2 mol% 0]
ol dcpp 5 mol% 3 CyoP< . PC
1 NaOPh 2.0 eq. NN il e
R + CO + HNR,R3 R’ 52
DMSO, 1 atm, R depp
110°C, 15 h 15 examples
up to 85% yield
O r
. _Ph| .-
\ R1 @

c) Cole-Hamilton PdCI, 1.25 mol%

0
Cl dtpr 6.25 mol%
EtsN 1.0 eq.
R©/ + CO + CF4CH,OH S BN OCHZCFs P(Bu),
20 atm, 1000C, 24 h P(tBU)z

10 examples

up to 85% vyield dtbpx
d) Perry PdC|2 3 mol%
dppe 6 mol% 0 thP\M,PPhZ
Cl Nal 1.0 eq., 2
R©/ +CO+PhNH, —DBU12ed. , g NHPh dppe
DMACc, 0.3 atm,
115°C, 24 h 7 examples

up to 91% yield

Scheme 1.20. Aryl-Chloride Carbonylation with Alcohols and Amines.
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In 2007, Buchwald and coworkers developed a general approach to the
aminocarbonylation of aryl chlorides using the chelating dppp ligand (Scheme 1.20b).** Primary,
a-branched primary, cyclic secondary, and aryl amines afforded the amides in good yields. The
relatively mild reaction conditions were found to be the result of the sodium phenoxide used in
the reaction, which led to the rapid generation of the corresponding phenoxy ester.  This
provided an alternative to the more common requirement of nucleophile association to palladium
for reductive elimination, and can undergo subsequent coupling with a range of amines to form

the observed amide products.

Recently, Cole-Hamilton and co-workers have used the 1,2-bis(di-fert-butylphoshanyl)-
ortho-xylene (dtbpx) ligand for the carbonylation of aryl chlorides under similar conditions
(Scheme 1.20¢).* In related work, Perry and coworkers developed a sodium iodide promoted
aminocarbonylation of activated aryl chlorides under low CO pressures (Scheme 1.20d).*¢ The
authors suggest that an anionic palladium(0) complex of the form [L,Pd(0)I] is formed in the
catalytic system, and that these reactive species enhance the oxidative addition rate with aryl

chlorides.

Chloropyridines, while of high industrial interest, have been shown to be one of the most
challenging substrates in carbonylation chemistry, presumably due to the ligating nature of
pyridine. Early examples of the carbonylation of these substrates relied on extremely high
pressures and temperatures.*’ In 2001, Beller and co-workers developed butoxycarbonylation of
2- and 3-chloropyridines using similar dppf and dppb ligands. By varying the Pd/P ratio,
turnover numbers up to 13000 were obtained for carbonylation of heterocyclic aryl chlorides
(Scheme 1.21a).*® In a related report Albaneze-Walker has shown that (BINAP)PdCl, could
mediate the carbonylation of chloropyridines at low pressures and temperatures.** These
bidentate ligand systems have been exploited in a range of subsequent studies with

chloropyridines, including the development of compound libraries,*

selective carbonylation
(Scheme 1.21¢),** and the industrial synthesis of Lazabemide hydrochloride, a monoamine

oxidase B inhibitor, by Hoffmann-La Roche (Scheme 1.21b).°
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a) Alkoxycarbonylation of Chloropyridine
[Pd(CI)2(PhCN),] 0.1 mol% e}

PPh
N cl dppf 0.6 mol% N @ 2
X EtsN 1.2 eq. '
R +CO + BuOH SARERS! rf- ] OB Fe
= DMF, 25 atm Pz @PPh
130°C, 14 h 7 examples dopf
up to 95% vyield
b) Industrial Synthesis of Lazabemide
[Pd(CI)»(MeCN),] 0.1 mol% @)
N Cl dppp 0.2 mol% N ~_NHsCl
U +CO + H2N/\/NH2 MeONa 1.1 eq. | N N
c N DMF, 10 atm ol N\F
110°C, 14 h Lazebemide
75%
¢) Mono- and Di- Alkoxycarbonylation
o Pd(OAc), 0.5 mol% Pd(OAc), 0.5 mol% o)
N dppf 3 mol% N cl dppf 3 mol% N
| AN OEt NaOAc 1.1 eq. | N NaOAc 1.1eq. | N OEt
FaC % OEt DMF, 15atm  F,C = c| DMF, 15 atm F4C = cl
) 150°C, 2 h 80°C, 5h
929 + CO + EtOH 929

Scheme 1.21. Palladium Catalyzed Carbonylation of Pyridil-Chloride.

Vinyl chlorides are also viable substrates in carbonylation reactions. For example,
Roulland and co-workers have developed a fully chemo- and stereoselective carbonylation of
1,1-dichloro-1-alkenes and various alcohols (Scheme 1.22).5! In these systems, the large bite
angle of DpePhos was found to be instrumental for the chemoselectivity between two chlorides,

and the sterically less hindered C-Cl bond undergoes selective carbonylation.

Pd,(dba); 2.5 mol%

cl DpePhos 5 mol% Cl
EtNiPr, 1.0 eq.
RI_A_ +CO+R,0H e RWORZ 0
Cl 1 atm, 70°C, 24 h 5 PPh, PPh,
22 examples DpePhos

up to 91% yield

Scheme 1.22. Palladium Catalyzed Carbonylation of 1,1-dichloroalkenes.
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1.3. Palladium Catalyzed Multicomponent Carbonylation Reactions

In addition to simple carbonylation reactions, palladium catalyzed carbonylations have
also been instrumental in the design of multicomponent reactions. Multicomponent coupling
reactions (MCRs) couple three or more reagents together at once, and can therefore offer useful
alternatives to more classical multistep syntheses. = The spontaneous assembly of several
substrates in MCRs usually requires some element of control, such that these compounds not
only react, but do so selectively, within the complex mixture. For traditional non-catalytic
MCRs, this reactivity and selectivity are often incorporated into each component.””> While
effective, these substrates can themselves require an initial synthesis, and detract from the overall
efficiency of MCRs. In contrast, transition metal catalyzed MCRs can employ the reactivity of
the catalyst to activate simple, often unreactive substrates towards reactions.>® In addition, the
metal catalyst, rather than substrates themselves, can be used to control selectivity, via the order
of steps that occur on the metal center. This can provide an attractive synthetic method to convert
several simple and readily available building blocks directly into products in efficient, one pot
transformations.

Most palladium catalyzed carbonylation reactions are formally MCRs involving three
components. However, since CO is a non-diversifiable unit, discussions of carbonylative MCRs
usually involve reactions of four components, or where three or more bonds are assembled
during the transformation.>* This section will highlight palladium catalyzed carbonylative MCRs
of this form, and in particular those that access heterocycles from substrates that are both readily
available and easily tuned, as these can provide methods to readily assemble molecular

complexity.

1.3.1. Multicomponent Cyclocarbonylations with ortho-Substituted Aryl Halides

A broad range of palladium catalyzed multicomponent cyclocarbonylation reactions have
been developed to generate fused heterocyclic products. These typically involve the
carbonylative coupling of aryl halides bearing a nucleophile in the ortho position with an
unsaturated A=B substrate (Scheme 1.23). This approach can offer routes to a number of

heterocycles such as flavones, chromones, quinolones and others.
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Scheme 1.23. Palladium Catalyzed Cyclocarbonylation of Aryl Halides Bearing ortho-
Nucleophiles.

An early approach to this chemistry was demonstrated by Kalinin and coworkers. In this,
the palladium catalyzed reaction of ortho-iodophenols and terminal alkynes under carbonylative
conditions led to the generation of flavones and chromones (Scheme 1.24a).% This reaction is
believed to proceed via an initial carbonylative Sonogoshira reaction, followed by a spontaneous,
intramolecular Michael addition of the phenol oxygen onto the alkyne. The reaction proceeds at
low catalyst loadings and has been shown to tolerate aryl, heteroaryl and aliphatic terminal
alkynes. In a later report Alper demonstrated that this reaction could proceed without phosphine
ligands and at low pressures of CO (1 atm) in a phosphonium salt ionic liquid (Scheme 1.24b).%
This platform can also be applied to nitrogen-heterocycle synthesis via the use ortho-halogenated
anilines, as shown by Kalinin and Torii (Scheme 1.24¢).>” An interesting four-component variant
of this reaction was described by Wu to access thiochromones (Scheme 1.24d).°® The one pot
reaction employed a wax reagent capsule containing Na>S which prevented the catalyst
poisoning during the catalytic generation of the alkynone intermediate. Subsequent release of

NazS and raising the reaction temperature triggered the cyclization.
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a) Kalinin

l PdCl,(dppf) 1 mol%
R1 + _—R2 + CO > R
oH Et,NH, 120°C

20 atm, 2 h

o i:o

R2
17 examples
up to 91% yield
b) Alper
PdCl, 5 mol%

| Et;N 3.0 eq.
R’ + =—R? +CO R?
OH C14H29(CgH13)PBrI,

1 atm CO, 110°C,
24 h

&

R2
10 examples
up to 95% yield

X PdCly(PPhs), 5 mol%
R' + =—R? +CO > R
Et,NH, 120°C

20 atm, 2 h
X =Br, | 10 examples
up to 95% yield

Irz iZO

R2

Pd(OAc), 4 mol%
P'Bu;.HBF, 8 mol%

|
R + = _R? +CO NEt; 3.0 eq.
E MeCN, 5 atm, R2
Na,S.9H,0 40°C 24 h then

80°C 12 h 31 exampl('as
up to 73% vyield

o
()] iZO

Scheme 1.24. Palladium Catalyzed Multicomponent Cyclocarbonylations with Terminal

Alkynes.

A diverse variety of other A=B unsaturated reagents can be used in this approach.
Examples of these include electrophilic substrates such as carbodiimides, isocyanates or acid
chlorides (Scheme 1.25).> Unlike the carbonylative Sonogashira reactions above, these are
believed to involve an initial reaction of the phenol or aniline with the electrophile, followed by
palladium catalyzed intramolecular carbonylative ester or amide formation. Cacchi, Marinelli
and Beller have each reported that the acid chloride in the latter reaction can be replaced with
aryl halides and CO (Scheme 1.26).%° These reactions are believed to proceed via an initial
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aminocarbonylation of the bromobenzene and aniline, followed by cyclocarbonylation. Notably,
the selectivity in these systems are driven by the electronics of the aryl halides, where the more
electron rich aniline derivatives react presumably more slowly with the palladium catalyst, and
therefore can only cyclize with the in situ generated amide. Alper extended this approach further
to the synthesis of quinazolinones (Scheme 1.27),°' via the palladium catalyzed

cyclocarbonylation of ortho-iodoanilines, imidoyl chlorides and CO.

a) Carbodiimide Pd(OAc), 0.5 mol% 0
| R2 dppb 0.5 mol% 2
1 N o _ KaCOs15eq 1 N R
+ +
R on ¢ THF, 20 atm, R o)\\ _R?
r2N 100°C, 12 h N
21 examples

up to 96% vyield

b) Isocyanate Pd,dbaz 0.25 mol% 0

dppb 0.5 mol%

|
R1 + RZNCO +CO K2C03 1.5 eq. R1 N
THF, 20 atm, o ,go

80°C, 12 h

11 examples
up to 84% vyield

| o Pd(OAC), 2 mol%
L, oo B oy
NHZ ! atm, N R2

100°C, 24 h
21 examples
up to 98% yield

Scheme 1.25. Palladium Catalyzed Cyclocarbonylations with Carbodiimides, Isocyanates

and Acid Chlorides.
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a) Cacchi & Marinelli

(0]
B x Pd(PPhs), 5 mol%
S K,CO3 5.0 eq.
L o o o0t o T 3
NH, S~ MeCN, 1 atm, N)\fe;1 )
X = | OTf 60°C, 24 h 17 examples U___
’ up to 85% yield
b) Beller 0
Br Pd(OAc), 6 mol%
X Br BuPAd, 12mol% o
R + R2+ CO R'
= Toluene, 5 atm, =
NH, N 2
110°C, 20 h R
19 examples

up to 91% yield

Scheme 1.26. Palladium Catalyzed Cyclocarbonylative Synthesis of Benzoxazinones.

Pd(OAc), 3 mol% 0
| ,R3 PEPth:'il123 1m0|0/0 ,R3
R1@ + CO + NI s 2.1 €q. R )N\
)\ Toluene, 10 atm, =
NH> cl” "R2 N~ "R?
110°C, 20 h
15 examples

up to 90% yield

Scheme 1.27. Palladium Catalyzed Cyclocarbonylative Synthesis of Quinazolinones.

Allenes and internal alkynes can also be employed in these carbonylative cyclizations

(Scheme 1.28).9? Such transformations are believed to proceed via the carbonylation of the aryl

halide, followed by allene or alkyne insertion and subsequent Pd-mediated C-N bond formation.

In contrast to the studies with terminal alkynes, internal alkynes provide access to coumarins and

quinolinones.®
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a) Larock

I
L,
OH

Pd(OAc), 5 mol%
pyridine 2.0 eq.
Buy,NCl 1.0 eq. _

R3® +CO

DMF, 120°C
1atm, 24 h

R2
3
304
R1
(0] @]

30 examples
up to 78% yield

b) Larock

I
L,
NHR

R3 +CO

Pd(OAc), 5 mol%
pyridine 2.0 eq.
BugNCl 1.0 eq.

DMF, 100°C
1atm, 12 h

R2
3
{:ﬁIR
R1
N @]
H

29 examples
up to 82% yield

R= COzEt, TS, H

Gri
©) Grigg i Pd(PPha), 5 mol% Q
' e K,CO5 2.0 eq.
R1 + JJ\ + CO > R1
XH R2” “R3 THF, 45-70°C, X R3
20 atm, 16-72 h R?
_ 21 examples
RN up to 85% yield _
d) Alper 0o
Y | Pd cat 2-10 mol%
’ c co Base 1.5eq. )
R * 2JJ\ 3 20 atm, R R3
XH  RT R 100°C, 12 h X" R
Y =1, Br 40 examples
X =8, 0,NH up to 92% yield

Scheme 1.28. Palladium Catalyzed Cyclocarbonylation with Allenes and Internal Alkynes.

In an alternative approach, Alper has shown that the alkynylation and carbonylative
amidation of ortho-bromoiodoarenes can occur selectively in a single reaction, where the
Sonogashira coupling proceeds more rapidly (and therefore on the C-I bond) than
aminocarbonylation.  Spontaneous cyclization can allow the build up of 3-methylene
isoindolinones from ortho-bromoiodobenzene, terminal alkynes, amines and CO (Scheme
1.292).%* Grigg and co-workers have reported a four-component approach to isoindolinone

derivatives through a sequential Petasis reaction/palladium catalyzed aminocarbonylation
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(Scheme 1.29b).% The reaction had to be carried out in two steps to minimize the undesired

Suzuki reaction between aryl iodide and boronic acid.

a) Alper PdCly(PPhs), 5 mol% o
| Cul 10 mol%,
DBU 2.0 eq.
+ = R' + RZNH, + CO & N—R?2
Br (Hex)3(C14H30)PBr
110°C,1 atm, 36 h \ R
; 7 examples
R"| yields up to 95 %
Z K
* N
R,
(0]
b) Grigg 1.50°C, 24 h
2. Pd(OAc), 10 mol% )

| @) ) =2
PPh3 20 mol%
! +CO + R,?B(OH), + H 3 1
R @/NHZ 2 ( )2 H OR3 Et4NC|, 1 atm R ‘©:Z</N_<CO R3
90-100°C, 24 h 2
13 examples

up to 72% yield

I
\\\ R‘l |-|| //
N N\rR2 o

CO,R3

Scheme 1.29. Palladium Catalyzed Multicomponent Synthesis of Isoindolinones.

The Beller and Wu research groups have developed a palladium catalyzed four
component carbonylative methodology for the synthesis of quinazolinones (Scheme 1.30).%° This
reaction 1s believed to proceed via an initial reaction of aniline and orthoformate to afford a
formamide intermediate, while the aryl bromide undergoes a palladium catalyzed
aminocarbonylation with a primary amine. This product undergoes a spontaneous intramolecular

condensation to form the final product.
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a) Beller
Pd(OAc), 2 mol% O

N Br BuPAd, 6 mol% N N’R2
RH\(I + CH(OMe), + cO —ETIE22B 8o piff ]
X NH, + R2NH, Dioxane, 10 atm, Ny
100°C, 16 h

— 26 examples
X=CH,N
’ up to 92% vyield

b) Wu o
| Pd/C 1 mol% R2
EtNiPr, 5.0 eq. N~
1 + CH(OM + 1
R @i +CR2(?\lHe)3 co Toluene, 10 atm, R /)
NH, 2 110°C, 20 h N

24 examples
up to 98% vyield

Scheme 1.30. Palladium Catalyzed Four Component Synthesis of Quinazolinones.

A number of other variants of these transformations have also been reported.®’” These
include a number of double carbonylation reactions, which can allow the build-up of complex

scaffolds involving generation of five or more bonds (Scheme 1.31).
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a) Beller Pd/C 1 mol% O o

Br Br. .
EtNiPr, 5.0 eq.
R1©i +CO+ ji}p@ _ N
R 20 examples
NH, Tol1u1eon:(,: 12003;"" = R? up to 88% yield

Pd(OAc), 2 mol%
NH 2
2 BuPAd, 6 mol%

Et;N 3.0 eq. > 10 examples
DMAc 10 atm, Z R? up to 80% yield

120°C, 16 h
c) Wu NH, Pd(OAC), 2 mol% o
BuPAd, 6 mol%

K,CO3 3.0 eq.
R +CO + R2 —2-~3 9. R 12 examples

DMAc, 5 atm, Z R? up to 84% yield
120°C, 16 h

R +CO + R2

I Pd(OAc); 4 mol% 0
PPh;z 8 mol% _, 15 examples

N=C=N ] K,CO3 3.0 eq. N up to 89% yield
> THF, 30 atm, Py

120°C, 15 h '

e) Gabrielle 0

1) 4 AMS, r.t, 16h
2) Pdl; 1 mol% KI 10 mol%, N\ 5 21 examples
)J\ R’ R ields up to 73%
R3 MeOH, HC(OMe)s, N y p °

40 atm CO:air (4:1), )\R3
80°C, 15h MeO

f) Gabrielle 1)4 AMS, rt., 16h @) OMe

2) Pdl; 1 mol%, KI 10 mol%, R2
NH, 1 A 8 examples
R .
>( 20 atm CO:air (4:1), 80°C, N yields up to 63%
15h

Scheme 1.31. Palladium Catalyzed Multicomponent Aminocarbonylation and Double

Carbonylation Reactions.
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As an alternative to unsaturated substrates, the Alper group has shown that strained rings
such as aziridines can be used in the generation of 7-membered heterocycles (Scheme 1.32).%8
Seven membered ring products can also be formed with ortho-bromo-substituted Baylis Hillman

acetates, primary amines and CO under palladium catalysis.*’

Pd(Cl)(PPh3), 1.5 mol% o] T
X | R3 PPh3 1.5 mol% N/
R1Eji + TNoTe 4O KiCOs30ea. i
ZNoH R2 BnEt;NCI, 13 atm, o

80°C, 24 h R2

X=CH, N 26 examples
up to 90% yield

Pd(OAc), 4 mol% O
2

RsR JohnPhos 4 mol% /TSZ

! EtsN 3.0 eq N R
R + N-Ts +CO 3T : R1 sz

SH R* MeCN, 15 atm, S .

100°C, 17 h R

12 examples
up to 95% yield

Pd(OAc), 5 mol% O R

B dppb 10 mol% N
r K,CO3 2.0 eq. ]
R’ + R3NH, +CO =R
R2 Toluene, 8 atm, —
OAc 100°C, 30 h R?

11 examples
up to 98% yield

Scheme 1.32. Palladium Catalyzed Synthesis 7-Membered Heterocycles.

1.3.2. Cyclization of Carbonylation Products

Palladium catalyzed carbonylation reactions can also be used as a route to build up
carbonyl-containing products that can undergo subsequent cyclization to generate a wide range
of heterocycles. Perhaps the most heavily exploited variant of this chemistry involves the in situ

generation of yones via palladium-catalyzed carbonylative Sonogashira reactions (Scheme 1.33).
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By using the diverse reactivity of this intermediate, this approach has provided modular

syntheses of a range of five- and six-membered heterocycles.

O
H Pd cat. o) X 7

Cu cat. Cyclization Yy’

1 e —_—
R+ CO ¥ \\\ RAX o
2 2 1 2
R R RWR

|

Scheme 1.33. Palladium Catalyzed Synthesis of Heterocycles via Carbonylative

Sonogoshira reaction/Cyclization.

An early example of this approach was reported by Mori in the four component,
palladium catalyzed coupling of terminal alkynes, CO, aryl iodide and hydrazines (or oximes) to
form pyrazole and oxazole derivatives (Scheme 1.34a).”® This reaction proceeds at room
temperature, under 1 atm of CO, and can even be performed in water. Beller demonstrated that
this approach could be extended to aryl-bromide substrates by use of the BuPAd> ligand system
(Scheme 1.34b).?® Stonehouse and Iranpoor groups have utilized Cr(CO)s and Mo(CO)s as the
CO source for the multicomponent synthesis of these products.”! Alternatively the Li research
group has shown that Pd nanoparticles supported on porous N-doped carbon (Pd@CNT) could be
used as well for the synthesis of pyrazoles in a one step fashion, affording the products in good

to excellent yields.””
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R2
\X/N
H PdClz(PPhg)Z 5 mol% ~ \ R3
| Cul 2 mol%
R +CO + R®NHNH, + \ ~ R
or H,NOH R3 THF: H,0, 6 atm,
100°C, 24-36 h X=N, O
10 examples
yields 54-93%
__________________________________________________________________________ i
b) Beller RN
1. PdCly(cinnamyl), 2 mol% TN g
8 H BuPAd, 6 mol%, K,CO32.0 eq. X
R1©/ £ O+ \ DMF, 10 atm, 100°C, 20 h R
R3 2. R?NHNH, or H,NOH X=N, 0
rt., 1h 4 examples

yields 75-81%

Scheme 1.34. Palladium Catalyzed Multicomponent Synthesis of Oxazoles and Pyrazoles.

The Miiller lab has exploited the reactivity of alkynones to design a diverse array of
palladium catalyzed MCRs.” Typically these alkynones intermediates are accessed via a
palladium catalyzed Sonogoshira-type reaction between acid chlorides and terminal alkynes and
undergo cycloaddition or cyclization reactions with a number of dinucleophiles or 1,3-
dipolarophiles. However, they have also exploited carbonylations in some of these reactions. For
example, they have found that 6-membered pyrimidines can be formed via the carbonylative

coupling of aryl iodides, terminal alkynes and CO with amidinium salts (Scheme 1.35).73¢

R2
PdClz(PPh3)2 5 mol% )\

! NN

| NH H Cul 2 mol% [

R1©/ &2 \ EtN20eq. N RS
+CO+ RZSNH + N ms THF orEtN, 6 atm, R
100°C, 18 h X=N,0
12 examples

yields up to 68%

Scheme 1.35. Palladium Catalyzed Carbonylative Four Component Synthesis Pyrimidines.
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Ynone reactions have also been applied to generate fused ring products. As shown by
Torii and Rossi, this can allow the build-up of quinolones from 2-aminophenacetylenes, aryl
iodides, amines and CO (Scheme 1.36).”* While there are multiple potential palladium catalyzed
transformations possible with these reagents (e.g. a direct Sonogoshira coupling,
aminocarbonylation, or dimerization of alkyne), balancing of the reaction conditions and catalyst

allowed the in situ generation of ynones for a subsequent amine initiated cyclization to form the

product.
R2
H NH
= | Pd(OAc), 5 mol%
P(o-Tol)3 7 mol%
R! + CO + R*NH, + \©R3 . R
NH, THF or Ef3N, 6 atm,
3
100°C, 18 h 16 examples R
yields 42-99%
) o
\‘ ‘
Z 0 R3
<)
NH,

Scheme 1.36. Palladium Catalyzed Cyclocarbonylation Towards the Synthesis of

Quinolines.

As an alternative to the use of ynone intermediates, Staben has reported that the four
component reaction of aryl iodides, amidines, carbon monoxide, and hydrazines can provide an
efficient approach to prepare triazoles (Scheme 1.37).”° In this, Pd(OAc)./Xantphos was found to
mediate the carbonylative coupling of aryl halides and amidinium salts forming an enamide
intermediate. These can then undergo an in sifu cyclization with hydrazines to allow the
formation substituted triazoles. This protocol was applied for the synthesis of deferasirox — a

metal chelator used in the treatment of chronic iron overload.
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1. Pd(OAc), 5 mol% R?
R2 Xantphos 5 mol% /2 \
RI_| + A+ co EtN, DMF, 80-100°C, 20, gi-\ N
HaN"SNH (4 gy 2 CHaCOOH, HNNHR

R3
19 examples

R2 #yields up to 79%

0]
I A

R °N” "NH,

Scheme 1.37. Palladium Catalyzed Carbonylative Four Component Synthesis Triazoles.

1.3.3. Palladium Catalyzed Carbonylative Synthesis of 1,3-Dipoles

Our research group has reported an alternative approach to exploit carbonylations in
MCRs, where CO is used to generate 1,3-dipoles (1,3-oxazolium-5-oxides, or Miinchnones) for
cycloaddition reactions. This transformation is believed to proceed via the initial reaction of an
imine with an acid chloride generating an a-chloroamide, which can undergo rapid oxidative
addition to Pd(0) generating a palladacycle (Scheme 1.38).7 Subsequent CO insertion and
reductive elimination (along with HCI loss) generates the 1,3-dipole. The ligand coordinated to
the palladium catalyst has been found to be critical to this coupling, with strongly coordinating
phosphines inhibiting the reaction, presumably by blocking CO association to intermediate.
Instead, this reaction proceeds rapidly in the presence of bulky phosphines, such a P(o-Tol)s.
Since imines and acid chlorides can be easily tuned, a range of 1,3-dipoles can be readily

prepared by this approach.
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[Pd(CHR;NR,COR3)Cl], 5 mol%

o)
P(o-Tol)3 15 mol%
R 0 E\lEt’Pi312eq 0 Rg)ko
+ + CO —— > _
A g MeCN/THF, 4 atm ON=(
R" H 55°C, 24 h R? R
, , (0] R1
,R (@) R\N R3 L )\ ,RZ
I {0
1 R® “Cl 1 cl” = co
R H R >l 07 R3
R']
oc\ )\ R
L,Pd(0) Pd N
Cl \O/J\Rs
0
R1@ 0 e} R1

on=(
R2

R3 Cl-Pd  N-R?
Scheme 1.38. Palladium Catalyzed Multicomponent Synthesis of Miinchnones.

Coupling the generation of Miinchnones with their 1,3-dipolar cycloaddition can allow
the modular synthesis of a range of products. In these reactions, CO serves overall as a reducing
agent to form a 1,3-dipole unit from imine and acid chloride, and eliminates CO2 upon
cycloaddition (Scheme 1.39a). For example, the palladium catalyzed generation of Miinchnones
in concert with alkyne cycloaddition allows the overall synthesis of polysubstituted pyrroles
(Scheme 1.39b).”” Various non-acidic functionalities on the acid chloride and imine, as well as a
range of electron deficient alkynes are tolerated by this approach. Alternatively, the
cycloaddition of N-tosyl substituted imine forms polysubstituted imidazoles (Scheme 1.39¢).”® In
this system, cycloaddition is observed exclusively with the N-tosyl imine, despite the presence of
two imines in the reaction mixture. The latter is believed to result from the favoured generation
of acyl iminium salts with the N-alkyl or N-aryl substituted imines, while cycloaddition is most

rapid with electron deficient imines. This can provide a route to a range of fully substituted
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imidazoles with high selectivity. Alternatively, the cycloaddition of protonated imine, generated
in situ by the liberated acid in the reaction, can form imidazolium carboxylate salts (Scheme
1.39d).7° Initial reports of this reaction involved the same imine in both positions. However,
more recent studies have shown that the addition of a second imine under acid conditions to the
in situ generated Miinchnone can allow the generation of imidazolium heterocycles with

independent control of five substituents.*

a) 1,3-Dipolar Cycloaddition

2
0 R\N R3 ||?1
R\Gyk A N 3
0 - : 2 R
o= * I —— OA?B o %
R2 R3 @) R1 2 A-B
b) Pyrroles R’
[Pd(CHR{NR,COR3)Cl], 5 mol% | ,
i’ P(0-Tol)5 15 mol% RZWR
- 0] i
N + JJ\ + R4=—R5 + CO NEtPr, 1.2 eq. _ ; "
111\ R3 >l MeCN/THF, 4 atm, 65°C, 16 h R
R H 14 examples
56-95% vyield
o) Imidazoles
[Pd(CHR4NR,COR3)CI]2 5 mol% R®
) T P(o-Tol)5 15 mol% N)\N,Fv
,R O 1S i .
NEtPr, 3.0 eq., LiCl 3.0 eq. _
R Y =e] RY OH MeCN/THF, 4 atm, 55°C, 24 h R4 R2
10 examples
60-76% yield
d) Imidazoline Carboxylates R3
R2 o =5 [PA(CHRNR,COR3)Cll, 5 mol% R?Nkﬁ,w
N . JJ\ . N + CO JohnPhos 15 r:ol/o . R?
R1JLH RY Cl R4JLH MeCN, 4 atm, 45°C, 16 h R/; %coz-

16 examples
53-95% yield

Scheme 1.39. 1,3-Dipoles in the Synthesis of Heterocycles.

63



Miinchnones are known to exist in equilibrium with their acyclic ketene tautomer. Thus,
while Miinchnones undergo rapid 1,3-dipolar cycloaddition to protonated imines, removal of
acid from reaction with amine base results in a slower [2+2] trapping of the ketene with the
imine to generate 3-amido-substituted B-lactams (Scheme 1.40).3! The catalyst in this case
involves weakly coordinated oxazoline ligands. While most of the products employ identical
imines in both positions, the initial generation of Miinchnones followed by the addition of a

second imine can allow the assembly of diversely substituted products.

Pdy(dba)3.CHCI3 1.4 mol% R2 O
. o N
O g
2 J|\ + BJJ\ + CO rp 1.2 €q. > R! R' o
R H R% ~Cl MeCN/THF (1:1), 4 atm H N\(
45°C, 16 h R* L
11 examples

27-66% vyield

Y=0=0
=0
-

\ i

O 1

. R'Q

Ligand = ): />—<—:/> % ==
pn” N N On={

R2 R3 R2

Scheme 1.40. Palladium Catalyzed Carbonylative Synthesis of B-Lactams.

More recently, our lab has demonstrated that the carbonylation of aryl iodides in the
presence of a chloride salt can allow the construction of acid chlorides.®” This transformation
relies on the use of a bulky tri-tert-butyl phosphine ligand, which in conjunction with CO favors
the reductive elimination of acid chlorides. This can be used to replace acid chlorides in the
above chemistry to form Miinchnones with aryl iodides, in a reaction that involves two
consecutive (and concurrent) carbonylations using a single Pd(P'Bus). catalyst. Combining the
generation of these 1,3-dipoles with imine cycloaddition can be used to generate a modular
synthesis of imidazolinium carboxylates from two imines, aryl iodides and two molecules of CO
in a five component coupling reaction (Scheme 1.41a).% Polysubstituted pyrroles can be
generated by a similar protocol (Scheme 1.41b-c).3
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a) Imidazoline Carboxylates

[Pd(allyl)Cl], 2.5 mol%
P'Buj 6.5 mol%

I
R3 -
MeCN, 4 atm,

55°C, 24-48 h

R'" CO,
13 examples
up to 89% vyield

1. Pd(P'Bug), 5 mol%

BuyNCI 1.0 eq.,

3@/' EtN'Pr, 1.5 eq.
R MeCN, 4 atm,
40°C, 24-48 h

2 R4— RS

X

or
=,

32 examples
up to 87% vyield

o/\

1. Pd(P'Bug), 10 mol%,

Cul 4 mol%, PtBuz 20 mol%

EtN'Pr, 2.0 eq.,

MeCN, r.t., 5h
2. BuyNCI 1.0 eq.,
4 atm, 40°C, 16 h

8 examples
up to 72% vyield

Scheme 1.41. Palladium Catalyzed Carbonylative Synthesis of Heterocycles from Aryl

Halides.

1.4. Palladium Catalyzed Carbonylative C-H Bond Functionalization

Palladium catalyzed carbonylation reactions have also seen growing application in the

field of C-H bond functionalization.®> The use of metal catalysts to mediate the functionalization

of traditionally unreactive arene and alkane C-H bonds (C-H bond functionalization) has

garnered significant research attention in the last decade, since it provides with an efficient route

to create new C-C and C-heteroatom bonds from available and unfunctionalized reagents.®¢ In

the case of palladium catalysis, these often involve the use of palladium-carboxylate derivatives

(e.g. Pd(OAc)»), where it is thought that association of the substrate to palladium allows a low
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barrier concerted metalation-deprotonation (CMD) with the acetate ligand to form a palladium-

carbon bond for subsequent chemistry (Scheme 1.42).%

"

0
\ 7

LnPd\(

Scheme 1.42. Concerted Metalation-Deprotonation Mediated C-H Activation.

While palladium catalyzed C-H bond functionalization has been extensively employed in
(hetero)ary-aryl and —alkyl bond forming chemistry, carbonylative variants of these reaction

have been slower to develop. This may arise from several factors, including:

a) Pd(Il) complexes can be readily reduced to Pd(0) under carbonylative conditions, thus
inhibiting certain modes for palladium catalyzed C-H bond cleavage (i.e. the CMD

mechanism).

b) The strong affinity of CO to palladium can potentially inhibit the coordination of the

substrate.

c) CO is itself reactive, and can interact with the base (e.g. acetate) often employed in

these reactions.

Despite these limits, the catalytic carbonylation of arenes and heterocycles was one of the
earliest examples of palladium catalyzed C-H bond functionalization. Fujiwara and coworkers
reported in 1980 that stoichiometric amounts of Pd(OAc): can allow the conversion of arenes to
carboxylic acids in the presence of CO when the arene substrate was used as solvent (Scheme

1.432).8% In 1982, the catalytic version of this transformation was reported using tert-butyl
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peroxide as an oxidant (Scheme 1.43b).*” The transformation is believed to proceed via an initial
acetate assisted concerted metalation deprotonation mechanism forming the Pd-aryl bond,
followed by CO coordination, insertion, and reductive elimination of an anhydride (which is
subsequently hydrolysed to form the product). The palladium(0) generated in this last step is re-

oxidized by fert-butyl peroxide to continue catalysis.

a) Stoichiometric Carbonylative C-H Activation

S H o S

H U Pd(OAc), 4-43 mol% \ / o
or i > OH or 18 %
15 atm CO, O
(0] o (@]
H 100°C, 20 h
’ 26 %

a ° \J ow

b) Catalytic Carbonylative C-H Activation
Pd(OAc), 5 mol%

H 'BuOOH
©/ CH3COOH, 1 atm CO,

O

75°C, 24 h 76 %
‘BuOH
H,O _ Pd(OAc),
'BuOOH
2 AcOH AcOH
AcOPd—Ph
O ’\ /CO
AcOH
ACZO PdOAc
0
Ph)J\OH

Scheme 1.43. Carbonylative C-H Activation of Simple Arenes and Heteroarenes.
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Subsequent studies have shown that various oxidants can be employed in this reaction.
For example, concurrent with the report of Fujiwara, Itahara showed that Na>S>Og could be used
as the oxidant in the carbonylative C-H activation of indoles, thiophenes and dimethyluracil
(Scheme 1.44a).”° Moreover, this transformation could proceed at simply 1 atm CO. Reports by
Dixneuf and Ugo have shown that copper and mercury salts can be used as co-catalysts and
oxidants for the carbonylation of 5-membered heterocycles (Scheme 1.44b).°! More recently, the
group of Ishii has shown several examples of carbonylative C-H functionalization using oxygen
as the terminal oxidant, where molybdovanadophosphates are used as co-catalysts that facilitate
the reoxidation of Pd(0) (Scheme 1.44c).°? In all of these examples, the (hetero)arene is

employed in high concentration to help drive the reaction.

a) Itahara
. O o
_ ~
(! G GNEE
N Pd(OAC), 20 mol% o >
I \ Na,S,0g 60 mol% I A\
N, 1atmCO,CHCOOH g N
(_Sj/ . 3 reflux, 20h )&\Cj/R R
9 HO" \\ / 40-80 %
~20 %
b) Dixneuf and Ugo Pd(OAc), with
X Hg(OAc), or Cu(OAc), Q X
+ CO
\ / NaOAc, MeOH HO™
1 atm 20-70°C

c) Ishii
Pd(OAc), 5 mol%
R@ +CO + 0, HPMoV2mol% . OH
AcOH, 70°C, 15 h
1 atm (1:1) 20 examples
yield: 59-93 %

Scheme 1.44. Terminal Oxidants in Carbonylative C-H Activation of Simple Arenes and

Heteroarenes.
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Palladium acetate catalyzed C-H functionalization has also been used for the alkoxy- and
amino-carbonylation. In 2011, Lei and coworkers developed a regioselective aerobic oxidative

).%% This reaction proceeds using an atmosphere of

alkoxycarbonylation of indoles (Scheme 1.45a
CO and air mixture, and affords 3-indole carboxylic esters in yields up to 86%. If unprotected
indoles are employed in this transformation, N-carbamates are obtained as the only carbonylation
product. This reaction is thought to proceed through an electrophilic carbopalladation at the C-3
position of the indole (Scheme 1.45b). A copper co-catalyst in this reaction serves as an oxidant
for palladium, and is regenerated by oxidation with air. Alternatively, Li and coworkers reported
the carbonylation of indoles using a PA(OAc); and stoichiometric I, where I» reacts with indoles

to generate 3-iodoindoles for a more traditional aryl halide carbonylation, described in section

1.2 (Scheme 1.45¢).**
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PdCI,(PPh3), 2.5 mol%
PPh3 5 mol%

A\ 3 Cu(OAc), 5 mol%

R’ + R°OH -
N Toluene/DMSO (15:1)

1 atm CO/Air (7:1)

100°C, 36 h 20 examples
yields up to 86%

b) Mechanism of Oxidative Carbonylation of Indoles

R \
O,
f CuX PdX,L,
PdXL,
Pd(0)
R‘l \
N
0 R?
PdXL2
CO
3
R°OH R N\
N
R2
c) Li . 0
Pd(OAc), 5 mol% OR3
|2 2.5 eq.
N DMF,1 atm CO, N
R2 100°C, 24 h R2
I K4 39 examples
s yields up to 89%
N
\
R2

Scheme 1.45. Direct Alkoxycarbonylation of Indoles.

1.4.1. Chelation Assisted Carbonylative C-H Functionalization

A limitation of Pd(O2CR): catalyzed carbonylative C-H functionalization relative to non-
carbonylative chemistry is the reactivity of the in situ generated Pd-(CO)R complex with the

acetate base. Thus, these systems are often limited to the generation of anhydrides or anhydride
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derived products. A method to avoid this limitation is via chelation assistance. This general
field has been the subject of several reviews.””> Chelation assistance provides a powerful method
to accelerate C-H functionalization and control selectivity, where coordination of palladium to a
directing group allows a rapid, intramolecular reaction of the C-H bond (Scheme 1.46). In
catalytic carbonylative chemistry, this directing group is often also incorporated into the

carbonyl-containing functionality.

Pd(OAc), cat.
@DG co DG
Nu-H N
H u u
ANpg 0
/
"=-Pd

DG = p H 0 o
NG }QN\H/R ?J\OH }%kH/R % NHR
NH,

SO,NH, 0

Scheme 1.46. Chelation assisted C-H functionalization reactions.

One of the earliest examples of this chemistry was developed by the Orito group and
involved amine-directed intramolecular carbonylative C-H bond functionalization (Scheme
1.47a).%® This transformation proceeds at mild pressure of CO, and generates five- and six-
membered benzolactams with high selectivity. By modifying the oxidant, Gaunt and co-workers
have extended this methodology to proceed at ambient temperature (Scheme 1.47b).”” In this
case, benzoquinone serves to rapidly reoxidize Pd(0) to Pd(Il) in the presence of O,. This latter
reaction is tolerant of various functionalities on the tether, including stereogenic centers. Albert
and Granell reported an analogous catalyst system which can allow the use of primary amines as

directing groups, including quaternary aromatic o-amino esters (Scheme 1.47c).”®
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a) Orito R2 Pd(OAc), 5 mol%
R nH Cu(OAc), 0.50 eq. R N R?
H 1 atm CO: air, toluene
reflux, 24h 0
n=12 12 examples
24-95% yield
b) Gaunt R2 R?
R3  Pd(OAc); 10 mol% R3
R BQ 2.0 eq. R
H NHR* CH,COONa, CH;COOH N. g4
1 atm CO: O,,
rt., 24h O
15 examples
53-90% vyield
c) Granell
O
? 1. Pd(OAc), 1.0 eq. NH Pd(OAc), 5 mol%
N—R2 CH3COOH, reflux 1h Ph%;h BQ 2.0 eq. NH
2.1atm CO to.CH. CHsCOOH, Ph
Bn flux. 6h 22" 1atm CO
CO.CH reflux, . 6h, CO,CH3
2~ retiux, 16 examples

yields upto 98% vyield

Scheme 1.47. Amine Directed Carbonylative C-H Activation Towards the Synthesis of

Benzolactams.

Biaryls have been similarly exploited in amine directed C-H functionalization and lactam
synthesis. Chuang and co-workers have shown a mild carbonylative synthesis of
phenanthridinone derivatives from N-sulfonyl-2-aminobiaryls using a balloon of CO and silver
acetate as the oxidant (Scheme 1.48a).”” In 2013, the independent groups of Zhu and Zhang were
able to extend this approach to unsubstituted aniline derivatives (Scheme 1.48b-c).'® In both
cases, an acidic additive (TFA) or solvent (trifluoroethanol) was necessary to prevent side
carbonylation reactions involving the generation of ureas. This approach was also applied to

several ortho-heteroarene substituted anilines.
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R? O R Pd(OAc), 10 mol% R? O R
H’ AgOAc5.0eq. N~
balloon CO, MeCN o
R O 80°C, 24 h R3 O
- 24 examples
R'=Ts, Bs,N
5 B8 T8 yields up to 94%
b) Zhu

1 atm CO, Dioxane -
110°C, 24 h R2

1 Pd(MeCN),Cl, 5 mol% 1
R Cu(TFA), 1.0 eq. R
NH, TFAA1.0eq. NH

31 examples
yields up to 91%

O Pd(OAc), 3 mol% R O
1 atm CO, CF5CH,OH o
R2 O 70°C, 3 h R2 O

18 examples
yields up to 96%

Scheme 1.48. Amine Directed Carbonylative C-H Activation Towards the Synthesis of

Phenanthridinone.

The amine functionality in simple anilines can also be used to direct C-H
functionalization. This approach was shown by the Guan research group in 2012 to lead to the
double carbonylative formation of isatoic anhydrides (Scheme 1.49a).!°! The mechanism for this
carbonylation proposed by the authors involves an initial electrophilic palladation of the C-H
bond followed by an insertion of the first molecule of CO and reductive elimination forming a
carboxylic acid. Subsequent reaction of this carboxylic acid with Pd(OAc), then generates the
Pd-O bound intermediate shown in scheme 1.49a. This intermediate undergoes a CO insertion
followed by reductive elimination to form the final isatoic anhydride.
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R2
R2 '
, Pd(OAc), 5 mol% N._O
NH Cu(OAc), 2.2 eq. R’ \|¢
R! o
Kl, MeCN,
1atm CO, 60°C, 24h @]
7
. 21 examples .
A yields up to 86%
i R? R? RZ ]
| | |
NH NH N~Pd,CO
R1 \ - » R1 - » R1 |
%Pd—OH OH ]
@] @) )
b) Lei
R Pd(OAc), 5 mol% R
| Cu(OPiv), 60 mol% |
1 NH R3-OH Kl 50 mol% 1 NH
R DMSO/MeCN/Toluene R OR3
1 atm C0O:0,, 90°C, 12 h
@]
19 examples
yields upto 88%
R? 2
, [PdCIy(PPhs),] 5 mol% R
NH Cu(OPiv), 2.0 eq. . N
R’ DMSO/Toluene R’ 0o
1 atm CO, 100°C, 24 h %
24 examples 7
~ . yields up to 71% . _
AN

2 IIQZ
N. N 0] N (0]
R'I PdLn _— R1 \f —_— R']
PdL,,
(. Pd” 0

Scheme 1.49. Secondary Amine Directed Carbonylative C-H Activation.

Alternatively, Lei has shown that external nucleophiles can be employed in this reaction

to form esters (Scheme 1.49b),!°2 while removing the nucleophile leads to the double

carbonylative formation of isatin derivatives.!®* In this latter case authors attribute the generation
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of isatin derivatives to the initial N-H bond activation followed by double CO insertion.
Concerted metalation deprotonation generates a six membered cyclic carbamoyl intermediate,

which upon reductive elimination gives the isatin product.

Chelation assistance can also be applied to the carbonylation of Csp*-H bonds. Yu has
shown that amide directing groups can allow the palladium catalyzed carbonylative synthesis of
a range of succinimide derivatives. This catalytic system relies on TEMPO and AgOAc as the
oxidant (Scheme 1.50).'% While the role of TEMPO is still to be elucidated, the authors
speculate that it may reoxidize Pd(0) to Pd(II) more efficiently than just AgOAc. This
transformation requires higher temperatures than non-carbonylative variants, which was
attributed to the inhibition of C-H bond interaction with palladium due to CO association.
Notably, other directing groups that were previously utilized in their laboratory for the activation
of Csp*-H bonds (e.g. carboxylates, pyridines or hydroximic acids) were unreactive under these

carbonylative conditions.

F F
Pd(OAc), 10 mol%
FaC Fo AgOAC 2.0 eq. FsC F o
R TEMPO 2.0 eq. 1
F H R2 KH,POy,, hexane, F ;&iz
F H 1 atm CO 130°C, 18 h F g

Scheme 1.50. Amide Directed Intermolecular Carbonylative C-H Activation of sp* bonds.

In 2016, Gaunt demonstrated that amines can also direct aliphatic C-H bond
carbonylations to form B-lactams (Scheme 1.51).!% This reaction is postulated to proceed via an
usual mechanism, where CO insertion into the palladium-acetate bond forms a palladium-
anhydride intermediate, which reacts with the amine. Subsequent C-H functionalization forms a
5-membered ring palladacycle that then eliminates the B-lactam product. This reaction is general
with a range of secondary amines, and can be applied to the synthesis of several pharmaceutical

products.
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Pd(O,CR), 5-10 mol%
Cu(OAc), 5 mol%

R2 H Ligand 10 mol% R? ) SN
N BQ 1.0 eq. H
=
1J\ Toluene, RCO,H, 1 N~ O
R CH3 R Linand
1 atm CO, 120°C, 24 h Igan
54 examples A
up to 90% yield /
A
_ i )
@) OAc @) / o
2+ co : NN
RN R' _. L,-Pd
—Pd—OAc — ™ Pd L —> L,Pd n N—R2

R1J\OAC R1J\ OAc AcO ’IT-]

Scheme 1.51. Palladium Catalyzed Carbonylative Synthesis of B-lactams.

Oxygen directing groups have been employed in a similar fashion to amines in C-H bond
carbonylations. As with amines, these can serve as directing groups and nucleophiles to afford
lactones, or simply directing groups in concert with other nucleophiles to form various
carboxylic acid derivatives.  Representative examples of these are summarized in Schemes
1.52-1.53, and include the work of Yu towards the synthesis of carboxylic acids and lactones
from various aromatic reagents (Scheme 1.52a-d),!% the use of biaryls by Shi and Chuang in
constructing polycyclic lactones (Scheme 1.52e-f),'” and Booker-Milburn for ureas and other

derivatives (Scheme 1.53). '8
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a) Caboxylic acid directed C-H activation

Pd(OAc), 10 mol%

CO,H Ag,CO; 2.0 eq. CO,H
RL@/ NaOAc 2.0 eq. . R! 26 examples
dioxane, 1 atm CO OH yields up to 92 %
130°C,18 h 0

b) Acetanilide directed C-H activation

Pd(OAc), 10 mol%
BQ 1.0 eq.

NHAC TsOH 0.5 eq. 1 NHAc 14 examples
1 ~ R ields up to 97 %
R AcOH, 1 atm CO OH  Vieldsupto 97 %
dioxane, 60°C,18 h o
c¢) Hydroxyl group directed C-H activation
=2 Pd(OAc), 10 mol% R?

R2 (+)-Men-Leu-OH 20 mol% R2
R1W AgOAc3.0eq.  _ pf 15 examples
OH  |j,c0O; DCM, 1 atm CO O  yields upto 91 %

110°C. 48 h o)

d) Sulfonamide directed C-H activation
Pd(OAc), 10 mol%

SOZNHCGFs AgOAC 2.0 eq. SOzNHC6F5
R TEMPO 2.0 eq. R1 4 examples
OH ields up to 70 %
KH,PQO,, hexane, yi up °
1 atm CO 130°C, 24 h e}

e) Phenol directed C-H activation

Pd(OAc), 5 mol% 1
R' R
Cu(OAc), 10 mol% 0
OH Na,CO32.0eq. 30 examples
PivOH, Mesitylene , o Vields upto 89%
R2 O 1 atm CO:air, R

120°C, 6 h

f) Phenol directed C-H activation

R1 o R1
Pd(OAc), 10 mol%
OH ?

AgOAc 3.0 eq. 25 examples
MeCN,1 atm CO, , o yields up to 87%
R2 O 80°C, 48 h R

Scheme 1.52. Oxygen Directed Carbonylative C-H Activations.
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R2 R3

Ho Pd(MeCN),(OTs), 5 mol% Ho
R \”/ “R® BQ2.0eq., TsOH 0.5 eq. . R \”/ “R2
(0] THF:MeOH (1:1), 1 atm CO, O
18°C, 3-5 h COMe

22 examples
yields upto 90%

RZ
RZ  Pd(MeCN),(OTs), 5 mol% N, N
H ! BQ 2.0 eq., TSOH 1.0 eq. " S “R3
o)

N.
R1©/ N OR® DCM, 1 atm CO,
9 18°C, 3-5h

0]
9 examples
yields upto 85%

Scheme 1.53. Urea Directed Carbonylative C-H Activations.

1.4.2. Carbonylative C-H Activation in the Synthesis of Ketones

Unlike many examples in non-carbonylative C-H bond functionalization, palladium
catalyzed carbonylative C-C bond formation has to date seen limited success, despite the
potential utility of these ketone products. This can be attributed, at least in part, to the reactivity
of the carboxylate base commonly used in these systems, which can react with the Pd(CO)R
complex more rapidly than the steps required to form a Pd-C bond for reductive elimination. As
a result, most Pd-catalyzed carbonylative C-H functionalizations have led to carboxylic acid

derivatives.

One approach to avoid this limitation is via intramolecular reactions. Larock pioneered
this methodology in intramolecular cyclocarbonylation of 2-halobiphenyls to form fluorenones
(Scheme 1.54).!% This system employs the commercially available Pd(PCys), catalyst and
stoichiometric NaO>C'Bu, and presumably involves C-H functionalization of the tethered arene
followed by CO insertion and reductive elimination. A follow-up paper showed that this
approach could be extended to a wide range of heterocycles, including thiophenes, indoles,

benzofurans, and furans.''”
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@)
Pd(PCy3)> 5 mol%

X
R! R NaO,CtBu 2.0 eq. R! . R?
Q Q DMF, Balloon CO

110°C, 7-14 h

24 examples
up to quantitative yields

@)
Pd(PCys), 5 mol% Q
I NaOPiv 2.0 eq. ’
— g Ph
Ph DMF, Balloon CO Ph

110°C, 7-14 h
81 % vyield
Q | Pd(PCy3)> 5 mol% O (0]
NaOPiv 2.0 eq. .
o DMF, Balloon CO —
O O 110°C, 7-14 h O O
O o)

80 % yield

Scheme 1.54. Intramolecular Carbonylative C-H Activation of 2-Halobiphenyls Towards

the Synthesis of Fluorenones.

Lei and co-workers demonstrated that aryl halides are not required in this reaction, and
instead simple diaryl ethers can undergo a double C-H functionalization / carbonylation to form
xantones (Scheme 1.55).!!! The reaction utilized a simple Pd(OAc): catalyst with K2S>0s as the
oxidant and under 1 atm of CO, and afforded 20 different xantones in moderate to good yields.
Kinetic studies using IR spectroscopy showed that the rate-determining step was intramolecular

C-H activation of the second aromatic ring.

79



Pd(OAc), 2.5 mol% O
Nazszog 2.0 eq.
©\O© TFA, 1 atm CO O o O

50°C, 2-6 h 20 examples

o up to 96 %
Pd(OAc)L,
AN
=&

Scheme 1.55. Double Carbonylative C-H Activation of Diarylethers Towards the Synthesis

of Xantones.

An alternative approach to generate ketones via carbonylative C-H functionalization that
has seen some success is to employ highly activated substrates. This was described by Beller in
the first carbonylative intermolecular C-H functionalization of heteroarenes to form

).112 While this at first glance appears to involve a

diaryl(heteroaryl)ketones (Scheme 1.56
palladium catalyzed heterocycle functionalization, this system employs a stoichiometric Cul salt,
who’s role is to first react with the acidic C-H bond of the heterocycle in the presence of base to
form a metallated heterocycle. This then undergoes a more traditional palladium catalyzed
carbonylative coupling reaction. The high CO pressure in the reaction (40 atm) was necessary to
prevent the formation of the direct non-carbonylative coupled product. A range of heterocycles,

including benzoxazoles, benzimidazoles, benzothiazoles, and oxazoles, were found to give the

corresponding ketones in good yields.
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[Pd(Cinnamyl)Cl], 5 mol% o)

e X | dppp 10 mol% X
- Cul 1.5 eq. . | R
8 L2 + R 7 N\\—N !
Su- TN DBU, DMF, 40 atm CO ¢ ,
\ 120°C, 30 h T ¢ examples
X=0,S, NMe e _X i up to 70% vyield

Scheme 1.56. Intermolecular Carbonylative C-H Activation Towards the Synthesis of
diaryl(heteroaryl)ketones.

Recently, Skrydstrup reported the first palladium-based intermolecular C-H bond
carbonylation to form ketones.  This transformation employs highly activated/acidic
perfluorinated arenes, who’s CMD by the palladium catalyst can complete with acetate reductive
elimination within the palladium-acyl intermediate to form the corresponding ketone products
(Scheme 1.57).!'% This reaction proceeds efficiently under moderate reaction temperatures, but
requires the use of highly fluorinated arenes in order to accelerate the C-H bond activation and

minimize the formation of carboxylic acids.

Pd(TFA), 10 mol%

©/ \G' PBUyHBF, 20 mol% _ O O
PhCF3, 80°C, 16 h
2-chamber syst. 1.5 eq. CO

. 21 examples
p up to 72% yield

oc |, 0 0
Pd Ly L,
R1©/ B o P Pd
OAc
<

Scheme 1.57. Carbonylative C-H Activation of Fluorinated Arenes Towards the Synthesis

of Diarylketones.
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1.5. Overview of the Thesis

The studies outlined above show that a diverse range of transition metal catalyzed
carbonylation reactions have been developed in the last four decades. Tremendous effort has
been directed towards rational catalyst design, activation of challenging substrates, and the
development of multicomponent protocols. Furthermore, these reactions provide with a method
to combine a widely available feedstock, CO, together with other reagents (alcohols, amines,
alkenes, alkynes, aldehydes, etc.) to generate products of added value that have great relevance

in pharmaceutical, synthetic, agrochemical and polymer chemistry.

The research described in this thesis is directed towards developing new variants of these
carbonylation reactions, and in particular those that use readily available building blocks and
employ simple protocols. These transformations rely on the generation and trapping of the highly
electrophilic organic intermediates, which has allowed for the development of several new

variants of these reactions.

In chapter 2, we describe a tandem -catalytic and multicomponent approach to the
synthesis of imidazoles from readily available imines, aryl halides and CO. This reaction uses a
simple Pd/P'Bus catalyst that is able to mediate both aryl halide carbonylation as well as
a-chloroamide carbonylation yielding a 1,3-dipole (a Miinchnone). When performed in
conjunction with 1,3-dipolar cycloaddition, this allows the efficient one pot synthesis of aryl-

substituted imidazoles.

Chapter 3 describes a new nickel-catalyzed synthesis of isoindolinones via the
carbonylation of aryl iodides in the presence of imines. The use of simple Ni(COD); catalyst in
the presence of 1 atm of CO allows for the mild carbonylation of aryl halides to generate in situ
acid chlorides. These rapidly react with an imine to form an a-chloroamide, which undergoes a

catalytic cyclization to yield the isoindolinone products.

Chapter 4 describes our efforts in the field of palladium catalyzed carbonylative C-H
functionalization, and the functionalization of electron rich heterocycles into ketones. This
transformation relies on formation of highly electrophilic intermediates, aroyl iodides, via the
Pd/P'Bus catalyzed carbonylation of aryl iodides. The decoupling of palladium catalyst from C-H
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functionalization step allows the design of an efficient and simple protocol for the generation of

a broad range of aryl-(hetero)aryl ketones from aryl iodides, CO and heterocycles.

As laid out in section 1.3.3, our laboratory has done extensive work in the palladium
catalyzed carbonylative synthesis of mesoionic Miinchnone intermediates. Chapter 5 describes
our work towards understanding the mechanism of this catalytic system. It includes the synthesis
of key catalytic intermediates, performing model reactions, as well as kinetic studies that support
the role of these compounds in catalysis. Overall, this allowed the elucidation of the mechanism
of this transformation, including the role of palladium nanoparticles and ligands in facilitating

catalysis.

In chapter 6, we show how this mechanistic data can be used to create a highly active
catalyst for the carbonylative synthesis of Miinchnones, and, from these, pyrroles. This includes
its application to a novel one step, palladium catalyzed synthesis of Atorvastatin (i.e., Lipitor)

from simple imines, acid chlorides and alkynes.
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Chapter 2. A Palladium-Catalyzed Synthesis of (Hetero)Aryl-Substituted

Imidazoles from Aryl Halides, Imines and Carbon Monoxide

2.1. Preface

As described in chapter 1 (Section 1.3.3), the Arndtsen research group has previously
reported a palladium catalyzed synthesis of Miinchnones from aryl iodides, carbon monoxide
and imines. This transformation was applied to the multicomponent synthesis of pyrroles and -
lactams. In this chapter, we describe the extension of this approach to prepare imidazoles in a
single palladium catalyzed operation from aryl iodides, two imines and two equivalents of CO.
Mechanistic studies show that the reaction involves an initial catalytic carbonylative coupling of
aryl halides with imines to form a 1,3-dipole, which undergo a spontaneous 1,3-dipolar
cycloaddition with an electron deficient N-tosyl imine. Overall, this offers an alternative to more
classical cross coupling or C-H bond functionalization reactions to construct the (hetero)aryl-
imidazole motif, where variation of the building blocks can allow the synthesis of broad families
of imidazoles with independent control of all substituents. This work has been published

Chemical Science (2016, 8, 1002-1007).

2.2. Introduction

The aryl-(hetero)aryl motif is among the most common structural motifs found in
pharmaceutical design.! An important example of these are aryl- and heteroaryl-substituted
imidazoles, which are key units in a diverse range of anti-inflammatory? and other
pharmaceutically relevant agents,’ as well as electronic materials,* polymers,’ metal coordinating
ligands,® and other areas of application.” Traditional approaches to assemble aryl-substituted
imidazoles involve the cyclization of pre-synthesized diamines with electrophiles.® While
effective, these require the initial multistep synthesis of the substituted precursors, and can suffer
from poor regioselectivity. In this regard, the rapid rise in the use of cross-coupling reactions
with heterocycles has had a tremendous impact. These commonly exploit the reaction of
halogenated imidazoles with organometallic reagents (scheme 2.1a).” More recently, efforts by a
number of research groups have demonstrated that cross-coupling can be replaced with even

more efficient metal catalyzed C-H bond functionalization (scheme 2.1b).!° The latter obviate
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the need to pre-activate the imidazole unit and the use metallated coupling partners, and instead

can employ the broad range of commercially available (hetero)aryl halides.

Despite the many attractive features of coupling reactions, there remain drawbacks to
their use in assembling substituted imidazoles. Perhaps most importantly, intrinsic to this
chemistry is the need for the pre-formed, substituted imidazole for use in bond formation. These
must be prepared, often by classical cyclization chemistry, and can make the systematic tuning of
the imidazole core an involved process. Other routes to imidazoles have been developed,'!
including our own Pd-catalyzed synthesis with N-acyl iminium salts,!'® but these also often

involve reactive and/or synthetic reagents.
a) Metal-Catalyzed Cross-Coupling Reactions
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Scheme 2.1. Transition Metal-Catalyzed Approaches to Aryl-Substituted Imidazoles.

In principle, a more flexible method to generate these products would be to assemble the
aryl-imidazole bond at the same time as the heterocycle. A potential approach to such a synthesis
is to exploit tandem catalysis. Tandem catalytic reactions have seen growing interest due to their
ability to generate multiple bonds through a series of spontaneous catalytic operations.'> We
questioned if these features might be applied to design a synthesis of imidazoles from aryl

halides, via the reaction illustrated in Figure 2.1c.

We have recently shown that aryl halides can undergo palladium catalyzed carbonylation
into reactive acid chlorides.!* Performing this reaction in the presence of an imine can initiate a
second carbonylation and the overall generation of 1,3-dipolar Miinchnones.'* An interesting
facet of the latter reaction is its ability to generate a reactive, 1,3-dipole intermediate from an aryl
halide, which has the ability to undergo cycloaddition.!> The overall sequence in Figure 2.1c
would offer what is to our knowledge a rare example of a tandem catalytic reaction involving

five separate reagents.!®

While each of these steps has precedent, the complete transformation
requires the performance of two separate palladium catalyzed carbonylation reactions (A and C),
together with nucleophilic attack (B) and cycloaddition (D) with perfect selectivity. Similarly,
the catalyst, multiple reagents, reactive intermediates, coordinating product and two separate

imines must all be compatible and react in sequence in a single reaction mixture.

We describe below our efforts towards this goal. This has led to a novel route to
assemble imidazoles from combinations of substrates that are available, easily diversified and
stable (aryl halides, two imines and CO). The -catalytic reaction proceeds with high
chemoselectivity, and opens an alternative to coupling reactions to prepare aryl-imidazoles from
aryl halides, where variation of the substrates can allow the formation of broad families of

products.

2.3. Results and Discussion

Our initial studies involved the Pd(P'Bus), catalyzed coupling of aryl iodide with the two
imines shown in Table 2.1, based upon our previous observations of the activity of these
catalysts in aryl iodide carbonylation. This led to minimal product after several days at elevated

temperatures (entry 1). Modulation of the reaction conditions did not favor the reaction, nor did
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changing the palladium coordinating ligand (entries 2-5, see Table 2.5 for full catalyst
development). We have previously noted that the presence of chloride can dramatically
accelerate carbonylations with aryl iodides by allowing the in situ build-up of acid chlorides.!'?
Similarly, the addition of BusNClI, or the even more straightforward use of [Pd(allyl)Cl]; as the
catalyst and chloride sources allowed the formation of imidazole 2.1a in moderate yield (entries

6,7). No subsequent optimization improved this yield.

Closer examination of the reaction mixture shows that the N-benzyl imine is fully
consumed, suggesting that the initial catalytic carbonylation cycle may be effective, but
subsequent steps are inhibited. We suspected that this may arise from the formation of the
sulfinate byproduct of cycloaddition.  Control experiments show that the addition of
stoichiometric sodium sulfinate completely blocks catalysis.!” Attempts to improve the reaction
yield by varying this leaving group did not increase the yield of imidazole (entries 8-10), nor did
the addition of potential sulfinate trapping agents.!®> However, the simple change of making the
N-tosyl imine the limiting reagent dramatically improved catalysis (entry 11). From a synthetic
perspective this proved useful, as N-tosyl imines are the most valuable building blocks in the
reaction. Under these conditions, imidazole 2.1a is formed in high yield and with the exclusive

incorporation of two separate imines (vide infra).

In considering the substrates employed in this reaction, we next questioned if even more
broadly available and inexpensive aryl bromides might also be employed in the catalytic
sequence. A challenge in the use of aryl bromides is the required use of pressing conditions
required to activate the Ar-Br bond, which must be compatible with the sensitive iminium salt or
Miinchnone intermediates generated in this reaction. However, after probing various reaction
conditions (see Table 2.6 for details), we have found that the rapid trapping of the intermediates
to imidazoles (vide infra) can allow this tandem catalytic sequence to be performed with aryl

bromides, and affords imidazole with similar efficiency (entry 13).
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Table 2.1. Catalyst Development for the Generation of Aryl-Imidazoles?

[Pd(ally)Cll, 5 mol% pp,

X N,Bn+ N/TS L 20 mol% IN@M
+ . / e
" M A EtNPr,, MeCN, N
e

Ph H Ph H Ph
4 atm CO, 21a
55°C, 24 h
entry L 2.1a (%)’ | entry L 2.1a (%)"
X=1

1 Pd(P'Bus), 4 6°  Pd(P'Bus): 43

2 P(o-tolyl)s 5 7 P'Bus 42

3 DPPE - 8° P'Bus -

Q 9d P'Bu 30
4 7 3
Bu,P 10¢ P'Bus 12

Q
5 7 11f P'Bus 77 (75)2
C

yoP

X =Br

12°F  Pd(P'Bus). - 13b:Eh P'Bus 73 (65)

ap-iodotoluene (109 mg, 0.50 mmol), PhC=NBn (20 mg, 0.10 mmol), PhC=NTs (31 mg, 0.12 mmol), [Pd(allyl)ClI]»
(0.005 mmol), L (0.02 mmol), EtNPr, (0.3 mmol), 0.7 mL CDs;CN, 4 atm CO. b 10% Pd(P'Bus);, 0.1 mmol
BwNCI. ®PhC=NMs. PhC=NSO,CsH4Cl. °PhC=NNs. ‘p-halotoluene (0.3 mmol), PhC=NBn (39 mg, 0.2 mmol).
gisolated; "95 °C, 25 atm CO, 20 % P'Bus. '4 atm CO.

A feature of this catalytic synthesis is its ability to generate substituted imidazoles from
combinations of building blocks that can be easily diversified. This can allow for the modular

assembly of a diverse range of these products (Table 2.2 and Table 2.3).
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Table 2.2. Diversity of the Imine Reaction Partner

2

[Pd(allyl)Cl],5 mol% , R
N N P'Bus 20 mol% RGN
b o L oo B ()
R1 H R3 H EtNIPrz, '\/leCNY R3 N
2.1

4 atm, 55°C, 24 h

/0
(0] MeS
Bn Bn
1 /
N N
ph” N ph” N
2. 1b 76% 2.1c: 82% 2.1d: 74%
CO,Et
:I l@ W Igs
Ph Ph
2.1e: 79% 2.1h: 80% 21. 69%
MeO
Et
/
N
N Ph
2.1f: 76% 1g 79% 2. 11 76%
OMe
eO MeO
Vﬁg s Bn
N N = N
ph” N ph” N ph” N
2.1k: 76% 2.11: 74% 2.1m: 74%

daryl iodide (327 mg, 1.50 mmol), imine (1.0 mmol), N-Ts imine (0.50 mmol), [Pd(allyl)Cl], (9 mg, 0.025 mmol),
PtBu; (20 mg, 0.10 mmol), EtNPr, (194 mg, 1.50 mmol), MeCN (2.0 mL), 4 atm CO, 55 °C, 24h. ®°N-Ts imine
added after Miinchnone formation.

99



Table 2.3. Diversity of the N-Ts Imine Reaction Partner

2
| R? _Ts [Pd(ally)Cll,5 mol% N,R
N~ N t 0
F o+ 1 weo PBl.J320moI/o - I/
R M R®% "H EtN'Pr,, MeCN, RN
4 atm, 55 °C, 24 h 2.1
Et Et Et
pTol N pTol N pTol N
N N N
2.1n: 76% 2.10: X = Me,78% 2.1r: 75%
X 2.1p: X = OMe, 80%
21q: X =Br, 77% Br
Et Et Et

/

oTol N pTol N pTol N
\ \ .,
. 0,
21s: 77% . 21t: 76 % 21u: 81%

NS

0]
-0
Et Et Bn
pTol N pTol N pTol N
| />—< >7 l />—< >7 l />—< >7
S N S N S N
N\_s  2.1v:82% N\_0  2.1w: 80% ,\} _ 2.1x: 59%
Bn Et Bn
pTol N/ pTol N/ pTol N/
~ "N \ N N
\ N/ 2.1y: 46% Ph 2.1z: 74% 2.1aa: 81%b

Aaryl iodide (327 mg, 1.50 mmol), imine (1.0 mmol), N-Ts imine (0.50 mmol), [Pd(allyl)Cl], (9 mg, 0.025 mmol),
PtBu; (20 mg, 0.10 mmol), EtNPr, (194 mg, 1.50 mmol), MeCN (2.0 mL), 4 atm CO, 55 °C, 24h. ®°N-Ts imine
added after Miinchnone formation.

For example, a number of simple imines can be incorporated into the reaction, including
those with phenyl substituents on the imine carbon, electron deficient aromatics (2.1b,f) those
with donor substituents (2.1¢,d,h,k) as well as heterocyclic imines (2.1m). Each of these form
imidazoles in good yields. Similarly, those with various N-alkyl, -benzyl and -aryl substituents
are viable partners, as are those with heteroaromatic units. The N-tosyl substituted imine can be
even more widely diversified as a tool to modulate the 4-imidazole position. Examples of these

latter can involve electron rich or electron deficient aromatics (2.1n-t) or naphthyl substituents
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(2.1u). o,B-Unsataturated N-tosyl imines are also viable substrates, as are those with
heteroaromatic (thiophene, furan, pyridine) units (2.1w-z). The reaction also tolerates the use of
enolizable, C-alkyl substituted N-tosyl imines (2.1aa). Since the latter imine is thermally

unstable, it was added to the reaction mixture after the catalytic formation of Miinchnone.

Table 2.4. Scope of Aryl Halide Reaction Partner

Bt Ts [Pd(allyl)Cll; 5 mol% .,

X N, )Nl\ +co _ PBu;20mol% IM
pToI)\H Ph” > H EtN’Pr,, MeCN,

4 atm, 55 °C, 24 h

Y e i @pT°'I \ ) X )

2.2a, ortho: 61% 2.2d: 74% 2.2e: 78%(51%) 2.2f: 79%
2.2b, meta: 82%

2.2c, para: 86%(7 2%b

COzMe
pTol I :/< pTol I :< pToI j: :/< pTol j: :/<
2.2g: 72% 2.2h: 76% 2.2i: 77% 2.2]: 66%
pTol pTol pTol
I I >—-< )—COEt I >—< )—CFs
2.2k: 76% 2.21: 69% 2.2m: 64%

pTon: : pToIji :<< pT0|ji pToII

2.2n:78% 2.20:83% 2.2p: 79% (56%)° 2.2q: 8%

aReaction conditions of Table 2.2. °Reaction performed with aryl bromide.

As shown in Table 2.4, the aryl iodide coupling partner can also be modulated in this
transformation. As representative examples, various para-, meta-, and even sterically
encumbered ortho-substituents can be incorporated onto the aryl-iodide or -bromide (2.2a-n), as

can those with palladium reactive functionalities (2.2d-i). Electron rich aryl halides generally
101



lead to slightly higher yields (2.2¢,n,0), but electron withdrawing substituents are also viable
reagents. However, aryl halides with ortho-substituents other than a MeO- group are not viable
reaction partners (e.g. 2-bromoiodobenzene, 2-chloroiodobenzene), potentially due to the slow
oxidative addition of the N-acyl iminium salt to Pd(0). Similarly, p-CN and p-CHO substituted
aryl iodides generate a mixture of products, including what is preliminarily characterized as the
same isoindolinones as reported in chapter 3 (vide infra). This chemistry can be extended to the
use of heteroaryl iodides, such as those with thiophene and indole units (2.2p,q). When
combined with the diversity of imine(s) that can be employed, this transformation provides what
is to our knowledge a novel method to prepare imidazoles from aryl halides, where every

substituent can be varied at the same time as the imidazole-(hetero)aryl bond is generated.

We have performed preliminary studies to probe the mechanism of this catalytic reaction.
Monitoring the reaction by 'H and 3'P NMR analysis shows the build-up of palladium-aroyl
complex 2.3 (Scheme 2.2) as the catalyst resting state, suggesting the elimination of acid
chloride (step A) is rate determining in catalysis.!” This data is consistent with the results in
Table 2.1, where the sterically encumbered P‘Bus ligand and a chloride source are both required
for efficient catalysis, as they can favor acid chloride reductive elimination.'®> Once acid chloride
is formed, it presumably reacts rapidly with the imine to form an N-acyl iminium salt. In situ 'H
NMR analysis shows no evidence for iminium salt 2.4, and likely reflects its more rapid
oxidative addition to palladium than aryl iodide for subsequent cyclocarbonylation to
Miinchnone (step C). The final cycloaddition of N-tosyl imine leads to the liberation of
sulfinate. '"H NMR analysis shows that this sulfinate is rapidly trapped with iminium salt to form
PhCON(Bn)CH(p-Tol)Ts (2.5), and does not therefore block either of the two palladium
catalyzed carbonylation cycles. The high imine selectivity in this system presumably arises from
their different electronic characteristics, wherein the poorly nucleophilic N-tosyl imine cannot
react with acid chloride to form iminium salt. Conversely, once Miinchnone is generated, it
undergoes selective 1,3-dipolar cycloaddition with the more electron deficient imine and

aromatization.
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Scheme 2.2. Catalytic Cascade to Generate (Hetero)Aryl-Substituted Imidazoles.

Finally, as an illustration of the potential utility of this transformation, we have probed its
use in more targeted synthesis. Imidazole 2.6 (Scheme 2.3) has attracted attention as a potent

20 While 2.6 is typically prepared via cyclization of preformed

Tie2 kinase inhibitor.
polysubstituted ketones, this palladium catalyzed platform can allow access to the imidazole core
of 2.6 directly from combinations of two imines, CO and aryl iodide. The modularity of this
catalytic reaction should in principle allow facile access to variants of this product, by systematic
tuning of either the imine or aryl halide building blocks.

Pd(PBus), 5 mol% N~
_Bn N/Ts Table 2 conditions

o, . (80%) @
/©/ H & H 2)KO'Bu,0,,DMSO,
MeS OO N | rt, 1h O
MeO (80%) Q
2.6

MeO

Scheme 2.3. Aryl Iodide Carbonylative Synthesis of Imidazole 2.6.

2.4. Conclusions

In conclusion, we have described a new palladium-based tandem catalytic transformation
that can allow the generation of polysubstituted imidazoles from combinations of imines, aryl

halides and carbon monoxide. This provides an alternative route to prepare the (hetero)aryl-
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substituted imidazoles, where the imidazole unit is generated at the same time as the aryl-
heteroaryl bond. The reaction proceeds with high selectivity, and allows the build-up of these
products in one operation, from available substrates, and with independent control of all

substituents.

2.5. Supporting Information
2.5.1. General Considerations

All reactions were carried out under an inert atmosphere in a glovebox or using standard
Schlenk techniques, unless otherwise indicated. Research grade carbon monoxide (99.99%) was
used as received. All solvents were dried using a solvent purification system and stored in
glovebox over activated 4 A molecular sieves. Deuterated solvents were dried over CaHa,
vacuum transferred and stored over 4 A molecular sieves. N-alkyl, N-aryl imines, and N-tosyl
imines were prepared according to literature procedures.?!?* All other reagents were purchased
from commercial suppliers and used as received. All 'H and '*C NMR spectra were acquired on
400 and 500 MHz spectrometers. High resolution mass spectra were obtained using a

quadrupole-time of flight and an Orbitrap detector by direct infusion in positive ESI mode.

2.5.2. Synthetic Procedures

Typical Procedure for Catalyst Screening (Table 2.1.)

B
[Pd(ally)Cll, 5 mol% pp ./

Me I+ + | i 7
( :: EtN'Pry, MeCN,
Ph)\H Ph)\H 2 pn” N

CO 4 atm, 55 °C, 24 h

In a glovebox, 4-iodotoluene (109 mg, 0.50 mmol), PhC=NBn (20 mg, 0.10 mmol), PhC=NTs
(31 mg, 0.12 mmol), EtN'Pr; (40 mg, 0.3 mmol), [Pd(allyl)Cl]2 (2 mg, 0.005 mmol), P'Bus (4
mg, 0.02 mmol), and benzyl benzoate internal standard were dissolved in CD3;CN (0.7 mL) and

added to a J-Young NMR tube. The tube was removed from the glovebox, frozen in liquid
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nitrogen, the headspace evacuated, and 4 atm carbon monoxide was condensed into the NMR
tube. (Procedure: The CO manifold shown in Figure 2.1 has a volume of 67 mL. This was
evacuated, filled with 760 torr CO, then closed to the CO tank, and the valve to the liquid
nitrogen frozen NMR tube was opened until CO pressure in the manifold dropped by 120 torr
(0.45 mmol) due to condensation of CO into the NMR tube. As the headspace of the NMR tube
is 2.5 mL, this corresponds to 4 atm CO). The reaction was then heated at 55 °C and monitored
by 'H NMR spectroscopy. The yield of 2.1a (43%) was determined by 'H NMR analysis relative
to the internal standard. Also, monitoring the reaction during the course of catalysis by 'H and
3P NMR shows the generation of the palladium complex (‘BusP)Pd(COp-Tol)Cl (*'P NMR: 73.1
ppm) as the major observable phosphine-containing intermediate, and the formation of (N-
benzylbenzamido)(phenyl)methyl 4-methylbenzenesulfinate 2.5 in 48% yield at the end of
catalysis. The results of screening of other ligands, reagents and additives to the reaction are

shown in Table 2.5 below.
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Figure 2.1. Experimental Setup for Condensation of CO in to a J-Young Tube.
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Table 2.5. Catalyst Development for Generation of Aryl-Imidazoles from Aryl Iodides

Entry PR3 EWG | Yield, % | Entry PR3 EWG | Additive Yl(;ld’
(1]
1 | Pd(P'Bus), = Ts 4 10 | Pd(P'Bus) Ts BwNCI = 43
2 PPh; Ts 0 11 P'Bu; Ts 42
3 PCy; Ts 0 12 P'Bus SOZCCfH“ 30
4 | P(o-Tol)s = Ts 5 13 P'Bu; NS 12
5 DPPE Ts 0 14 P'Bu; Ms 0
(N
t
6 t Ts 7 I5 P'Bus Ts 0
S n-propyl-
t
7 s 7 | 16 PBu s opyl-
8 A Ts 0 17 P'Bu; Ts TMSCl =~ 32
PPh, PPh,
PR~ Py
0) t 77
9 t Ts 8 18 | PBu Ts 73)

Typical Procedure for Catalyst Screening with Aryl Bromides (Table 2.1.)

In a glovebox, 4-bromotoluene (68 mg, 0.40 mmol), PA\C=NBn (40 mg, 0.20 mmol), PhC=NTs
(26 mg, 0.12 mmol), EtN'Pr; (40 mg, 0.3 mmol), Pd(P'Bus)2 (5 mg, 0.01 mmol), BusNCI (28 mg,
0.1 mmol), P'Bus (4 mg, 0.02 mmol), and benzyl benzoate internal standard were dissolved in
MeCN (1 mL) in a vial with a loosely capped screw cap and added to a high-pressure reactor.
The reactor was removed from the glovebox, and was pressurized with 25 atm carbon monoxide.
The reaction was heated at 95 °C for 24 h. The reaction was then cooled to room temperature,
carbon monoxide was removed and all volatiles were evaporated in vacuo. The yield of 2.1a
(73%) was determined by 'H NMR analysis relative to the internal standard. The results of

screening other conditions and additives is provided in Table 2.6.
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Table 2.6. Catalyst Development for Generation of Aryl-Imidazoles from Aryl Bromides

10% Pd PtBU3)2 Ph

/©/Me N-B NS additive I >_@
+ I * I
EtNPry MeCN
Br Ph)\ )\H 2

H  Ph
CO (25 atm), 24 h
Entry = Temp., °C Additive Yield, %
14 85 - 31%
2 75 1.0 eq. BuuNCl 35%
3 85 1.0 eq. BusNClI 36%
4 95 1.0 eq. BusNCl 39%
5 95 0.1 eq. BuNCl 31%
0.1 eq. BusNCl o
6 93 20 mol% P'Bus 40%
1.0 eq. BuuNCl
b ’ 0
7 93 20 mol% P'Bus 2%
. 1.0 eq. BusNCl, o
8 93 20 mol% P'Bus 65%
1.0 eq. BusNCl, o
? 95 20 mol% P'Bus 3%

@[pd(allyl)C1]o/P'Bus used as catalyst.” 10 eq. of p-bromotoluene. ¢ CO pressure 4 atm.

Typical Synthesis of Imidazoles (Tables 2.2. and 2.3.)

In a glovebox, 4-iodotoluene (327 mg, 1.50 mmol), PhC=NBn (98 mg, 1.00 mmol), Ph=NTs
(130 mg, 0.50 mmol), NEt'Pr> (194 mg, 1.50 mmol), [Pd(allyl)Cl]> (9 mg, 0.025 mmol), P'Bus
(20 mg, 0.10 mmol) were combined in acetonitrile (2 mL) and added to a 50 mL Teflon sealed,
thick walled glass reaction vessel. The vessel was closed, removed from the glovebox, and
pressurized to 4 atm CO. (Procedure: The 50 mL glass reaction vessel was connected to a CO
gas cylinder via a rubber hose that was also connected to a vacuum manifold (see Figure 2.2).
The hose was evacuated and backfilled with carbon monoxide 3 times. Afterwards, the reaction
vessel was opened to the line, and pressurized to 4 atm (4 bar) of carbon monoxide according to
the outlet pressure gauge on the regulator for the gas cylinder.) The reaction was heated at 55 °C
for 24 h. After the reaction was cooled to room temperature, all volatiles were removed in vacuo.

The crude product was purified by column chromatography (silica gel, gradient hexane / ethyl
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acetate 4% to 20% with 1 % Et;N additive) affording pure imidazole 2.1a as a pale yellow solid
in 75% yield (151 mg).

For the synthesis of 1aa, the reaction was performed as above without the initial addition of the
N-tosyl imine. After the reaction was complete, the CO was removed, the pressure vessel was
brought back into glovebox and freshly synthesized (propyl)HC=NTs (225 mg, 1.00 mmol) in 1
mL acetonitrile was added to the reaction mixture. This imine was prepared as previously
reported.?? (Procedure: a solution 4-methyl-N-(1-tosylbutyl)benzenesulfonamide (762 mg, 2.0
mmol) in EtOAc (25 mL) was treated with aqueous NaOH (1M, 25 mL) for 45 seconds. The
organic solution was collected, and the solvent removed in vacuo to afford the imine
(propyl)HC=NTs as a colorless oil. This was brought into the glovebox and weighed for use.)
The reaction heated at 55 °C for 5 h, then cooled to room temperature, and all volatiles were
removed in vacuo. The crude product was purified by column chromatography (silica gel,
gradient hexane / ethyl acetate 4% to 20% with 1 % Et3N additive) affording imidazole 2.1aa as
a colorless oil in 81% yield (155 mg).
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Figure 2.2. Experimental Setup for Carbonylation Reactions (1-4 atm).

Procedure for the Synthesis of Imidazoles from Aryl Bromides

In a glovebox, 4-bromotoluene (342 mg, 2.0 mmol), Ph=NBn (195 mg, 1.0 mmol), PhC=NTs
(130 mg, 0.5 mmol), EtN’Pr; (193 mg, 1.5 mmol), [Pd(P'Bus)2 (12 mg, 0.025 mmol), P'‘Bus (10
mg, 0.1 mmol), and benzyl benzoate internal standard were combined in MeCN (5.0 mL) and
added to a 50 mL Anton-Paar high-pressure reactor. The reactor was removed from the glovebox
and pressurized to 25 atm CO. (Procedure: The high-pressure reactor was connected to a
multiwell Anton-Paar system through a steel hose (see Figure 2.3). The tubing of the Anton-Paar
system was evacuated and backfilled with CO 3 times. Afterwards, the high-pressure reactor was
opened to the multiwell system and was pressurized with 25 atm carbon monoxide according to

the digital pressure sensor reader.) The reactor was closed, and the reaction was heated at 95 °C
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for 24 h in an oil bath. The reaction was then cooled to room temperature, carbon monoxide was
removed and all volatiles were evaporated in vacuo. The crude product was purified by column
chromatography (silica gel, gradient hexane / ethyl acetate 4% to 20% with 1 % Et;N additive)
affording pure imidazole 2.1a as a pale yellow solid in 70% yield (140.0 mg).

Figure 2.3. Experimental Setup for High Pressure Carbonylation Reactions (5-100 atm).

Procedure for the Synthesis of 4-(5-(6-methoxynaphthalen-2-y1)-2-(4-(methylthio)phenyl)-1H-

imidazol-4-yl)pyridine 2.6.
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In a glovebox, 4-iodothioanisole (1000 mg, 4.0 mmol), N-benzyl-1-(6-methoxynaphthalen-2-
yl)methanimine (275 mg, 1.00 mmol), NEt'Pr; (194 mg, 1.50 mmol), Pd(P'Bus): (12 mg, 0.05
mmol), and BusNCI (278 mg, 1.0 mmol) were combined in acetonitrile (15 mL) and added to a
50 mL sealable pressure vessel. The vessel was closed, removed from the glovebox, and
pressurized with 4 atm of carbon monoxide. The reaction was heated at 40°C for 24 h. After the
reaction was cooled to room temperature, the CO was removed on a Schlenk line, and the
pressure vessel was brought into a glovebox. 4-Methyl-N-(pyridin-4-
ylmethylene)benzenesulfonamide (260 mg, 1.00 mmol) was added to the crude mixture and
stirred for 4 h at 40°C. Afterwards all the volatiles were removed in vacuo, and the crude mixture
was purified by column chromatography (silica gel, gradient hexane / ethyl acetate 4% to 85%

with 1 % Et3N additive) affording the imidazole as a pale yellow solid in 80% yield (413 mg).

Based on literature procedure,® this product, [4-(1-benzyl-5-(6-methoxynaphthalen-2-yl)-2-(4-
(methylthio)phenyl)-1H-imidazol-4-yl)pyridine], (102 mg, 0.2 mmol), DMSO (156 mg, 2.0
mmol) and potassium tert-butoxide (1.4 mL, 1 mol/L in THF) were combined in a flame-dried
flask. The reaction was stirred and oxygen was bubbled through the solution for 1h. Upon
completion, the reaction mixture was quenched with aqueous sodium carbonate solution. The
THF was removed in vacuo, and the product was extracted three times with EtOAc. The organics
were combined, dried and concentrated in vacuo. The crude mixture was purified by column
chromatography (silica gel, gradient hexane / ethyl acetate 30% to 85%) affording the imidazole.
An ethyl acetate solution of the product was washed with a saturated solution of Na,COs3, and

then dried in vacuo to yield 6 as a pale brown solid in 80% yield (67 mg).

112



Reaction of N-Acyliminium Salt with Sodium p-Toluenesulfinate

Ph(H)C=NBn (20 mg, 0.10 mmol), benzoyl chloride (21 mg, 0.15 mmol), and benzyl benzoate
internal standard were dissolved in 0.7 mL of CD3;CN and stirred at room temperature for 10
min. To this solution was added sodium p-toluenesulfinate (27 mg, 0.15 mmol), and the obtained
mixture was heated at 55 °C and reaction was monitored by in situ 'H NMR. 'H NMR shows
generation of (N-benzylbenzamido)(phenyl)methyl 4-methylbenzenesulfinate in 52% yield after

18 h,''* and N-benzylbenzamide in 6% yield compared to internal standard.

2.5.3. Spectroscopic Data

1-Benzyl-4,5-diphenyl-2-(p-tolyl)-1H-imidazole 2.1a. Pale yellow solid, 151

Qij mg, 75% yield. "H NMR (500 MHz, CDCl3) & 7.62 (d, J = 7.2 Hz, 2H), 7.59 (d, J

NN = 8.1 Hz, 2H), 7.34 (m, 3H), 7.27 — 7.21 (m, 9H), 7.17 (t, J = 7.3 Hz, 1H), 6.88 —

6.82 (m, 2H), 5.13 (s, 2H), 2.40 (s, 3H). *C NMR (126 MHz, CDCl3) & 148.2,

138.8, 138.0, 137.7, 134.6, 131.15, 131.10, 129.9, 129.3, 129.0, 128.8*, 128.6,

128.08, 128.05, 127.3, 126.8, 126.3, 126.0, 48.3, 21.4. HRMS. Calculated for C20H2sN> (M+H"):
401.2012, found: 401.1994.

*Selective HSQC NMR experiment indicates that signal at 6 128.8 ppm corresponds to two

carbons.

Q solid, 159 mg, 76% yield. 'H NMR (500 MHz, CDCl3) § 7.59 (d, J = 8.2 Hz,

4H), 7.27 — 7.21 (m, 7H), 7.20 — 7.16 (m, 3H), 7.02 (t, J = 8.7 Hz, 2H), 6.84 (dd,

J=13,1.9 Hz, 2H), 5.11 (s, 2H), 2.40 (s, 3H). '*C NMR (126 MHz, CDCl3) &

F 162.84 (d, J=248.8 Hz), 148.4, 139.0, 138.3, 137.5, 134.4, 133.0 (d, J= 8.3 Hz),

129.3, 129.1 (d, J = 59.9 Hz), 128.9, 128.7, 128.1, 127.9, 127.5, 127.13 (d, J = 3.4 Hz), 126.8,

126.5, 126.0, 115.9 (d, J = 21.5 Hz), 48.3, 21.4. HRMS. Calculated for CaoH24NoF (M+H"):
419.1918, found: 419.1918.

N

é\j 1-Benzyl-5-(4-fluorophenyl)-4-phenyl-2-(p-tolyl)-1H-imidazole 2.1b. White
SN
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5-(Benzo|[d][1,3]dioxol-5-yl)-1-benzyl-4-phenyl-2-(p-tolyl)-1H-imidazole

Q 2.1c. Pale yellow solid, 182 mg, 82% yield. 'H NMR (500 MHz, CDCls) & 7.66

N"ON (d, J=17.5 Hz, 2H), 7.57 (d, J = 7.8 Hz, 2H), 7.22 (m, 8H), 6.87 (d, J = 6.6 Hz,

o 2H), 6.78 (d, /= 7.9 Hz, 1H), 6.71 (d, J = 7.8 Hz, 1H), 6.67 (s, 1H), 5.99 (s,

KO 2H), 5.13 (s, 2H), 2.39 (s, 3H). *C NMR (126 MHz, CDCl3) & 148.0, 147.9,

147.9, 138.8, 138.0, 137.7, 134.5, 129.4, 129.3, 128.9, 128.6, 128.1, 128.0, 127.4, 126.7, 126.3,

126.0, 125.1, 124.4, 111.3, 108.7, 101.3, 48.2, 21.4. HRMS. Calculated for C30H25sN>0> (M+H"):
445.1911, found: 445.1913.

1-Benzyl-5-(4-(methylthio)phenyl)-4-phenyl-2-(p-tolyl)-1H-imidazole 2.1d.

Q? Colorless oil 165 mg, 74% yield. '"H NMR (500 MHz, CDCl3) § 7.63 (d, J = 7.2

NN Hz, 2H), 7.58 (d, /= 8.0 Hz, 2H), 7.27 — 7.21 (m, 7H), 7.20 — 7.17 (m, 3H), 7.12

(d, J= 8.4 Hz, 2H), 6.84 (d, J = 7.8 Hz, 2H), 5.13 (s, 2H), 2.51 (s, 3H), 2.39 (s,

=S 3H). 3C NMR (126 MHz, CDCls) § 148.0, 139.7, 137.3, 131.9, 131.3, 129.4,

129.1, 128.7, 128.2, 128.2, 127.7, 127.5, 127.2, 127.1, 127.0, 126.7, 126.2, 126.0, 124.0, 48.4,
21.4,15.2. HRMS. Calculated for C3oH27N2S (M+H"): 447.1889, found: 447.1893.

MeO

§? solid, 170 mg, 79% yield. '"H NMR (400 MHz, CDCl3) § 7.61 (t, J = 7.7 Hz,

NN 4H), 7.40 — 7.32 (m, 3H), 7.30 — 7.21 (m, 6H), 7.17 (d, J = 7.3 Hz, 1H), 6.80 —

6.69 (m, 4H), 5.07 (s, 2H), 3.77 (s, 3H), 2.41 (s, 3H). 1*C NMR (126 MHz,

CDCls) 6 158.8, 148.1, 138.8, 137.9, 134.5, 131.2, 131.1, 129.9, 129.7, 129.3,

129.0, 128.8, 128.6, 128.1, 127.3, 126.8, 126.3, 113.9, 113.7, 55.2, 47.8, 21.4. HRMS.
Calculated for C30H27N>0 (M+H"): 431.2118, found: 431.2125.

1-(4-Methoxybenzyl)-4,5-diphenyl-2-(p-tolyl)-1H-imidazole 2.1e. Pale yellow

5-(3-Bromophenyl)-1-ethyl-4-phenyl-2-(p-tolyl)-1H-imidazole 2.1f. Pale
yellow solid, 159 mg, 76% yield. "H NMR (500 MHz, CDCl3) § 7.89 — 7.57 (m,
LN N 3H), 7.54 (d, J = 7.2 Hz, 1H), 7.45 — 7.36 (m, 2H), 7.33 (d, J = 8.1 Hz, 2H),
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7.25 (dd, J = 8.1, 6.8 Hz, 3H), 7.18 (t, /= 7.3 Hz, 1H), 7.05 (t, /= 7.9 Hz, 1H), 4.00 — 3.93 (m,
2H), 2.45 (s, 3H), 1.05 (t, J = 7.2 Hz, 3H). *C NMR (126 MHz, Chloroform-d) § 148.1, 139.2,
136.7, 133.7, 133.6, 133.3, 132.1, 131.9, 130.7, 130.6, 129.9, 129.8, 129.7, 129.6, 129.4, 129.4,
129.4, 129.1, 129.0, 128.2, 128.1, 128.0, 127.5, 126.9, 126.6, 125.1, 123.0, 122.9, 122.5, 39.8,
21.4,16.3. Calculated for C24H2oN>Br (M+H"): 417.0961, found: 417.0963.

1H-imidazole 2.1g. White solid, 168 mg, 79% yield. 'H NMR (500 MHz,

CDCl). 6 7.64 (d, J = 8.1 Hz, 2H), 7.57 (d, J = 7.0 Hz, 2H), 7.37 (d, J = 8.7 Hz,

O 2H), 7.32 — 7.26 (m, 2H), 7.21 (dd, J = 8.4, 6.9 Hz, 2H), 7.13 (t, /= 7.2 Hz, 1H),

o 7.02 (d, J = 8.7 Hz, 2H), 4.02 (dd, J = 14.3, 7.5 Hz, 2H), 3.89 (s, 3H), 3.74 (dd, J

=7.4,5.7 Hz, 1H), 3.60 — 3.35 (m, 2H), 2.43 (s, 3H), 1.80 — 1.47 (m, 2H), 1.26 — 1.14 (m, 2H).

3C NMR (126 MHz, CDCls) § 159.7, 148.1, 138.5, 137.6, 134.9, 132.5, 129.4, 129.3, 129.2,

128.9, 127.9, 126.9, 126.0, 123.6, 114.5, 77.1, 67.7, 55.3, 48.5, 29.0, 25.1, 21.4. HRMS.
Calculated for C2sH20N20, (M+H): 425.2224, found: 425.2229.

5/? 5-(4-Methoxyphenyl)-4-phenyl-1-((tetrahydrofuran-2-yl)methyl)-2-(p-tolyl)-

yl)methyl) benzoate 2.1h. Pale yellow solid, 201 mg, 80% yield. 'H NMR (500

MHz, CDCl3). 6 7.93 (d, J = 8.2 Hz, 2H), 7.63 (d, J= 7.3 Hz, 2H), 7.53 (d, J =

8.1 Hz, 2H), 7.26 — 7.19 (m, 5H), 7.14 (d, J = 8.7 Hz, 2H), 6.93 (d, J = 8.2 Hz,

O O 2H), 6.86 (d, J = 8.7 Hz, 2H), 5.14 (s, 2H), 4.38 (q, J = 7.2 Hz, 2H), 3.82 (s,

3H), 2.38 (s, 3H), 1.40 (t, J = 7.1 Hz, 3H). *C NMR (126 MHz, CDCl;s) §

166.2, 159.9, 148.0, 142.8, 138.9, 138.0, 134.5, 132.3, 129.9, 129.7, 129.6, 129.3, 128.8, 128.1,

127.9, 126.7, 126.3, 125.9, 122.9, 114.4, 61.0, 55.2, 48.0, 21.3, 14.3. HRMS. Calculated for
C33H31N203 (M+H"): 503.2329, found: 503.2342.

; ? Ethyl 4-((5-(4-methoxyphenyl)-4-phenyl-2-(p-tolyl)-1H-imidazol-1-
N \N

1-(furan-2-ylmethyl)-4-phenyl-2,5-di-p-tolyl-1H-imidazole 2.1i. Yellow solid,
o? 140 mg, 69% yield. "H NMR (500 MHz, CDCl3). 5 7.64 (d, J = 8.1 Hz, 2H), 7.59
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(d, J=17.2 Hz, 2H), 7.33 — 7.27 (m, 3H), 7.26 — 7.19 (m, 6H), 7.15 (t, J = 7.3 Hz, 1H), 6.22 (dd,
J=3.2, 1.8 Hz, 1H), 5.71 (d, J = 2.9 Hz, 1H), 5.01 (s, 2H), 2.44 (s, 3H), 2.43 (s, 3H).*C NMR
(126 MHz, CDCls) & 150.1, 147.9, 142.1, 138.6, 137.4, 131.0, 129.7, 129.6, 129.3, 129.2, 128.0,
127.9, 126.8, 126.3, 110.4, 108.0, 42.1, 21.4, 21.4. HRMS. Calculated for C2sHasN2O (M+H™):
405.1963, found: 405.1973.

1-benzyl-5-(9H-fluoren-2-yl)-4-phenyl-2-(p-tolyl)-1H-imidazole 2.1j. Pale

Q? yellow solid, 185 mg, 76% yield. 'H NMR (500 MHz, CDCl3). & 7.83 (d, J =

NN 7.5 Hz, 1H), 7.77 (d, J= 7.8 Hz, 1H), 7.69 (d, /= 7.3 Hz, 2H), 7.64 (d, J = 8.1

.O O Hz, 2H), 7.58 (d, J = 7.5 Hz, 1H), 7.43 (t, J = 7.3 Hz, 1H), 7.39 — 7.33 (m,

O 2H), 7.30 — 7.20 (m, 8H), 7.17 (t, J = 7.2 Hz, 1H), 6.87 (dd, J = 6.5, 2.7 Hz,

2H), 5.17 (s, 2H), 3.83 (s, 2H), 2.42 (s, 3H). '*C NMR (126 MHz, CDCIl3) &

148.2, 143.6, 143.5, 142.0, 141.1, 138.8, 137.9, 137.8, 134.7, 130.3, 129.8, 129.4, 129.3, 129.0,

128.6, 128.1, 127.8, 127.3, 127.2, 127.0, 126.8, 126.3, 126.1, 125.2, 120.2, 48.4, 36.9, 21.4.
HRMS. Calculated for C3sH29N> (M+H"): 489.2325, found: 489.2329.

1-Hexyl-5-(4-methoxyphenyl)-4-phenyl-2-(p-tolyl)-1H-imidazole 2.1k.

White solid, 161 mg, 76% yield. '"H NMR (500 MHz, CDCls) § 7.60 (m, 4H),

(\‘EN_\N 7.35(d,J=28.7Hz, 2H), 7.31 (d, J = 7.9 Hz, 2H), 7.22 (t, J= 7.6 Hz, 2H), 7.14
O O (t,J=7.3 Hz, 1H), 7.03 (d, J = 8.7 Hz, 2H), 3.90 (s, 3H), 3.89 — 3.85 (m, 2H),
MeO 2.44 (s, 3H), 1.43 — 1.34 (m, 2H), 1.10 (m, 2H), 0.99 (m, 4H), 0.78 (t, J=7.3
Hz, 3H). °C NMR (126 MHz, CDCl3) & 159.8, 147.5, 138.7, 137.4, 134.7, 132.3, 129.9, 129.3,
129.3, 129.1, 128.6, 128.0, 126.8, 126.1, 123.6, 114.5, 55.3, 44.6, 30.8, 30.3, 25.9, 22.2, 214,

13.9. HRMS. Calculated for C290H33N,O (M+H"): 425.2587, found: 425.2591.

1,5-bis(4-methoxyphenyl)-4-phenyl-2-(p-tolyl)-1H-imidazole 2.11. Yellow

o solid, 165 mg, 74% yield. "H NMR (500 MHz, CDCI3) & 7.65 (d, J = 7.4 Hz,
7

QN N 2H), 7.37 (d, J= 8.1 Hz, 2H), 7.28 (dd, J = 10.6, 4.4 Hz, 2H), 7.20 (t, J=17.3

Fo
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Hz, 1H), 7.08 (d, J= 8.6 Hz, 4H), 6.99 (d, J= 8.8 Hz, 2H), 6.79 (d, J= 7.7 Hz, 4H), 3.80 (s, 3H),
3.80 (s, 3H), 2.33 (s, 3H).!3C NMR (126 MHz, CDCls) & 159.2, 159.0, 147.0, 137.9, 137.7,
134.8, 132.4, 130.8, 130.2, 129.5, 128.8, 128.7, 128.1, 127.9, 127.3, 126.3, 123.1, 114.2, 113.8,
55.4,55.1,21.3. HRMS. Calculated for C30H27N20, (M+H"): 447.2067, found: 447.2067.

1-benzyl-4-phenyl-5-(thiophen-3-yl)-2-(p-tolyl)-1H-imidazole 2.1m. White
Q? solid, 150 mg, 74% yield. '"H NMR (500 MHz, CDCls) § 7.64 (d, J = 8.1 Hz, 2H),
N""N 7.56 (d, J = 8.1 Hz, 2H), 7.33 — 7.25 (m, 6H), 7.21 (dd, J = 10.4, 7.6 Hz, 3H),
(_gb 7.11 (dd, J=2.9, 1.2 Hz, 1H), 6.94 (d, /= 6.7 Hz, 2H), 6.88 (dd, J= 5.0, 1.2 Hz,

° 1H), 5.14 (s, 2H), 2.39 (s, 3H)."*C NMR (126 MHz, CDCl;) & 148.4, 138.9,
138.0, 134.6, 130.8, 129.5, 129.3, 128.8, 128.8, 128.1, 128.0, 127.4, 126.7, 126.4, 126.3, 126.0,

125.8, 124.6, 48.4, 21.4. HRMS. Calculated for C27H23N2S (M+H"): 407.1576, found: 407.1595.

yield. "TH NMR (500 MHz, CDCl3) § 7.62 (d, J = 8.1 Hz, 2H), 7.58 (d, J = 7.2 Hz,

2H), 7.39 — 7.29 (m, 8H), 7.22 (t, J= 7.6 Hz, 2H), 7.14 (t, J= 7.3 Hz, 1H), 3.95 (q,
O J=17.2Hz, 2H), 2.47 (s, 3H), 2.45 (s, 3H), 1.04 (t, J= 7.2 Hz, 3H)."*C NMR (126

MHz, CDCl3) & 147.3, 138.7, 138.5, 137.5, 134.8, 130.9, 129.8, 129.29, 129.28,
129.0, 128.63, 128.59, 128.0, 126.7, 126.0, 39.5, 21.4, 21.4, 16.3. HRMS. Calculated for
CasHosN> (M+H"): 353.2012, found: 353.2018.

? 1-Ethyl-4-phenyl-2,5-di-p-tolyl-1H-imidazole 2.1n. white solid, 134 mg, 76%
\\N SN

1-Ethyl-2,4,5-tri-p-tolyl-1H-imidazole 2.10. Pale yellow solid, 143 mg, 78%
yield. 'TH NMR (500 MHz, CDCl3) § 7.62 (d, J = 8.1 Hz, 2H), 7.47 (d, J = 8.2 Hz,

LAy 2H), 7.32 (dt, J = 8.0, 6.4 Hz, 6H), 7.04 (d, J = 8.0 Hz, 2H), 3.94 (q, J = 7.2 Hz,

2H), 2.47 (s, 3H), 2.45 (s, 3H), 2.30 (s, 3H), 1.04 (t, J = 7.2 Hz, 3H). ')C NMR

(126 MHz, CDCls) 6 147.2, 138.6, 138.4, 137.6, 135.6, 132.0, 131.0, 129.7, 129.3,
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129.1, 128.8, 128.72, 128.71, 128.68, 126.7, 39.5, 21.44, 21.39, 21.1, 16.3. HRMS. Calculated
for C26H27N2 (M+H'): 367.2169, found: 367.2162.

1-Ethyl-4-(4-methoxyphenyl)-2,5-di-p-tolyl-1H-imidazole 2.1p. Pale yellow
solid, 153 mg, 80% yield. '"H NMR (500 MHz, CDCl3) § 7.62 (d, J = 8.1 Hz,
N"SN

- 2H), 7.51 (d, J = 8.9 Hz, 2H), 7.32 (m, 6H), 6.78 (d, J = 8.9 Hz, 2H), 3.94 (q, J

= 7.1 Hz, 2H), 3.77 (s, 3H), 2.46 (s, 3H), 2.44 (s, 3H), 1.03 (t, J = 7.2 Hz, 3H).

ome 13C NMR (126 MHz, CDCls) § 158.1, 147.1, 138.6, 138.3, 137.4, 131.0, 129.8,

129.3, 129.0, 128.8, 128.7, 128.3, 127.9, 127.7, 113.5, 55.1, 39.5, 21.43, 21.38, 16.3. HRMS.
Calculated for C26H27N>0 (M+H"): 383.2118, found: 383.2120.

4-(4-bromophenyl)-1-ethyl-2,5-di-p-tolyl-1H-imidazole 2.1q. Pale yellow

solid, 166 mg, 77% yield. 'H NMR (500 MHz, CDCls) § 7.60 (d, J = 8.1 Hz,

LN;N 2H), 7.44 (d, J = 8.7 Hz, 2H), 7.35 — 7.29 (m, 8H), 3.93 (q, J = 7.2 Hz, 2H), 2.47

(s, 3H), 2.45 (s, 3H), 1.03 (t, J = 7.2 Hz, 3H). *C NMR (126 MHz, CDCl3) &

Br 147.5, 138.8, 138.8, 136.5, 133.9, 131.1, 130.8, 129.9, 129.6, 129.3, 129.0, 128.4,

128.3, 128.2, 119.9, 39.6, 21.44, 21.39, 16.3. HRMS. Calculated for CasH24N>Br (M+H"):
431.1117, found: 431.1132.

4-(3-Bromophenyl)-1-ethyl-2,5-di-p-tolyl-1H-imidazole 2.1r. Pale yellow solid,

162 mg, 75% yield. 'H NMR (500 MHz, CDCls) & 7.88 (t, J = 1.8 Hz, 1H), 7.60

LN_\N (d, J=8.1 Hz, 2H), 7.35 - 7.30 (m, 7H), 7.25 (ddd, /= 7.9, 2.0, 1.0 Hz, 1H), 7.02
Q O (t, J=7.9 Hz, 1H), 3.93 (q, /= 7.2 Hz, 2H), 2.48 (s, 3H), 2.45 (s, 3H), 1.03 (t, J =
B 7.2 Hz, 3H). *C NMR (126 MHz, CDCls) § 147.5, 138.9, 138.8, 137.0, 136.1,
130.8, 130.0, 129.9, 129.6, 129.4, 129.3, 129.0, 128.9, 128.3, 128.1, 125.0, 122.4, 39.6, 21.5,

21.4,16.3. HRMS. Calculated for C2sH24N2Br (M+H"): 431.1117, found: 431.1107.
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4-(Benzo[d][1,3]dioxol-5-yl)-1-benzyl-5-phenyl-2-(p-tolyl)-1H-imidazole

Q? 2.1s. Pale yellow solid, 171 mg, 77% yield. '"H NMR (500 MHz, CDCl3) &

NN 7.55 (d, J= 8.1 Hz, 2H), 7.38 — 7.30 (m, 3H), 7.21 (td, J = 5.3, 2.2 Hz, 8H),

8 7.11 (dd, J = 8.1, 1.7 Hz, 1H), 7.08 (d, /= 1.5 Hz, 1H), 6.82 (dd, J=7.2,2.2

°”  Hgz, 2H), 6.69 (d, J = 8.1 Hz, 1H), 5.90 (s, 2H), 5.10 (s, 2H), 2.39 (s, 3H). 13°C

NMR (126 MHz, CDCl) 6 o 147.9, 147.3, 146.1, 138.8, 137.7, 131.1, 129.3, 129.1, 128.9,

128.8, 128.6, 128.5, 127.3, 126.0, 120.5, 108.1, 107.6, 100.7, 48.3, 21.3 HRMS. Calculated for
C30H25sN202 (M+H"): 445.1911, found: 445.1921.

141 mg, 76% yield. '"H NMR (500 MHz, CDCl3) § 7.61 (d, J = 8.1 Hz, 2H), 7.53

LN_\N (dd, J=9.0, 5.5 Hz, 2H), 7.36 — 7.30 (m, 6H), 6.90 (t, J = 8.9 Hz, 2H), 3.94 (q, J

O O = 7.2 Hz, 2H), 2.47 (s, 3H), 2.45 (s, 3H), 1.03 (t, J = 7.2 Hz, 3H). *C NMR (126

F MHz, CDCI3) 6 161.51 (d, J=244.6 Hz), 147.3, 138.8, 138.6, 136.7, 131.0 (d, J =

3.0 Hz), 130.9, 129.9, 129.3, 129.2, 129.0, 128.5, 128.4, 128.3 (d, /=7.8 Hz), 114.8 (d, J=21.2

Hz), 39.6, 21.43, 21.38, 16.3. HRMS. Calculated for CasH4N>F (M+H"): 371.1918, found:
371.1923.

? 1-Ethyl-4-(4-fluorophenyl)-2,5-di-p-tolyl-1H-imidazole 2.1t. Pale yellow solid,

1-Ethyl-4-(naphthalen-1-yl)-2,5-di-p-tolyl-1H-imidazole 2.1u. Pale yellow

solid, 163 mg, 81% yield. "H NMR (500 MHz, CDCls) § 8.17 (s, 1H), 7.74 (dd,

LN N J=28.5, 6.4 Hz, 2H), 7.69 — 7.64 (m, 3H), 7.60 (m, 1H), 7.43 — 7.31 (m, 8H),

3.98 (q, J= 7.1 Hz, 2H), 2.49 (s, 3H), 2.47 (s, 3H), 1.06 (t, J= 7.2 Hz, 3H). °C

NMR (126 MHz, CDCls) 6 147.5, 138.8, 138.6, 137.5, 133.6, 132.3, 132.2,

133.0, 129.8, 129.8, 129.3, 129.1, 129.0, 128.6, 128.2, 127.5, 127.3, 125.6, 125.4, 125.1, 125.1,
39.6,21.5,21.4, 16.3. HRMS. Calculated for C20H27N> (M+H"): 403.2169, found: 403.2177.

1-Ethyl-4-(thiophen-2-yl)-2,5-di-p-tolyl-1H-imidazole 2.1v. White solid, 147 mg,
82% yield. "H NMR (500 MHz, CDCl3) § 7.60 (d, J = 8.0 Hz, 2H), 7.37 (q, J = 8.0
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Hz, 4H), 7.31 (d, J= 7.9 Hz, 2H), 7.07 (d, J = 5.0 Hz, 1H), 6.95 (d, J=2.7 Hz, 1H), 6.88 (dd, J =
4.9, 3.7 Hz, 1H), 3.91 (q, J = 7.1 Hz, 2H), 2.49 (s, 3H), 2.44 (s, 3H), 1.05 (t, J = 7.2 Hz, 3H).
13C NMR (126 MHz, CDCls) & 147.2, 139.0, 138.8, 138.5, 133.5, 131.1, 129.8, 129.3, 129.1,
1283, 128.3, 127.7, 127.0, 122.9, 122.3, 39.7, 21.5, 21.4, 16.3. HRMS. Calculated for
Ca3sHasNoS (M+H'): 359.1576, found: 359.1581.

1-Ethyl-4-(furan-2-yl)-2,5-di-p-tolyl-1H-imidazole 2.1w. Pale yellow solid, 137

mg, 80% yield. '"H NMR (500 MHz, CDCl3) § 7.57 (d, J= 8.1 Hz, 2H), 7.38 — 7.19

N N (m, 7H), 6.27 (dd, J = 3.3, 1.8 Hz, 1H), 6.09 (dd, /= 3.3, 0.7 Hz, 1H), 3.92 (q, J =

—\ 7.2 Hz, 2H), 2.44 (s, 3H), 2.41 (s, 3H), 0.99 (t, J = 7.2 Hz, 3H). 13C NMR (126

MHz, CDCls). HRMS. Calculated for Cx3H23N2O (M+H"): 343.1805, found:
343.1814.

122 mg, 59% vield. 'H NMR (500 MHz, CDCls$ 8.41 (d, J = 6.3 Hz, 2H), 7.53
N (d,J=8.1 Hz, 2H), 7.47 (d, J = 6.3 Hz, 2H), 7.24 — 7.21 (m, 5H), 7.18 (d, J= 7.9

d—b Hz, 2H), 7.10 (d, J = 8.1 Hz, 2H), 6.84 — 6.78 (m, 2H), 5.09 (s, 2H), 2.40 (s, 3H),
- 2.38 (s, 3H). *C NMR (126 MHz, CDCls) § 149.6, 148.7, 142.2, 139.2, 139.2,
137.3, 135.1, 132.6, 130.6, 129.8, 129.4, 128.9, 128.6, 127.6, 127.4, 127.1, 126.0, 120.6, 48.2,
21.4,21.4. HRMS. Calculated for C290H2sN3 (M+H"): 416.2121, found: 416.2131.

? 4-(1-benzyl-2,5-di-p-tolyl-1H-imidazol-4-yl)pyridine 2.1x. Pale yellow solid,
N

3-(1-benzyl-2,5-di-p-tolyl-1H-imidazol-4-yl)pyridine 2.1y. Pale yellow solid,

Q 96 mg, 46% yield. "H NMR (500 MHz, CDCl3) § 8.71 (d, J = 1.5 Hz, 1H), 8.38

NN (dd,J=4.7,1.7 Hz, 1H), 7.98 (d, J= 8.1 Hz, 1H), 7.54 (d, /= 8.1 Hz, 2H), 7.22

/ S (d,J=7.3Hz, 5H), 7.19 — 7.07 (m, 5H), 6.87 — 6.83 (m, 2H), 5.12 (s, 2H), 2.39

(s, 3H), 2.38 (s, 3H)."*C NMR (126 MHz, CDCl3) § 148.6, 148.0, 147.2, 139.0,

138.9, 137.5, 135.1, 133.7, 131.0, 130.7, 130.7, 129.8, 129.3, 128.9, 128.6, 127.8, 127.4, 127.2,
126.0, 123.1, 48.2, 21.4. HRMS. Calculated for C29H26N3 (M+H"): 416.2121, found: 416.2123.
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(E)-1-Ethyl-4-styryl-2,5-di-p-tolyl-1H-imidazole 2.1z. Pale yellow solid, 141

mg, 74% yield. '"H NMR (500 MHz, CDCl3) & 7.60 (d, J = 8.1 Hz, 2H), 7.46 (m,
LN N 3H), 7.36 (m, 4H), 7.34 — 7.25 (m, 4H), 7.18 (t, /= 7.3 Hz, 1H), 6.92 (d, /= 16.0
/ Hz, 1H), 4.01 (q, J = 7.1 Hz, 2H), 2.49 (s, 3H), 2.45 (s, 3H), 0.99 (t, /= 7.2 Hz,
O 3H). 1*C NMR (126 MHz, CDCls) & 148.4, 138.9, 138.3, 138.3, 136.9, 131.7,
130.4, 129.6, 129.3, 129.1, 128.4, 127.2, 126.84, 126.82, 126.7, 126.2, 119.6, 39.8, 21.41, 21.40,
16.1. HRMS. Calculated for C27H27N> (M+H"): 379.2169, found: 379.2180.

Q yield. "H NMR (500 MHz, CDCl3) & 7.49 (d, J = 8.1 Hz, 2H), 7.24 — 7.16 (m, 5H),

NN 7.14 (d, J= 7.9 Hz, 2H), 7.10 (d, J = 8.2 Hz, 2H), 6.79 (d, J = 6.3 Hz, 2H), 5.12 (s,

QL? 2H), 2.57 (dd, J = 8.4, 7.0 Hz, 2H), 2.36 (s, 6H), 1.74 (h, J = 7.4 Hz, 2H), 0.93 (t, J

= 7.4 Hz, 3H). *C NMR (126 MHz, CDCls) & 147.4, 140.0, 138.3, 138.2, 137.6,

130.5, 129.9, 129.13, 129.08, 128.8, 128.5, 128.4, 127.7, 127.1, 125.9, 48.3, 29.6, 23.6, 21.3,
21.3, 14.1 Calculated for C27H2oN, (M+H"): 381.2325, found: 381.2333.

<A> 1-benzyl-4-propyl-2,5-di-p-tolyl-1H-imidazole 2.1aa. Colorless oil, 155 mg, 81%

1-Ethyl-2-(2-methoxyphenyl)-4-phenyl-5-(p-tolyl)-1H-imidazole 2.2a. White
LN(EN\O/ solid, 112 mg, 61% yicld. "H NMR (500 MHz, CDCl3) 3 7.58 (d, J = 7.5 Hz, 2H),
= 7.49 —7.41 (m, 1H), 7.36 (d, J = 7.9 Hz, 2H), 7.32 — 7.25 (m, 3H), 7.20 (t, J = 7.6

Hz, 2H), 7.11 (dt, J = 11.1, 7.4 Hz, 2H), 7.02 (d, J = 8.3 Hz, 1H), 3.86 (s, 3H),
3.77 (q, J = 7.2 Hz, 2H), 2.47 (s, 3H), 0.93 (t, J = 7.2 Hz, 3H). '3C NMR (126

MHz, CDCls) & 157.6, 144.6, 138.3, 137.4, 134.8, 132.7, 130.9, 130.8, 129.7, 128.8, 128.7,

127.9, 126.7, 125.9, 120.9, 120.7, 111.0, 55.6, 39.5, 21.4, 15.9. HRMS. Calculated for
C25sH2sN,O (M+H"): 369.1961, found: 369.1966.

(E(O\ 1-Ethyl-2-(3-methoxyphenyl)-4-phenyl-5-(p-tolyl)-1H-imidazole 2.2b. Pale

L yellow solid, 151 mg, 82% yield. 'H NMR (500 MHz, CDCl3) & 7.58 (d, J = 7.2
N" N
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Hz, 2H), 7.41 (t, J= 7.9 Hz, 1H), 7.35 - 7.27 (m, 6H), 7.22 (t, J= 7.5 Hz, 2H), 7.14 (t, J=7.3
Hz, 1H), 7.02 (dd, J = 8.2, 2.5 Hz, 1H), 3.96 (q, J = 7.2 Hz, 2H), 3.90 (s, 3H), 2.47 (s, 3H), 1.05
(t, J = 7.2 Hz, 3H). 3C NMR (126 MHz, CDCl3) § 159.7, 147.0, 138.6, 137.6, 134.3, 132.8,
130.0, 129.1, 129.6, 129.5, 128.5, 128.0, 126.7, 126.1, 121.4, 114.9, 114.5, 55.4, 39.6, 21.5, 16.3.
HRMS. Calculated for C2sHasN>O (M+H"): 369.1961, found: 369.1961.

O/

1-Ethyl-2-(4-methoxyphenyl)-4-phenyl-5-(p-tolyl)-1H-imidazole 2.2¢. Pale
g\j brown solid, 158 mg, 86% yield. 'H NMR (500 MHz, CDCl3) § 7.66 (d, J = 8.8

LN SN Hz, 2H), 7.57 (d, J = 7.1 Hz, 2H), 7.36 — 7.29 (m, 4H), 7.22 (t, J = 7.5 Hz, 2H),
ﬁ 7.17 —7.11 (m, 1H), 7.03 (d, J = 8.8 Hz, 2H), 3.93 (q, J = 7.2 Hz, 2H), 3.88 (s,
O O 3H), 2.47 (s, 3H), 1.04 (t, J = 7.2 Hz, 3H). *C NMR (126 MHz, CDCl;) § 160.0,
147.1, 138.5, 137.4, 134.8, 130.9, 130.5, 129.8, 129.2, 128.6, 128.0, 126.7, 126.0, 124.0, 114.0,

55.4,39.5,21.4, 16.3. HRMS. Calculated for C25sH25N>0 (M+H"): 369.1961, found: 369.1962.

solid, 132 mg, 74% yield. '"H NMR (500 MHz, CDCls) § 7.72 (dd, J = 8.8, 5.4 Hz,

LN Sy 2H), 7.57 (d, J =7.2 Hz, 2H), 7.35 — 7.30 (m, 4H), 7.21 (dt, J=10.7, 8.1 Hz, 4H),
O 7.15 (t,J=7.3 Hz, 1H), 3.92 (q, J = 7.2 Hz, 2H), 2.47 (s, 3H), 1.04 (t, /= 7.2 Hz,
3H). *C NMR (126 MHz, CDCls) § 163.1 (d, J = 248.7 Hz), 146.2, 138.6, 137.7,

134.7, 131.0 (d, J = 8.4 Hz), 130.9, 129.9, 129.5, 128.4, 128.0, 127.7 (d, J = 3.3 Hz), 126.7,
126.2, 115.7 (d, J = 21.7 Hz), 39.6, 21.5, 16.3. HRMS. Calculated for C24H»nN>F (M+H"):

357.1762, found: 357.1767.

é 1-Ethyl-2-(4-fluorophenyl)-4-phenyl-5-(p-tolyl)-1H-imidazole 2.2d. Pale yellow

¢l 2-(4-Chlorophenyl)-1-ethyl-4-phenyl-5-(p-tolyl)-1H-imidazole 2.2e. White
solid, 145 mg, 78% yield. '"H NMR (500 MHz, CDCl3) § 7.69 (d, J = 8.5 Hz, 2H),

\\N SN 7.55(d, J=17.3 Hz, 2H), 7.49 (d, J = 8.5 Hz, 2H), 7.35 — 7.31 (m, 4H), 7.22 (t, J =
O N O 7.5 Hz, 2H), 7.15 (t, J= 7.3 Hz, 1H), 3.94 (q, J = 7.2 Hz, 2H), 2.48 (s, 3H), 1.05 (t,
J=17.2 Hz, 3H). 3C NMR (126 MHz, CDCl3) § 145.9, 138.7, 137.8, 134.9, 134.5,
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130.9, 130.4, 129.9, 129.9, 129.8, 128.9, 128.2, 128.1, 126.7, 126.3, 39.6, 21.5, 16.3. HRMS.
Calculated for C24H2oN>Cl (M+H™): 373.1466, found: 373.14609.

solid, 164 mg, 79% yield. 'H NMR (500 MHz, CDCL3) § 7.63 (q, J = 8.7 Hz, 4H),

LAy 754 (d, J =72 Hz, 2H), 7.32 (s, 4H), 7.22 (t, J = 7.5 Hz, 2H), 7.15 (t, J = 7.3 Hz,

1H), 3.94 (q, J = 7.2 Hz, 2H), 2.47 (s, 3H), 1.05 (t, J = 7.2 Hz, 3H). '3C NMR (126

MHz, CDCls) & 145.9, 138.7, 137.9, 134.5, 131.8, 130.9, 130.6, 130.4, 129.8,

128.2, 128.1, 126.7, 126.2, 123.1, 39.6, 21.4, 16.3. HRMS. Calculated for C24H2sN,Br (M+H"):
417.0961, found: 417.0972.

é 2-(4-Bromophenyl)-1-ethyl-4-phenyl-5-(p-tolyl)-1H-imidazole 2.2f. Pale yellow

F 1-Ethyl-2-(3-fluorophenyl)-4-phenyl-5-(p-tolyl)-1H-imidazole = 2.2g. White

\\\I\S?N solid, 128 mg, 72% yield. '"H NMR (500 MHz, CDCls) § 7.57 — 7.50 (m, 3H), 7.47

= (dd, J=17.9, 2.0 Hz, 2H), 7.32 (s, 4H), 7.23 (d, J = 7.3 Hz, 2H), 7.16 (d, J = 7.4

O O Hz, 2H), 3.97 (d, J = 7.2 Hz, 2H), 2.48 (s, 3H), 1.06 (t, J= 7.2 Hz, 3H). 3*C NMR

(126 MHz, CDCls) 6 162.8 (d, J = 246.6 Hz), 145.7 (d, J = 2.6 Hz), 138.7, 137.9,

134.5, 133.5 (d, J = 8.2 Hz), 130.9, 130.2 (d, J = 8.4 Hz), 129.8, 128.2, 128.0, 126.7, 126.2,

124.70, 124.67, 116.2 (d, J = 22.7 Hz), 115.7 (d, J = 21.1 Hz), 39.6, 21.4, 16.3. HRMS.
Calculated for C24H2oNoF (M+H"): 357.1762, found: 357.1769.

cl 2-(3-Chlorophenyl)-1-ethyl-4-phenyl-5-(p-tolyl)-1H-imidazole ~2.2h. White
\\\I\S?N solid, 142 mg, 76% yield. '"H NMR (500 MHz, CDCl3) § 7.76 (d, J = 1.0 Hz, 1H),
— 7.64 —7.61 (m, 1H), 7.55 (d, J = 7.2 Hz, 2H), 7.46 — 7.44 (m, 2H), 7.32 (s, 4H),

O O 7.23 (t,J=17.5 Hz, 2H), 7.16 (t, J= 7.3 Hz, 1H), 3.96 (q, J = 7.2 Hz, 2H), 2.48 (s,
3H), 1.06 (t, J = 7.2 Hz, 3H). 1*C NMR (126 MHz, CDCl3) & 145.6, 138.8, 137.8,

134.6, 134.2, 133.0, 130.9, 130.9, 129.9, 129.8, 129.3, 129.0, 128.8, 128.1, 127.1, 126.7, 126.3,

39.7,21.4, 16.3. Calculated for C24H22N>Cl (M+H"): 373.1466, found: 373.1468.
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solid, 161 mg, 77% vyield. 'H NMR (500 MHz, CDCl3) § 7.93 (t, J = 1.7 Hz, 1H),

"' 7.66(d,J=7.7Hz, 1H), 7.60 (d, J= 7.1 Hz, 1H), 7.55 (d, J = 7.2 Hz, 2H), 7.38 (¢,

() 0 J=79Hz 1H), 732 (s, 4H), 722 (t, J = 7.5 Hz, 2H), 7.16 (t, J = 7.3 Hz, 1H),

3.96 (q, J = 7.2 Hz, 2H), 2.48 (s, 3H), 1.06 (t, J = 7.2 Hz, 3H). 3C NMR (126

MHz, CDCls) § 145.5, 138.8, 137.9, 134.3, 133.3, 132.2, 131.9, 130.9, 130.1, 129.9, 129.87,

128.09, 128.07, 127.5, 126.7, 126.3, 122.7, 39.7, 21.5, 16.3. HRMS. Calculated for C4H2N,Br
(M+H"): 417.0961, found: 417.0969.

Bf\? 2-(3-Bromophenyl)-1-ethyl-4-phenyl-5-(p-tolyl)-1H-imidazole  2.2i. White
LA

?/COZMG Methyl 3-(1-ethyl-4-phenyl-5-(p-tolyl)-1H-imidazol-2-yl)benzoate 2.2j. Pale

¥ yellow solid, 131 mg, 66% yield. 'H NMR (500 MHz, CDCls) § 8.41 (s, 1H),

N" SN

= 8.15 (d, J=7.9 Hz, 1H), 7.99 (d, J= 7.7 Hz, 1H), 7.61 (t, J= 7.8 Hz, 1H), 7.57
O O (d, J=7.2 Hz, 2H), 7.35 — 7.31 (m, 4H), 7.23 (t, J = 7.5 Hz, 2H), 7.16 (t, J=7.3

Hz, 1H), 4.00 — 3.95 (m, 5H), 2.47 (s, 3H), 1.06 (t, J = 7.2 Hz, 3H). 3*C NMR
(126 MHz, CDCl3) § 166.6, 145.9, 138.8, 137.6, 134.1, 133.7, 131.4, 130.9, 130.6, 130.0, 129.9,
129.86, 128.9, 128.1, 128.0, 126.8, 126.4, 52.3, 39.8, 21.5, 16.2. HRMS. Calculated for
Ca6H2sN202 (M+H"): 397.1911, found: 397.1920.

g\j/ 1-Ethyl-4-phenyl-2-(m-tolyl)-5-(p-tolyl)-1H-imidazole 2.2k. Pale yellow solid,

\ 134 mg, 76% yield. '"H NMR (500 MHz, CDCls) § 7.61 — 7.55 (m, 3H), 7.49 (d, J

N"SN

= =17.6 Hz, 1H), 7.39 (t, J= 7.6 Hz, 1H), 7.33 (q, J = 8.1 Hz, 4H), 7.28 (d, J = 5.6

«» O Hz, 1H), 7.22 (t, J = 7.6 Hz, 2H), 7.15 (t, J = 7.3 Hz, 1H), 3.96 (q, J = 7.1 Hz, 2H),
2.47 (s, 3H), 2.46 (s, 3H), 1.04 (t, J = 7.2 Hz, 3H). '3C NMR (126 MHz, CDCl3) § 147.4, 138.5,
138.4, 137.6, 134.8, 131.4, 130.9, 130.1, 129.8, 129.6, 129.4, 128.6, 128.4, 128.0, 126.7, 126.1,
126.0, 39.6, 21.5, 21.4, 16.3. HRMS. Calculated for CasHasNy, (M+H"): 353.2012, found:
353.2018.
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O O%t  Ethyl 4-(1-ethyl-4-phenyl-5-(p-tolyl)-1H-imidazol-2-yl)benzoate 2.21. White
solid, 142 mg, 69% yield. '"H NMR (500 MHz, CDCls) § 8.19 (d, J = 8.5 Hz, 2H),

LN iy 7.84 (d, J= 8.4 Hz, 2H), 7.55 (d, J= 7.2 Hz, 2H), 7.33 (s, 4H), 7.23 (t, /= 7.5 Hz,
2H), 7.16 (t, J = 7.3 Hz, 1H), 4.44 (q, J = 7.2 Hz, 2H), 3.99 (q, J = 7.2 Hz, 2H),

2.48 (s, 3H), 1.45 (t, J = 7.2 Hz, 3H), 1.06 (t, J = 7.2 Hz, 3H). *C NMR (126
MHz, CDCl3) & 166.3, 146.0, 138.7, 138.2, 135.7, 134.5, 130.8, 130.4, 130.3, 129.8, 129.8,

128.8, 128.1, 128.1, 126.7, 126.3, 61.2, 39.7, 21.4, 16.3, 14.4. HRMS. Calculated for
C27H27N202 (M+H"): 411.2067, found: 411.2067.

CFs 1-Ethyl-4-phenyl-5-(p-tolyl)-2-(4-(trifluoromethyl)phenyl)-1H-imidazole

2.2m. White solid, 130 mg, 64% yield. 'H NMR (500 MHz, CDCl3) § 7.90 (d, J =

LN SN 8.1 Hz, 2H), 7.78 (d, J = 8.2 Hz, 2H), 7.56 (d, /= 7.1 Hz, 2H), 7.33 (m, 4H), 7.23

(t,J=7.4 Hz, 2H), 7.17 (t, J = 7.3 Hz, 1H), 3.99 (q, J = 7.2 Hz, 2H), 2.48 (s, 3H),

1.07 (t, J = 7.2 Hz, 3H). “C{"F} NMR (126 MHz, CDCls) & 145.3, 139.0, 137.8,

134.4, 133.9, 130.8, 130.2, 129.9, 129.4, 128.1, 126.8, 126.5, 125.6, 125.1, 122.9, 39.8, 21.4,

16.3. F NMR (470 MHz, CDCls) § -62.7. HRMS. Calculated for CasH2oNoF3 (M+H"):
407.1730, found: 407.1727.

2-(3,5-Dimethylphenyl)-1-ethyl-4-phenyl-5-(p-tolyl)-1H-imidazole 2.20.

CS?N/ Yellow solid, 152 mg, 83% yield. '"H NMR (500 MHz, CDCl3) § 7.56 (d, J = 7.2
= Hz, 2H), 7.36 — 7.29 (m, 6H), 7.21 (t, J = 7.5 Hz, 2H), 7.14 (t, J = 7.3 Hz, 1H),
7.10 (s, 1H), 3.95 (q, J = 7.2 Hz, 2H), 2.47 (s, 3H), 2.41 (s, 6H), 1.04 (t, J = 7.2
Hz, 3H). *C NMR (126 MHz, CDCls) § 147.6, 138.4, 138.1, 137.5, 134.8, 131.3,

130.9, 130.5, 129.8, 129.2, 128.6, 128.0, 127.0, 126.8, 126.0, 39.6, 21.43, 21.37, 16.3. HRMS.
Calculated for C26H27N2 (M+H"): 367.2169, found: 367.2174.

7S 1-Ethyl-4-phenyl-2-(thiophen-3-yl)-5-(p-tolyl)-1H-imidazole 2.2p. Pale red
%

\_ % solid, 136 mg, 79% yield. "H NMR (500 MHz, CDCl3) § 7.67 (dd, J= 2.9, 1.2 Hz,
N"SN



1H), 7.57 — 7.53 (m, 3H), 7.45 (dd, J = 5.0, 3.0 Hz, 1H), 7.31 (m, 4H), 7.22 (t, J= 7.5 Hz, 2H),
7.16 — 7.12 (m, 1H), 3.98 (q, J = 7.2 Hz, 2H), 2.47 (s, 3H), 1.14 (t, J = 7.2 Hz, 3H). '*C NMR
(126 MHz, CDCI3) & 142.69, 138.59, 137.51, 134.69, 132.07, 130.95, 129.79, 129.33, 128.73,
128.35, 128.20, 128.00, 126.66, 126.57, 126.11, 125.85, 124.30, 39.42, 21.44, 16.29. HRMS.
Calculated for C22H21N2S (M+H™): 345.1420, found: 345.1427.

Ts 3-(1-Ethyl-4-phenyl-5-(p-tolyl)-1H-imidazol-2-yl)-1-tosyl-1H-indole 2.2q.
White solid, 234 mg, 88% yield. 'H NMR (500 MHz, CDCl3) & 8.13 (d, J = 8.6
LN_\N Hz, 1H), 7.87 (d, J = 1.2 Hz, 1H), 7.79 (d, J = 8.4 Hz, 2H), 7.67 (dd, J = 8.6, 1.6
Hz, 1H), 7.64 (d, J = 3.7 Hz, 1H), 7.57 (d, J = 7.2 Hz, 2H), 7.33 (q, J = 8.1 Hz,
4H), 7.24 (d, J = 8.1 Hz, 2H), 7.21 (t, J = 7.5 Hz, 2H), 7.13 (t, J = 7.3 Hz, 1H),

6.74 (dd, J=3.6, 0.4 Hz, 1H), 3.95 (q, /= 7.1 Hz, 2H), 2.47 (s, 3H), 2.36 (s, 3H), 1.01 (t,J=7.2
Hz, 3H). °C NMR (126 MHz, CDCls) & 147.2, 145.2, 138.6, 137.6, 135.1, 135.0, 134.8, 131.0,
130.9, 130.0, 129.8, 129.4, 128.5, 128.0, 127.3, 126.9, 126.8, 126.7, 126.1, 125.8, 122.3, 113.8,
109.4, 39.6, 21.6, 21.5, 16.3. HRMS. Calculated for C33:H3oN3OS (M+H"): 532.2053, found:

532.2065.

g 4-(1-benzyl-5-(6-methoxynaphthalen-2-yl)-2-(4-(methylthio) phenyl)-1H-
%\) imidazol-4-yl)pyridine. Pale yellow solid in 80% yield (413 mg). 'H NMR
By Ny (500 MHz, CDCI3) 6 8.38 (d, J= 6.3 Hz, 2H), 7.74 (d, J = 8.4 Hz, 1H), 7.64 —
. 7.58 (m, 4H), 7.46 (d, J = 6.4 Hz, 2H), 7.30 (d, J = 8.5 Hz, 2H), 7.26 — 7.22

CQ \ (m, 4H), 7.19 (d, J = 8.7 Hz, 2H), 6.83 (dd, J = 6.5, 3.0 Hz, 2H), 5.14 (s, 2H),
9 3.97 (s, 3H), 2.52 (s, 3H). *C NMR (126 MHz, CDCl;s) & 158.6, 149.7, 148.3,
141.9, 140.3, 137.3, 135.6, 134.6, 132.8, 130.2, 129.7, 129.2, 128.7, 128.7, 128.4, 127.7, 127.6,
127.0, 126.2, 126.0, 125.0, 120.6, 119.6, 105.6, 55.4, 48.4, 15.4. HRMS. Calculated for

C33H2sN30S (M+H"): 514.1948, found: 514.1964.
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Procedure for the Synthesis of 4-(5-(6-methoxynaphthalen-2-yl)-2-(4-
(methylthio)phenyl)-1H-imidazol-4-yl)pyridine 2.6.

Pale brown solid, 80% yield (67 mg). 'H NMR (500 MHz, DMSO-ds) & 13.02

- S\ (s, 1H), 8.45 (d, J= 5.8 Hz, 2H), 8.08 (d, J = 8.7 Hz, 3H), 7.88 (t, J = 8.9 Hz,

OO =N 2H), 7.56 (dd, J = 8.5, 1.6 Hz, 1H), 7.52 (d, J = 6.3 Hz, 2H), 7.38 (d, J = 8.7

A Hz, 3H), 7.22 (dd, J = 8.9, 2.4 Hz, 1H), 3.91 (s, 3H), 2.54 (s, 3H). *C NMR

(126 MHz, DMSO-ds) 6 158.2, 150.1, 139.2, 134.3, 132.1, 131.9, 130.0, 129.1, 128.85, 127.79,

127.78, 127.56, 127.53, 127.26, 127.25, 126.29, 126.25, 121.3, 119.6, 106.5, 55.7, 14.9. HRMS.
Calculated for C26H22N30S (M+H"): 424.1478, found: 424.1483.

HN” SN
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Chapter 3. A Nickel-Based, Tandem Catalytic Approach to Isoindolinones
from Imines, Aryl Iodides and CO

3.1. Preface

In our studies on the synthesis of imidazoles in chapter 2, we showed how the palladium
catalyzed carbonylation of aryl iodides in the presence of imines can allow the in sifu generation
of N-acyl iminium salts, which undergoes a second spontaneous cyclocarbonylation to form
Miinchnones. One of the limitations of this transformation is its reliance on palladium as the
catalyst, which is an expensive and relative scarce metal. In an attempt to address this issue, we
explore in this chapter the replacement of palladium with a first row nickel catalyst. Similar to
the observations with palladium catalysts, it was found that Ni(COD); in concert with chloride
salts can catalyze the carbonylation of aryl iodides in the presence of imines to form N-acyl
iminium chloride salts. However, in contrast to the palladium system, these N-acyl iminium salts
undergo a spontaneous nickel catalyzed cyclization affording isoindolinone products. A range of
aryl iodides and imines have been found to be viable substrates in this reaction, providing a
modular route to generate substituted isoindolinones with high atom economy. This work was
performed in collaboration with Jia Lun Shao (undergraduate student) and Dr. Veeranna
Yempally (visiting postdoctoral fellow), who synthesized products 3.2¢ and 3.2d. This work was
published in Organometallics (2015, 34, 1802-1805).

3.2. Introduction

Transition metal catalyzed carbonylation reactions have seen growing use in synthetic
chemistry.! In addition to simple esters, amides, ketones and related carboxylic acid derivatives,
there has been significant recent application of carbonylations to the assembly of more elaborate
carbocyclic and heterocyclic products. Examples of these can range from carbonylative
cyclizations,” ring expansions,® Pauson-Khand type reactions,* and others.> One important class
of heterocyclic products towards which carbonylations have been applied are isoindolinones.

These heterocycles represent the core unit in a variety of natural products and other
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pharmaceutically relevant compounds, including antitumor, anesthetic, anti-inflammatory agents,
antidiabetic and others.® A number of approaches have been reported for the carbonylative
synthesis of isoindolinones with ortho-functionalized aryl halides, including those with ortho-
imino and ortho-vinyl substituted arenes (Scheme 3.1a).” However, similar to other approaches

to isoindolinones, these often require the initial assembly of the appropriate aryl-tethered

precursors for cyclization.

Carbonylatlve Approaches to Isoindolinone Synthesis

, Pdcat. _Pdcat.
Y R2NH2
(Y =NR")

(R1 = alkyl, aryI (R1=COMe)
(R=CHz) (R=H)

b) Nickel-Catalyed Cyclization Route to Isoindolinones
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Scheme 3.1. Catalytic Synthesis to Isoindolinones
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In considering the structure of isoindolinones, we postulated that a more modular
approach to these products might be via the carbonylative coupling of aryl halides and imines.
Watson and co-workers demonstrated that nickel catalysts can mediate the cyclization of
synthetic N-benzoylaminals to isoindolinones (Scheme 3.1b).® An alternative would be to
generate the N-acyl iminium salt intermediates via carbonylation. We have recently reported that
palladium catalysts can be employed to generate acid chlorides from aryl iodides, which are
reactive with even weak nucleophiles such as imines.” However, these palladium systems are
potent carbonylation catalysts, and mediate a second, spontaneous carbonylation of the N-acyl
iminium salt to form mesoionic 1,3-oxazolium-5-oxides 3.1 (i.e. Miinchnones, Scheme 3.1c).!°
Relative to palladium, nickel catalysts often show diminished reactivity in carbonylations.!! This
suggests that nickel catalysts may be better suited to mediate a tandem carbonylation/C-H
functionalization reaction (Scheme 1d), rather than the double carbonylative formation of 3.1.
We describe herein the successful realization of this goal, and the efficient, tandem catalytic

approach to isoindolinones.

3.3. Results and Discussion

Our initial studies of this transformation examined the carbonylative coupling of 4-
iodotoluene and imine (Table 3.1). The use of nickel(0)biscyclooctadiene [Ni(COD)] catalyst
led to only trace amounts of isoindolinone 3.2a, and instead generated amide 3.3a in low yield
(Safety note: Ni(CO). is a potential product generated in nickel-based carbonylations, and is
extremely toxic and volatile. See Section 3.5.1. for details on safe practices on handling
Ni(CO)4). The addition of various ligands to this reaction also did not afford significant amounts
of 3.2a. We have previously noted in our studies of palladium catalyzed carbonylation that
chloride sources can facilitate coupling with weakly nucleophilic substrates by allowing the in
situ generation of acid chlorides.”® As was hoped, the addition of tetrabutylammonium chloride
to the catalytic reaction with simple Ni(COD), catalyst resulted in the high yield formation of
isoindolinone 3.2a as the major reaction product. Most added ligands retard the formation of
3.2a, with only the bulky and weak donor P(o-tolyl)s leading to yields approaching that of simple
Ni(COD),. These suggest that the active catalyst for this system is an unligated nickel(0)."?
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Decreasing the reaction pressure to 1 atm doesn’t appear to influence the product yield (entry

16).

Table 3.1. Catalyst Design for Carbonylative Isoindolinone Synthesis®

o]

| N/Bn Ni(C(L)E)g)Z 10|r/no|% o
mol%
)©/ reor M EtPr,N, CD,CN /©:<I<N Bn * pTol)J\N’Bn
pTol H H
120°C, 24 h pTol
3.2a 3.3a
Entry L Additive | 3.2a (%) | 3.3a (%)

1 - - 2 28

2 PPh; - - -

3 P'Bus - - -

4 P(o-tolyl)s - 3 -

5 - BusNCl 79 17

6 - CsCl 5 16

7 - Ph4PCl 69 28

8 PCys BusNCl1 0 0

9 DPPE BusNCl 0

10 DPPF BusNCl 0 5

11 PPhs BusNCl 7 3

12 P'Bus BusNCl 10 5

13 P(o-tolyl)s BusNCl 60 13

X

14 t BusNCl 11 4

15 XantPhos BusNCl 48 23
16° - BusNCl 79 (78)¢ 17

ap-Tol-I (44 mg, 0.20 mmol), imine (21 mg, 0.10 mmol), Et Pr,N (16 mg, 0.12 mmol), additive (0.10 mmol),
Ni(COD), (3 mg, 0.01 mmol), 4 atm CO, CD3CN (0.7 mL), 120°C for 24 h, NMR yield; ® 1 atm CO; ¢ isolated.

With the optimized reaction conditions in hand, we explored the substrate diversity of the
aryl halide reaction partner (Table 3.2). Both electron-rich (3.2¢) and electron-deficient (3.2b,
3.2¢, 3.2f-2h) aryl iodides can participate in this reaction, and lead to products in good yields. In
addition to simple para-substituted aryl iodides, symmetrically di-substituted aryl iodides are

viable substrates in this chemistry (3.2i). On the other hand, ortho-substituted aryl iodides such
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as 2-iodotoluene or 2-iodoanisole failed to produce any of the corresponding isoindolinones
products under these conditions. Simple meta-substituted aryl iodides lead to a mixture of

isomeric products (3.2j).

The compatibility of this reaction with imines was also examined (Table 3.3). A number
of N-alkyl (3.2k, 3.21) and -benzyl (3.2n, 3.20) substituted imines can undergo carbonylative
cyclization to form isoindolinones. However, N-aryl substituted imines yield only starting
material under these conditions, presumably due to their decreased nucleophilicity for N-acyl

iminium salt formation (vide infra). The imine carbon can tolerate a range of aromatic units,

Table 3.2. Aryl lodide Diversity in Isoindolinone Synthesis®

+ - >
i
pTol H BuyNCI, EtProN

MeCN, 120 °C, 24 h pToI
0 O )
N—Bn N—Bn N—
Cl F
pTol pTol pTol
3.2b: 67 % 3.2¢: 80 % 3.2d: 50 %
O O e}
/@:((N—Bn /@:((N—Bn N—
eO F3C EtO,C
pTol pTol pTol
3.2e:74 % 3.2f: 72 % 3.29: 90 %
O O
MeO
N—Bn N—
NC
pTol pTol pTol
3.2h: 50 % 3.2i: 55 % 3.2: 42 %

(+ 22% of 4-isomer)

2 Ar-I (1.00 mmol), imine (105 mg, 0.50 mmol), Et'Pr,N (77 mg, 0.60 mmol), BusNCI (134 mg, 0.50 mmol), and
Ni(COD); (14 mg, 0.05 mmol), 1 atm CO, MeCN (2 mL) at 120°C for 24 h; Isolated yields.
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Table 3.3. Imine Diversity in Isoindolinone Synthesis

0
| R2
N~ Ni(COD), 10 mol%
+ CO + Jj\ >
R1

: N—R?
H BusNCI, EtPr,N
@

MeCN, 120 °C, 24 h

OMe 0/1
3.2k: R=Et, 70 % 3.2m: 65 % 3.2n: 65 %
3.21: R=’Pr 55%
0 0
N—Bn N—Bn
/S
—
F
3.20: 80 % 77 % 0 32p 74 % 32q 56 %
~
O O — 0O O
O N O N—Et N
Ph
(o )
P OMe
o CF
3.2r: 68 % 3.2s: 60 % 3 3.2t: 50 %

p-Tol-I (218 mg, 1.00 mmol), imine (0.50 mmol), Et'Pr,N (77 mg, 0.60 mmol) , BusNCI (134 mg, 1.0 mmol) and
Ni(COD), (14 mg, 0.05 mmol), 1 atm CO, MeCN (2 mL) at 120°C for 24 h; Isolated yields. ® Reaction performed
on 4 mmol scale.
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including those with electron withdrawing (3.20) and electron donating (3.2m, 3.2n) arenes, or
heteroaryl units (3.2q). As shown with isoindolinone 3.2p, ‘Bu-substituted imines can also be
employed in this chemistry. This reaction can be applied to a gram scale synthesis of

isoindolinones (e.g. 3.20).

While the mechanism of this transformation is still under investigation, based on
preliminary studies we postulate a dual role of the nickel catalyst in this reaction (Scheme 3.2a).
The required use of chloride in catalysis (Table 1) is similar to that observed with palladium
systems that lead to acid chloride synthesis.” Thus, although it is possible that an in situ
generated nickel-aroyl complex (II) can react directly with imine, the critical role of chloride in
this chemistry is more consistent with the nickel catalyzed formation of acid chloride. As shown
in Scheme 2b, acid chloride can rapidly react with an imine forming an N-acyl iminium chloride.
Unlike traditional Pictet—Spengler reactions, 3.4a does not undergo cyclization, even upon
heating at 120 °C, and instead slowly decomposes to yield amide 3.3a. However, the addition of
Ni(COD)> to 3.4a leads to the formation of isoindolinone in similar yield to that noted in
catalysis (Scheme 3.2b). As noted by Watson, the nickel catalyst could play several roles in this
cyclization, including that of a Lewis acid (e.g. III) or more directly in facilitating C-H bond
functionalization.® While we at present cannot distinguish between these mechanisms, the
conversion of N-acyl iminium chloride to the more electrophilic iodide or triflate salt also leads

to cyclization, consistent with a Lewis acidic role of the nickel catalyst.
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b) Control experiments for isoindolinone formation
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Scheme 3.2. Mechanism of Isoindolinone Synthesis

3.4. Conclusions

In conclusion, we have developed a nickel catalyzed process for the synthesis of highly
substituted isoindolinones from aryl iodides, imines and carbon monoxide. This reaction is

believed to proceed via the in situ generation of an N-acyl iminium chloride which further can
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undergo a nickel mediated annulation. Overall, this provides a modular synthesis of

isoindolinones from available substrates, and is directly amenable to structural diversification.

3.5. Supplementary information
3.5.1. General Considerations

All reactions were carried out under an inert atmosphere in a glovebox or using standard
Schlenk techniques, unless otherwise indicated. Research grade carbon monoxide (99.99%) was
used as received. All solvents were dried with using a solvent purification system and stored in
glovebox over activated 4 A molecular sieves. Deuterated solvents were dried over CaHa,
vacuum transferred and stored over 4 A molecular sieves. Tetrabutylammonium chloride was
dried in the glovebox by dissolving in dichloromethane, allowing it to stand overnight over
activated 4 A molecule sieves, then filtering and removing the solvent in vacuo. N-alkyl and -
aryl imines were prepared according to literature procedures.!®> All other reagents were purchased
from commercial suppliers and used as received. All 'H and '*C NMR spectra were acquired on

400 and 500 MHz spectrometers

Safety note: Ni(CO), is a potential product generated in nickel-based carbonylations,
and is extremely toxic and volatile. Precautions must be taken to avoid all contact with the
reaction prior to quenching. All manipulations of the catalysis solutions after CO introduction
were therefore rigorously performed in sealed vessels with no contact to air or person. In order
to quench any possible traces of Ni(CO)s, all volatiles from reaction mixtures were removed in
vacuo on a Schlenk line and collected into a solvent trap charged with excess PPhs, followed by

the addition of water, as noted by Nolan.'*

3.5.2. Synthetic Procedures

Typical Procedure for the Ligand Screening (Table 3.1)

In a glovebox, 4-iodotoluene (44 mg, 0.20 mmol), p-Tol(H)C=NBn (21 mg, 0.10 mmol), N,N-
diisopropylethylamine (16 mg, 0.12 mmol), tetrabutylammonium chloride (28 mg, 0.10 mmol),
Ni(COD); (3 mg, 0.010 mmol) and benzyl benzoate internal standard were combined in CD3CN
(0.7 mL) and added to a J-Young NMR tube. The tube was removed from the glovebox, frozen
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in liquid nitrogen, the headspace evacuated, and 4 atm carbon monoxide was condensed into the
NMR tube. The reaction was heated at 120 °C and monitored by NMR spectroscopy. Yield of
3.2a and 3.3a was determined by 'H NMR analysis relative to the internal standard. Procedures

noted above were used to remove any potential traces of Ni(CO)a.

Typical Procedure for the Catalytic Synthesis of Isoindolinones

In a glovebox, 4-iodotoluene (218 mg, 1.00 mmol), p-Tol(H)C=NBn (105 mg, 0.50 mmol), N,N-
diisopropylethylamine (77 mg, 0.60 mmol), tetrabutylammonium chloride (134 mg, 0.50 mmol),
Ni(COD); (14 mg, 0.05 mmol) were combined in acetonitrile (2 mL) and added to a 50 mL
sealable pressure vessel. The vessel was closed, removed from the glovebox, and pressurized
with 1 atm carbon monoxide. The reaction was heated at 120°C for 24 h. Note: Ni(CO)s is a
potential product generated in nickel-based carbonylations, and is extremely toxic and volatile.
Therefore, all manipulations of the catalysis solutions after CO introduction were rigorously
performed in an isolated, sealed vessel, with no contact to air or person prior to quenching of the
potential Ni(CO)s. After the reaction was cooled to room temperature, all volatiles were removed
in vacuo on a Schlenk line and collected into a liquid N2 cooled solvent trap charged with excess
PPh; (to which water was subsequently added), in order to quench any possible traces of
Ni(CO)4. The crude product was purified by column chromatography (Silica gel, gradient hexane
/ ethyl acetate 4% to 20 %) affording isoindolinone 3.2a as a pale white solid in 78 % yield (129

mg).

Generation of 3.4a (Scheme 3.2b) In a glovebox, p-Tol(H)C=NBn (42 mg, 0.20 mmol), p-

toluoyl chloride (16 mg, 0.10 mmol) and benzyl benzoate (internal standard) were combined in
CDsCN (0.7 mL) and stirred for 1 h. 'H NMR analysis shows the formation of 3.4a in
quantitative yield (99%). 3.4a is generated in a dynamic equilibrium with the acid chloride and
imine, and an excess of imine was employed to favor its formation. In light of this equilibrium,
3.4a was characterized in situ, in analogy to other iminium salts.'> "H NMR (400 MHz, CD3CN)
0 7.54 (d, J = 8.1 Hz, 2H), 7.44 (d, J = 8.2 Hz, 2H), 7.39 — 7.32 (m, 3H), 7.19 (m, 5H), 7.11 —
7.06 (m, 2H), 4.57 (s, 2H), 2.41 (s, 3H), 2.33 (s, 3H).
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Generation of Thermal Reaction of 3.4a (Scheme 3.2b)

0]
i 0]
.Bn EtN'Pr,
cl  MeCN MeCN, 120°C, 24 h H
pTol” “H Tl MeoN oo
(99%) 3.4a 3.3a
50 %

In a glovebox, p-Tol(H)C=NBn (42 mg, 0.20 mmol), p-toluoyl chloride (16 mg, 0.10 mmol) and
benzyl benzoate (internal standard) were combined in CD3CN (0.7 mL) and stirred for 1 h. The
formation of 3.4a (99%) was confirmed by 'H NMR analysis. N,N-diisopropylethylamine (13
mg, 0.10 mmol) was added, and the reaction mixture transferred to a J-Young tube. The reaction
mixture was heated to 120°C. 'H NMR analysis after 24 h showed generation of amide 3.3a in

50% yield relative to the internal standard.'®

Reaction of 3.4a with Ni(COD), (Scheme 3.2b)

Q o)
.B B .
5 N n . o) - pToI)J\N Bn  1.0eq. Ni(COD), - -
—bn
(o]
pTol” “H pTol” >ClI I1\/I<;Cl\: cl” pTol MeCN, 120°C, 24 h
o L pTol
(99%)
3.4a 3.2a
64 %

In a glovebox, p-Tol(H)C=NBn (42 mg, 0.20 mmol), p-toluoyl chloride (16 mg, 0.10 mmol) and
benzyl benzoate (internal standard) were combined in CD3CN (0.7 mL) and stirred for 1 h. As
above, the quantitative formation of 3.4a was confirmed by '"H NMR analysis. Ni(COD), (27
mg, 0.10 mmol) was added, and the reaction mixture transferred to a J-Young tube. The reaction
mixture was heated to 120°C. '"H NMR analysis after 24 h showed generation of 3.2a in 64%

yield relative to the internal standard.
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Reaction of 3.4a with AgOTT{ (Scheme 3.2b)

0 0
Nk o) - M _Bn 1.0 eq. AgOTfor Nal
2 + ——— pTol™ N 5 N—Bn
P MeCN MeCN, 120°C, 24 h
Tol H pTol Cl
p Cl pTol
1h,rt. pTol
(99%)
3.4a 3.2a
AgOTf: 60 %
Nal: 64 %

In a glovebox, p-Tol(H)C=NBn (42 mg, 0.20 mmol), p-toluoyl chloride (16 mg, 0.10 mmol) and
benzyl benzoate (internal standard) were combined in CD3CN (0.7 mL) and stirred for 1 h. As
above, the formation of 3.4a was confirmed by 'H NMR analysis. Silver
trifluoromethanesulfonate (26 mg, 0.10 mmol) was added, and the reaction mixture was
transferred to a J-Young tube. The reaction mixture was heated to 120°C. "H NMR analysis after

24 h showed generation of 3.2a in 60% relative to the internal standard.
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3.5.3. Spectroscopic Data on Isoiondolinones 3.2

o 2-Benzyl-5-methyl-3-(p-tolyl)isoindolin-1-one (3.2a). Pale white solid, 127

N-Bn  mg, 78 % yield. "H NMR (500 MHz, CDCls) & 7.84 (d, J = 7.8 Hz, 1H), 7.35 —

plol - 7.25 (m, 4H), 7.20 (dd, J = 7.1, 4.0 Hz, 4H), 6.99 (d, J = 8.0 Hz, 2H), 6.93 (s,
1H), 5.40 (d, J=14.9 Hz, 1H), 5.18 (s, 1H), 3.73 (d, J = 14.9 Hz, 1H), 2.39 (s, 3H), 2.36 (s, 3H).
3C NMR (126 MHz, CDCls) § 168.6, 146.9, 142.5, 138.5, 137.3, 133.9, 129.8, 129.3, 128.9,
128.7, 128.4, 127.7, 127.5, 123.6, 123.5, 63.2, 43.7, 21.83 21.2. FT-IR-ATR (cm): 1674.4
(C=0). HRMS. Calculated for C23H22NO (M+H): 328.1696; found: 328.1692.

o 2-Benzyl-5-chloro-3-(p-tolyl)isoindolin-1-one (3.2b). White solid, 116 mg, 67
/@NBn % yield. 'H NMR (500 MHz, CDCl3) & 7.88 (d, J = 8.1 Hz, 1H), 7.45 (dd, J =
° bo 8.1, 1.5 Hz, 1H), 7.30 (dd, J = 11.3, 7.7 Hz, 3H), 7.20 (t, J = 7.6 Hz, 4H), 7.11
(s, 1H), 6.97 (d, J = 7.9 Hz, 2H), 5.39 (d, J = 14.9 Hz, 1H), 5.20 (s, 1H), 3.73 (d, J = 14.9 Hz,
1H), 2.40 (s, 3H). *C NMR (126 MHz, CDCls) 6 167.4, 148.1, 138.9, 138.2, 136.9, 132.8, 130.0,
129.9, 128.9, 128.8, 128.7, 128.5, 127.7, 124.9, 123.6, 62.9, 43.8, 21.2. FT-IR-ATR (cm™):
1677.6 (C=0). HRMS. Calculated for C22H1sCINNaO (M+Na): 370.0969; found: 370.0970.

o 2-Benzyl-5-fluoro-3-(p-tolyl)isoindolin-1-one (3.2¢). White solid, 116 mg, 80
F@NB” % yield. 'H NMR (500 MHz, CDCls) § 7.94 (dd, J = 8.4, 5.0 Hz, 1H), 7.40 —
Pl 726 (m, 3H), 7.25 — 7.11 (m, 5H), 6.98 (d, J = 7.9 Hz, 2H), 6.81 (dd, J = 8.0,
1.8 Hz, 1H), 5.39 (d, J = 14.9 Hz, 1H), 5.20 (s, 1H), 3.74 (d, J = 14.9 Hz, 1H), 2.39 (s, 3H). 1°C
NMR (126 MHz, CDCIl3) & 167.5, 165.3 (d, J = 251.8 Hz), 149.0 (d, J = 9.6 Hz), 138.9, 137.0,
133.0, 130.0, 128.7, 128.8, 127.7, 127.6, 127.5 (d, J = 2.0 Hz), 125.7 (d, J = 9.7 Hz), 116.1 (d,J
=23.5 Hz), 110.5 (d, ] = 24.1 Hz), 63.0 (d, J = 2.6 Hz), 43.9, 21.2. FT-IR-ATR (cm™): 1680.4
(C=0). HRMS. Calculated for C22H19NOF (M+H): 332.1445; found: 332.1440.

o 2-Benzyl-3-(p-tolyl)isoindolin-1-one (3.2d). Pale white solid, 78 mg, 50 % yield.
@NBn 'H NMR (500 MHz, CDCls) § 7.96 (d, J = 6.4 Hz, 1H), 7.49 — 7.44 (m, 2H), 7.30

pTol
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(dt, J = 6.8, 4.4 Hz, 3H), 7.20 (dd, J = 12.5, 7.4 Hz, 4H), 7.15 — 7.12 (m, 1H), 6.98 (d, /= 7.9
Hz, 2H), 5.42 (d, J = 14.9 Hz, 1H), 5.23 (s, 1H), 3.74 (d, J = 14.9 Hz, 1H), 2.39 (s, 3H). 1°C
NMR (126 MHz, CDCI3) & 168.5, 146.6, 138.6, 137.2, 133.7, 131.8, 131.4, 129.8, 128.7, 128.5,
128.2, 127.7, 127.5, 123.7, 123.1, 63.32, 43.7, 21.2. FT-IR-ATR (cm™): 1685.0 (C=0). HRMS.
Calculated for C2o0H19NONa (M+Na): 336.1359; found: 336.1364.

o 2-Benzyl-5-methoxy-3-(p-tolyl)isoindolin-1-one (3.2¢). Pale yellow solid, 127

N-Bn  mg, 74 % yield. "H NMR (500 MHz, CDCls) & 7.86 (d, J = 8.4 Hz, 1H), 7.30

Pl (dt, J=12.9, 6.5 Hz, 3H), 7.23 — 7.14 (m, 4H), 6.99 (t, J = 6.0 Hz, 3H), 6.59 (s,
1H), 5.38 (d, J = 14.9 Hz, 1H), 5.17 (s, 1H), 3.77 (s, 3H), 3.69 (t, J = 14.2 Hz, 1H), 2.39 (s, 3H).
3C NMR (126 MHz, CDCl3) & 168.3, 163.0, 148.8, 138.5, 137.4, 133.8, 129.8, 128.7, 128.4,
127.8, 127.4, 125.0, 124.1, 115.0, 107.9, 63.1, 55.6, 43.7, 21.2. FT-IR-ATR (cm™): 1675.8
(C=0). HRMS. Calculated for C23H22NO> (M+H): 344.1645; found: 344.1641.

MeO

o 2-Benzyl-3-(p-tolyl)-5-(trifluoromethyl)isoindolin-1-one (3.2f). Pale yellow
n-en  solid, 139 mg, 72 % yield. 'H NMR (500 MHz, CDCl3) § 8.07 (d, J = 7.9 Hz,
Plol1H), 7.76 (d, J = 7.9 Hz, 1H), 7.39 (s, 1H), 7.36 — 7.26 (m, 3H), 7.21 (t, J= 8.0

Hz, 4H), 6.98 (d, J = 7.9 Hz, 2H), 5.42 (d, J = 14.8 Hz, 1H), 5.28 (s, 1H), 3.76 (d, J = 14.8 Hz,

1H), 2.40 (s, 3H). *C NMR (126 MHz, CDCl3) § 167.0, 146.8, 139.1, 136.7, 134.7, 133.8 (q, ] =

32.5 Hz), 132.4, 130.1, 128.8, 128.5, 127.8, 127.7, 125.61 (q, J = 3.6 Hz), 124.3, 123.7 (q, ] =

273.0 Hz), 120.5 (q, J = 3.8 Hz), 63.4, 43.9, 21.2. FT-IR-ATR (cm™): 1699.0 (C=0). HRMS.

Calculated for C23H1sFsNNaO (M+Na): 404.1233; found: 404.1240.

Fs;C

o Ethyl 2-benzyl-1-oxo0-3-(p-tolyl)isoindoline-5-carboxylate (3.2g). White
EtozC@NBn solid, 171 mg, 90 % yield. "H NMR (500 MHz, CDCl3) & 8.17 (d, J = 8.0 Hz,
Pl 1H), 8.01 (d, J= 7.9 Hz, 1H), 7.80 (s, 1H), 7.37 — 7.26 (m, 3H), 7.23 — 7.16

(m, 4H), 6.98 (d, J = 8.0 Hz, 2H), 5.41 (d, J = 14.8 Hz, 1H), 5.28 (s, 1H), 4.50 — 4.22 (m, 2H),
3.76 (d, J = 14.8 Hz, 1H), 2.39 (s, 3H), 1.36 (t, J = 7.1 Hz, 3H). 3C NMR (126 MHz, CDCls) &

167.5, 165.8, 146.4, 138.84, 136.8, 135.2, 133.7, 132.8, 130.0, 129.7, 128.8, 128.5, 127.8, 127.7,
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124.5, 123.7, 63.4, 61.4, 43.9, 21.2, 14.3. FT-IR-ATR (cm™): 1715.2 (COEt), 1694.4 (C=0).
HRMS. Calculated for CosH24NO3 (M+H): 386.1751; found: 386.1740.

o 2-Benzyl-1-ox0-3-(p-tolyl)isoindoline-5-carbonitrile (3.2h). Pale yellow
NC/CE?NB” solid, 85 mg, 50 % yield. '"H NMR (500 MHz, CDCls) & 8.05 (d, J = 7.9 Hz,

Pl 1H), 7.77 (d, J = 7.9 Hz, 1H), 7.42 (s, 1H), 7.37 — 7.29 (m, 3H), 7.25 — 7.15
(m, 4H), 6.96 (d, J = 8.0 Hz, 2H), 5.41 (d, J = 14.8 Hz, 1H), 5.27 (s, 1H), 3.77 (d, J = 14.8 Hz,
1H), 2.41 (s, 3H). 1*C NMR (126 MHz, CDCl3) § 166.5, 146.9, 139.4, 136.4, 135.3, 132.3,
132.0, 130.2, 128.9, 128.5, 127.9, 127.6, 127.2, 124.6, 118.1, 115.3, 63.16, 44.0, 21.23. FT-IR-
ATR (cm™): 2229.0 (CN), 1682.1 (C=0). HRMS. Calculated for C23H19N>O (M+H): 339.1492;
found: 339.1502.

o 2-Benzyl-4,6-dimethyl-3-(p-tolyl)isoindolin-1-one (3.2i). Pale white solid, 94
\@Nsn mg, 55 % yield. "H NMR (500 MHz, CDCI3) § 7.64 (s, 1H), 7.36 — 7.26 (m, 3H),

PIol 722 (d, J = 6.9 Hz, 2H), 7.15 (d, J = 7.9 Hz, 2H), 7.08 (s, 1H), 6.93 (d, J = 7.3
Hz, 2H), 5.36 (d, J = 15.0 Hz, 1H), 5.13 (s, 1H), 3.61 (d, J = 15.0 Hz, 1H), 2.44 (s, 3H), 2.38 (s,
3H), 1.89 (s, 3H). *C NMR (126 MHz, CDCl3) & 168.6, 141.7, 138.6, 138.4, 137.5, 134.3,
133.0, 133.0, 132.1, 129.6, 128.7, 128.4, 127.4, 121.5, 62.8, 43.40, 21.4, 21.2, 17.8. FT-IR-ATR
(cm™): 1684.8 (C=0). HRMS. Calculated for C24H24NO (M+H): 342.1852; found: 342.1846.

o o 2-Benzyl-4-methoxy-3-(p-tolyl)isoindolin-1-one (3.2j) and 2-
MeO
N=Bn \@NBn benzyl-6-methoxy-3-p-tolylisoindolin-1 one (3.2j’). Isolated as

pTol . . . .
OMe Pl a mixture of both isomers, and characterized by comparison to

e e previous reports.’ Colorless oil, 109 mg, 64 % yield. 'H NMR
(500 MHz, CDCl3) & 7.56 (d, J = 7.1 Hz, 1H, major isomer), 7.44 (t, J = 7.8 Hz, 1H, both
isomers), 7.34 — 7.23 (m, 4H, both isomers), 7.21 — 7.13 (m, 4H, both isomers), 7.02 — 6.93 (m,
2H, both isomers), 6.92 (d, J = 8.0 Hz, 1H, major isomer), 5.39 (d, J = 15.1 Hz, 1H, minor
isomer), 5.36 (d, J = 14.9 Hz, 1H, major isomer), 5.25 (s, 1H, major isomer), 5.17 (s, 1H, minor

isomer), 3.88 (s, 3H, minor isomer), 3.72 (d, J = 14.9 Hz, 1H, minor isomer), 3.65 (d, J = 14.9
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Hz, 1H, major isomer), 3.62 (s, 3H, major isomer), 2.36 (s, 3H, both isomers). *C NMR (126
MHz, CDCIls) 6 168.5, 168.3, 160.1, 154.7, 138.9, 138.5, 137.9, 137.3, 137.2, 133.93, 133.91,
133.4, 133.0, 132.8, 130.1, 129.8, 129.3, 128.68, 128.65, 128.5, 128.4, 127.9, 127.7, 127.5,
127.4,124.0, 120.1, 115.8, 113.7, 106.4, 62.9, 61.6, 55.7, 55.5, 43.8, 43.5, 21.3, 21.2.

o) 2-Ethyl-5-methyl-3-(p-tolyl)isoindolin-1-one (3.2k). Pale yellow solid, 92 mg,

N-Et 70 % yield. "H NMR (500 MHz, CDCl3) § 7.77 (d, J = 7.8 Hz, 1H), 7.24 (d, J =

Pl 7.7 Hz, 1H), 7.17 (d, J = 7.8 Hz, 2H), 7.05 (d, J = 8.0 Hz, 2H), 6.97 (s, 1H), 5.40
(s, 1H), 3.96 (dq, J = 14.5, 7.3 Hz, 1H), 2.96 (dq, J = 14.2, 7.1 Hz, 1H), 2.35 (d, /= 2.4 Hz, 6H),
1.13 (t, J=7.2 Hz, 3H). '*C NMR (126 MHz, CDCls) & 168.4, 146.8, 142.2, 138.4, 134.3, 129.7,
129.3, 129.2, 127.5, 123.5, 123.2, 63.7, 34.9, 21.8, 21.2, 13.5. FT-IR-ATR (cm™): 1667.9 (C=0).
HRMS. Calculated for Ci1sH20NO (M+H): 266.1539; found: 266.1543.

o 2-Isopropyl-5-methyl-3-(p-tolyl)isoindolin-1-one (3.21). Pale yellow solid, 77

n—ipr Mg, 55 % yield. "H NMR (500 MHz, CDCl3) § 7.75 (d, J = 7.7 Hz, 1H), 7.24

ptol (d, J=17.7 Hz, 1H), 7.15 (d, J = 7.8 Hz, 2H), 7.09 (d, J = 7.8 Hz, 2H), 6.88 (s,
1H), 5.42 (s, 1H), 4.32 (hept, J= 6.9 Hz, 1H), 2.36 (s, 3H), 2.34 (s, 3H), 1.35 (d, /= 6.9 Hz, 3H),
1.04 (d, J= 6.9 Hz, 3H) '*C NMR (126 MHz, CDCls) § 168.9, 147.4, 142.2, 138.2, 136.0, 129.5,
129.5, 129.1, 127.7, 123.3, 123.0, 63.5, 45.1, 21.8, 21.3, 21.2, 20.6. FT-IR-ATR (cm™): 1667.2
(C=0). HRMS. Calculated for Ci9H22NO (M+H): 280.1696; found: 280.1697.

o 2-Ethyl-3-(4-methoxyphenyl)-5-methylisoindolin-1-one (3.2m). Pale yellow

O n-et  oil, 91 mg, 65 % yield. '"H NMR (500 MHz, CDCl3) & 7.77 (d, J = 7.7 Hz, 1H),
7.26 (d,J="7.7 Hz, 1H), 7.08 (d, J = 8.6 Hz, 2H), 6.97 (s, 1H), 6.89 (d, J=8.7

Q Hz, 2H), 5.39 (s, 1H), 3.94 (d, J = 14.1, 7.2 Hz, 1H), 3.82 (s, 3H), 2.96 (dd, J =

14.1, 7.1 Hz, 1H), 2.37 (s, 3H), 1.13 (t, J = 7.2 Hz, 3H). '*C NMR (126 MHz,

CDCl3) 6 168.3, 159.8, 146.9, 142.2, 129.3, 129.2, 129.2, 128.8, 123.5, 123.1, 114.4, 63.4, 55.3,
34.8, 21.8, 13.6. FT-IR-ATR (cm™): 1677.7 (C=0). HRMS. Calculated for CisH;9NO;Na

(M+Na): 304.1308; found: 304.1322.
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o 3-(Benzo[d][1,3]dioxol-4-yl)-2-benzyl-5-methylisoindolin-1-one (3.2n).

O N-Bn  Yellow solid, 116 mg, 65 % yield. "H NMR (500 MHz, CDCl3) § 7.83 (d, J=7.8

Q . Hz, 1H), 7.33 — 7.24 (m, 4H), 7.21 (d, J = 6.8 Hz, 2H), 6.94 (s, 1H), 6.81 (d, J =

o 7.9 Hz, 1H), 6.67 (dd, J = 7.9, 1.5 Hz, 1H), 6.42 (d, J = 1.5 Hz, 1H), 5.96 (dd, J

= 8.8, 1.3 Hz, 2H), 5.37 (d, J = 14.9 Hz, 1H), 5.13 (s, 1H), 3.78 (d, J = 14.9 Hz, 1H), 2.36 (s,

3H). 1*C NMR (126 MHz, CDCls) § 168.5, 148.5, 148.0, 146.8, 142.6, 137.3, 130.6, 129.4,

129.2, 128.8, 128.7, 128.4, 127.5, 127.1, 123.6, 123.5, 121.9, 108.5, 107.3, 101.4, 63.2, 43.7,

21.9. FT-IR-ATR (cm™): 1680.5 (C=0). HRMS. Calculated for C23H20NO3; (M+H): 358.1438;
found: 358.14388.

Q 2-Benzyl-3-(4-fluorophenyl)-5-methylisoindolin-1-one (3.20). White solid, 132

O " mg, 80 % yield. 'H NMR (500 MHz, CDCls) & 7.84 (d, J = 7.8 Hz, 1H), 7.34 —

O 7.26 (m, SH), 7.20 — 7.14 (m, 2H), 7.09 — 7.03 (m, 4H), 6.90 (s, 1H), 5.39 (d, J =

" 14.9 Hz, 1H), 5.19 (s, 1H), 3.73 (d, J = 14.9 Hz, 1H), 2.37 (s, 3H). *C NMR

(126 MHz, CDCl3) 6 168.5, 162.8 (d, J = 247.6 Hz), 146.6, 142.7, 137.1, 132.8 (d, ] = 3.2 Hz),

129.6 (d, J = 8.3 Hz), 129.5 (s), 128.8 (s), 128.6 (d, J = 43.3 Hz), 127.6 (s), 123.6 (s), 123.6,

116.2, 116.0, 62.7, 43.8, 21.8. FT-IR-ATR (cm™): 1680.9 (C=0). HRMS. Calculated for
C2oHi1oNOF (M+H): 332.1445; found: 332.1444.

0 2-Benzyl-3-(tert-butyl)-5-methylisoindolin-1-one (3.2p). Colorless oil, 108 mg,

N-Bn 74 % yield. 'H NMR (500 MHz, CDCI3) § 7.80 (d, J = 7.7 Hz, 1H), 7.32 — 7.21

(m, 5H), 7.13 (d, J= 7.2 Hz, 2H), 5.63 (d, /= 15.6 Hz, 1H), 4.42 (d, /= 15.6 Hz,

1H), 4.10 (s, 1H), 2.45 (s, 3H), 1.01 (s, 9H). '3C NMR (126 MHz, CDCl3) § 170.9, 145.7, 141.2,

137.4, 130.8, 130.4, 129.0, 128.8, 128.8, 128.8, 128.7, 128.4, 128.3, 128.2, 127.72, 127.70,

127.3, 125.0, 123.6, 68.0, 47.6, 36.6, 27.7, 26.4, 22.1. FT-IR-ATR (cm™): 1685.9 (C=0).
HRMS. Calculated for C20H24NO (M+H): 294.1852; found: 294.1856.
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0 2-Benzyl-5-methyl-3-(thiophen-2-yl)isoindolin-1-one (3.2q). Colorless oil, 90

N-Bn  mg, 56 % yield. '"H NMR (500 MHz, CDCls) § 7.83 (d, J = 7.8 Hz, 1H), 7.36 —

/s 7.28 (m, SH), 7.28 — 7.21 (m, 2H), 7.07 — 7.00 (m, 3H), 5.54 (s, 1H), 5.40 (d, J =

15.0 Hz, 1H), 3.89 (d, J = 15.0 Hz, 1H), 2.40 (s, 3H). '3C NMR (126 MHz,

CDCl3) 6 168.0, 146.0, 142.7, 140.5, 137.2, 129.7, 128.7, 128.6, 128.4, 127.6, 127.5, 126.9,

126.6, 123.6, 123.6, 58.6, 43.7, 21.9. FT-IR-ATR (cm™): 1686.6 (C=0). HRMS. Calculated for
C20H1sNOS (M+H): 320.1104; found: 320.1095.

o o' 3-(Benzo[d][1,3]dioxol-4-yl)-2-(furan-2-ylmethyl)-5-methylisoindolin-1-one
(3.2r). Colorless oil, 117 mg, 68 % yield. 'H NMR (500 MHz, CDCls) & 7.79
(d, J=7.8 Hz, 1H), 7.34 (d, /= 1.0 Hz, 1H), 7.30 — 7.23 (m, 1H), 6.96 (s, 1H),
OJO 6.82 (d,J=7.9 Hz, 1H), 6.75 (dd,J=7.9, 1.4 Hz, 1H), 6.46 (d, /= 1.2 Hz, 1H),
6.33 — 6.27 (m, 1H), 6.19 (d, J = 3.1 Hz, 1H), 5.96 (dd, J= 7.9, 1.1 Hz, 2H), 5.28 (s, 1H), 5.22
(d, J = 15.6 Hz, 1H), 3.90 (d, J = 15.6 Hz, 1H), 2.37 (s, 3H). '3*C NMR (126 MHz, CDCl;) &
168.2, 150.0, 148.4, 148.0, 146.7, 142.6, 142.4, 130.6, 129.4, 128.7, 123.6, 123.5, 121.9, 110.3,
108.5, 108.4, 107.4, 101.3, 63.7, 36.5, 21.9. FT-IR-ATR (cm): 1685.8 (C=0). HRMS.
Calculated for C21H1sNO4 (M+H): 348.1230; found: 348.1228.

o 2-Ethyl-5-methyl-3-(4-(trifluoromethyl)phenyl)isoindolin-1-one (3.2s). Pale

O v/ yellow solid, 96 mg, 60 % yield. 'H NMR (500 MHz, CDCl3) § 7.79 (d, J = 7.8

O Hz, 1H), 7.64 (d, J = 8.1 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 7.30 — 7.26 (m, 1H),

cF;  6.95 (s, 1H), 5.50 (s, 1H), 4.00 (dd, J = 14.2, 7.2 Hz, 1H), 2.95 (dd, J = 14.1, 7.1

Hz, 1H), 2.37 (s, 3H), 1.15 (t, J = 7.2 Hz, 3H). 3C NMR (126 MHz, CDCl;) & 168.4, 145.8,

142.6, 141.8, 130.9 (q, J = 32.6 Hz), 129.7, 129.10, 127.9, 126.1 (q, J = 3.7 Hz), 1239 (q, J =

272.2 Hz), 123.5, 123.4, 63.3, 35.1, 21.8, 13.5. FT-IR-ATR (cm™): 1672.5 (C=0). HRMS.
HRMS. Calculated for CisHi7F3NO (M+H): 320.1257; found: 320.1269.
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ome 2-(4-Methoxybenzyl)-5-methyl-3-phenylisoindolin-1-one  (3.2t). Pale

7 ﬁ yellow oil, 100 mg, 53 % yield. 'H NMR (500 MHz, CDCl3) & 7.83 (d, J =

/@EZéN 7.8 Hz, 1H), 7.42 — 7.33 (m, 3H), 7.27 (d, J = 8.6 Hz, 1H), 7.17 — 7.07 (m,

" 4H), 6.92 (s, 1H), 6.87 — 6.79 (m, 2H), 5.35 (d, J = 14.8 Hz, 1H), 5.20 (s,

1H), 3.80 (s, 3H), 3.68 (d, J = 14.8 Hz, 1H), 2.35 (s, 3H). 3C NMR (126 MHz, CDCls) § 168.5,

159.0, 146.8, 142.47, 137.1, 129.8, 129.3, 129.3, 129.1, 128.9, 128.6, 127.8, 123.6, 123.5, 114.0,

63.3 55.3, 43.2, 21.8. FT-IR-ATR (cm™): 1680.0 (C=0). HRMS. HRMS. Calculated for
C23H22NO2 (M+H): 344.1645; found: 344.1649.
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Chapter 4. An Electrophilic Approach to the Palladium-Catalyzed

Carbonylative C-H Functionalization of Heterocycles

4.1. Preface

Chapters 2 and 3 demonstrate that the palladium or nickel catalyzed carbonylation of
aryl iodides in the presence of chloride salts can allow the in sifu generation of acid chlorides.
This has allowed the use of weak nucleophiles such as imines in carbonylative coupling reactions
to generate iminium salts. We next became interested in the potential use of this chemistry to
perform carbonylative coupling reactions with even less potent nucleophiles. In this chapter, we
demonstrate how the in sifu generation of highly electrophilic acylating agents via the
carbonylation of aryl iodides can offer a new approach to the intermolecular C-H bond
functionalization of nitrogen-containing heterocycles. This transformation is mediated by P'Bus-
coordinated palladium catalyst, and allows the conversion of a diverse range of heterocycles,
including pyrroles, indoles, imidazoles, benzoxazoles and furans, into ketones, and without the
typical need to exploit pre-metallated heterocycles in carbonylative coupling chemistry. This
work has been published in the Journal of American Chemical Society (2015, 137, 12050-
12054).

4.2. Introduction

The palladium catalyzed C-H functionalization of arenes and heteroarenes has emerged
as one of the most important new approaches in synthetic chemistry.! Extensive research efforts
have been directed towards the discovery of new approaches to these transformations, with
examples including such powerful platforms as chelation-assisted functionalization,” concerted
metalation deprotonation (CMD),? radical reactions,* and others.’ In contrast, the design of
methods to incorporate reactive functionalities such as CO into C-H bond functionalization has
to date presented a challenge. Unlike reactions that generate robust and relatively inert aryl-
(hetero)aryl, -alkyl, or -heteroatom bonds, palladium catalyzed carbonylations provide an

efficient route to synthesize a number of the most easily manipulated functional groups in
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synthetic chemistry, such as carboxylic acid derivatives or ketones.® Unfortunately, carbon
monoxide is also a m-acidic and reactive ligand with the potential to interfere with many modes
of Pd-based bond activation. In this regard, Fujiwara and others have demonstrated the
palladium catalyzed oxidative carbonylation of arenes and heteroarenes to carboxylic acids and

esters’®

More recently, examples of the application of this chemistry to coupling with aryl
halides have emerged involving either intramolecular or chelation assisted carbonylations by
Larock, Beller, Yu, Lei and others (Scheme 4.1a),” or the use of activated substrates, such as
perfluoroarenes, reported by Skrydstrup (Scheme 4.1b) '” or alternatively via in situ halogenation
of heterocycles followed by their carbonylation.!! However, a general carbonylative coupling of
heterocycles and aryl halides is to our knowledge not known. These products are instead often
prepared via palladium catalyzed cross coupling reactions,'? or via Friedel-Crafts acylations with

3

acid chlorides and strong Lewis acids;'® both of which require the synthesis of high energy

substrates and/or create significant waste.
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X Ar

Electrophilic Intermediates
CO Promoted Reactivity

Scheme 4.1. An Electrophilic Approach to Pd-Catalyzed Carbonylative C-H Bond

Functionalization.

In considering these issues, we postulated that the features unique to carbonylation may
offer an alternative approach to C-H functionalization. We have recently reported that the highly
sterically encumbered ligands such as P‘Bus can induce the reductive elimination and Pd-
catalyzed generation of acid chlorides from aryl halides and CO.!* In contrast to the moderate
reactivity of the palladium-acyl intermediates formed in traditional carbonylations, acid chlorides
are highly electrophilic, and have allowed the application of carbonylation to a range of new
classes of weak nucleophiles. The formation of acid chlorides is driven by the unusual
energetics of carbon monoxide, whose reduction is sufficiently exothermic as to allow the
formation of a weak aroyl-chloride bond. These results led us to question if carbonylations
might be used to create even more high energy products than acid chlorides, including those

sufficiently electrophilic to react directly aromatic systems (Scheme 4.1c). We describe here the

154



results of these studies. These have led to the design of what is to our knowledge the first
broadly applicable approach to perform carbonylative C-H functionalization of heterocycles,
without directing groups, and via a mechanism that is promoted, rather than inhibited, by carbon

monoxide.

4.3. Results and Discussion

Our initial studies involved the carbonylation of 4-iodoanisole in the presence of the
electron rich N-benzyl pyrrole employing the conditions we have reported for the catalytic, in
situ formation of acid chlorides (Pd/P'Bus, BusNCIl). As shown in Table 1, this leads to the
generation of the carbonylative arene/pyrrole coupling product 4.1a in 44% yield (entry 1). This
reaction proceeds in highest yields with P’‘Bus (entries 2 — 5), presumably due to its ability to
facilitate acid chloride reductive elimination. The formation of 4.1a is slow under these
conditions, and generates a mixture of 2- and 3-substituted isomers (3.2:1 ratio). These features

mirror the reactivity of aromatic acid chlorides with pyrroles. '

While effective, the observed yields in this reaction are moderate, and product scope
expected to be limited to substrates reactive towards acid chlorides. In probing methods to
increase reactivity, we questioned if acid chloride formation is indeed necessary for
carbonylative coupling. A simple experiment in this regard was to omit the addition of chloride
to the reaction of aryl iodide, pyrrole and CO. Rather than inhibiting catalysis, this led to a
dramatic increase in aroylation and 4.1a yield (entries 6 and 7). Examination of ligand effects
reveals that the large cone angle P'Bus ligand creates the most reactive catalyst for this
transformation, and smaller ligands show diminished activity (entries 8-15). Bidentate ligands,
which have become common in many Pd-catalyzed carbonylation reactions, almost fully shut
down catalysis (entries 16-20). Increasing the reaction temperature to 115 °C with the most
active ligand, P'Bus, allowed us to decrease the catalyst loading to 5 mol% and obtain the near
quantitative formation of ketone 4.1a as a mixture of 2- and 3-substituted isomers (3.2:1 ratio)

(entry 21).
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Table 4.1. Catalyst for Carbonylative Functionalization®

Ll%n
I?n Pd,dbas 5 mol% e N
" O@I N L10mol% y/
+ CO+ . g
° \ NEtPr,, CD;CN
105°C, 4 atm, 24 h pMeO 41a
(3.2 : 1 ratio)
entry L additive | % 4.1a | entry L % 4.1a°¢

1 P'Bus BusNCI 44 12 - 45
2 PPh; BusNCl 0 13 PCys 15
3 P(o-tolyl)s | BusNCl 27 14 Pr ) ipr 9
4 PCy; BwNCI | 0 NS
5 Q BusNCl 24 15 < 21

BRe
6 P'Buz - 84 16 DPPE 0
7 Pd(P'Bus): - 79 17 DPPP 0
8 PPh; 60 18 DPPF 0
9 P(o-tolyl)3 - 62 19 DCPE 0
10 Q - 64 20 11

’ %20 Ji}Ehz
11 SN W - 72 21 Pd(P'Bus),® | 97 (73)¢

Bu,P

3CH;0C¢H4l (47 mg, 0.20 mmol), pyrrole (16 mg, 0.10 mmol), Pd (0.010 mmol), L (0.010 mmol), NEt'Pr, (15 mg,
0.12 mmol) 4 atm CO, 0.7 mL CD3CN ; *115 °C, 0.005 mmol Pd; °NMR yield of 2- and 3- isomers; %isolated yield
of 2-aroyl pyrrole.

The optimized catalyst system can mediate carbonylative C-H functionalization with a range of
aryl iodides and pyrroles (Table 4.2). Electron-acceptor and electron-donor substituents are

tolerated in all positions of the aryl iodide, and lead to substituted pyrroles in good yield. This
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includes a number of palladium-reactive functionalities (4.1c-d, 4.1f-g, 4.1i-j), and ortho-

functionalized substrates (4.1h-1j, 4.1m, 4.1p, 4.1s).

Table 4.2. Pd-Catalyzed Functionalization of Pyrroles?

R Pd(PBus), 5 mol% 0 R
N NEtPr, N
Ar—| + CO +
r <\_/7 MeCN, 4 atm, Ar \
115°C, 24 h 4.1
(@) |>/|e (@) |>/|e X (@] |>/|e
N X N N
| | | 4
X
4.1b: X =F, 76% 4.1e: X =F, 64% 4.1h: X =F, 76%
4.1c: X = Br, 80% 4.1f. X = Br, 68% 4.1i: X = Br, 63%
4.1d: X =Cl, 78% 4.1g: X = Cl, 69% 4.1j: X =Cl, 53%
QO Me Me
1
N N
MeO | V) Me RO,C
4.1k: para, 80% 4.1n: para, 75% 4.1q: R = Et, para, 63%
4.11: meta, 71% 4.10: meta, 74% 4.1r: R = Me, meta, 59%
4.1m: ortho, 73% 4.1p: ortho, 74% 4.1s: R = Me, ortho, 56%
Me Me
1 1
N N S
| \ /7
NC F4C O
4.1t: 67% 4.1u: 70% 4.1v: 81% 4.1w: 79%
4.1x: 79% 4.1y: 54% 4.1z: 86% (1:1 ratio)

2ArI (1.0 mmol), pyrrole (0.50 mmol), NEt'Pr, (77 mg, 0.60 mmol) 4 atm CO and Pd(P'Buz), (13 mg, 0.025 mmol)
in MeCN (2 mL) at 115 °C for 24 h; Isolated yield of isomer shown.

Sterically encumbered arenes are also viable in this transformation (4.1v), and the chemistry can
be extended to the use of thiophenyl iodides (4.1w). With N-methylpyrrole, the 2-derivatized
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isomer is obtained in all cases as the isolated product.!® In the case of more sterically
encumbered N-2,6-dimethylpyrrole, both regio-isomers were observed in moderate yields (4.1z).
However, increasing the steric bulk on the pyrrole to a tert-butyl group allows for the generation
of 3-subsitututed pyrroles (4.1x). Substituents can also be incorporated onto the pyrrole
backbone (4.1y).

The ability to carbonylatively functionalize pyrroles with aryl iodides opens a number of
mechanistic questions. As no chloride salts are present in these transformations, acid chloride is
not a viable intermediate. Nevertheless, the reactivity and product selectivity observed are
consistent with an electrophilic pathway. In light of our previously observed acid chloride
synthesis, one possibility is that without chloride, aroyl iodide (ArCO-I) itself can undergo
reductive elimination (Scheme 4.2a, path A). Although the latter is analogous to acid chloride
formation, it is notable that aroyl iodides are much more reactive and electrophilic products, and
have not been previously observed in Pd-catalyzed carbonylation chemistry. As such, we also
consider the potential that the palladium-aroyl intermediates of carbonylation (4.2) could directly
react with pyrroles, such as via a Friedel-Crafts reaction with the aroyl ligand (path B), or the

electrophilic palladation of pyrrole (path C), in analogy to known non-carbonylative reactions.!’

158



a) Potential Mechanism of C-H Functionalization

O
A) L,Pd(0) + [ L

/
Ar 0] - R
Ar—l Pd(P'BU3), T | An_O o R
" (B) N N
+ ——— |—Pd(PBuj) ———— <\ 7/ - 5
co 4.2 i I—PdL, A\
(C) r Ar. 0 /
Ar<__O \ N\ b
- HI | PdL,
I—F|>d(P‘Bu3) . N
co R
4.3
b) Stoichiometric Reactivity of 4.2a
Are_0O Bn o Bn
N 105°C, 24 h N
I—Pd(PBuz) * /) ) -
4.2a \_/ EtN'Pr,, CD;CN  Ar \ /
(Ar = pMeOCgH,)
Additive Yield
CO (4 atm) -
pTol-I 40 % (18 %)?

pTol-1 / CO (4 atm) 78 % (66 %)°

ayield after 2 h.

Scheme 4.2. Mechanistic Studies on the Carbonylative Functionalization of Pyrroles.

Preliminary studies shed some light on the pathway followed in this reaction. Monitoring
the catalytic reaction by in situ by 'H and 3'P NMR spectrometry reveals the formation of the
three-coordinate palladium-aroyl complex 4.2a (Scheme 4.2a) as the major palladium containing
intermediate and presumed catalyst resting state. Complex 4.2a can be independently generated
from Pd(P'Bus),, aryl iodide and CO,'® and its reactivity examined. Interestingly, 4.2a does not
itself react with the pyrrole at elevated temperatures with or without CO present (Scheme 4.2b).
These data suggests that the palladium-aroyl complex, even with CO coordinated, is not

sufficiently electrophilic to directly react with pyrrole, either at the aroyl ligand or palladium.
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However, the addition of the other reagent present in catalysis, iodotoluene, to the
stoichiometric reaction of 4.2a initiates a reaction with pyrrole to form the functionalized pyrrole
product. In considering the mechanistic postulates, while it is possible that aryl iodide reacts
directly with 4.2a to form a Pd(IV) intermediate, an alternative role would be to trap any Pd(0)
generated upon reversible reductive elimination in the rate determining step (path A). Unlike
even acid chlorides, the ArCO-I bond is very weak and reactive, making its formation an
equilibrium process that would heavily favor palladium-aroyl complex 4.2. In the presence of
excess aryl iodide, palladium can be converted to palladium-aryl complex and allow the
subsequent reaction of aroyl iodide with pyrrole. Consistent with this mechanism, the
introduction of CO significantly accelerates the stoichiometric reaction (Scheme 4.2b).! The
latter has been noted to facilitate reductive elimination by creating a sterically encumbered,
electron poor palladium intermediate 4.3.'* Kinetic studies show that the reaction between 4.2a
and the pyrrole in the presence of CO and iodotoluene follow 1% order kinetics in pyrrole

concentration, however this observation doesn’t discount any of the three mechanistic pathways.
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Table 4.3. Pd-Catalyzed Carbonylative Functionalization of Heterocycles?

125°C, 4 atm, 24 h

o)
X Pd(PBus), 10 mol% 7 ~—X
\/| />+CO+ Ar—I — ' ”:/ Ar
S Collidine, MeCN R -y
4.4

a) Indoles
l o o o
N N X N N Me
(- (L NIy (O
s &, (> Sas
(0] 0] (0] 0]
R Me
4.4a: R = OMe, 83% 44c: X=F, 77% 4.4f: R = OMe, 74% 4.4h: 76%
4.4b: R = CO,Et, 91% 4.4d: X =Cl, 72% 4.49: R = Me, 74%
4.4e: X = Br, 68%
I|3n
N
() O ‘ O ‘
Q
4.4i: 85% 4.4j: 80% 4.4k: 90%

b) Benzimidazoles and Benzoxazoles

@*@ @@ @%@ @%@

4.41: 61%° Me 4.4m: 55%" 4.4n: 75% 4.40: 67% Cl

c) Imidazoles and Furan

N o) N o) o O
[ N [ D Me
N N \ /
Me l\\/|e
OMe

4.4p: 56%° OMe 4.4q: 51%° 4.4r: 67%C

“Arl (1.0 mmol), heterocycle (0.5 mmol), collidine (73 mg, 0.6 mmol), Pd(P'Bus), (25 mg, 0.05 mmol), 2 mL
MeCN, 125 °C, 24 h; ? 20 atm CO; € 150 °C, 48 h.

As far as we are aware, the catalytic formation of potent electrophilic products for

carbonylative C-H bond functionalization has not been previously described. This high
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reactivity provides the ability to functionalize a variety of less reactive heterocycles. As
examples, indoles can be converted into ketones in good to excellent yields with this catalyst

system (4.4a-k, Table 4.3).

Collidine is required as a base in these reactions to avoid the aroylation of the amine base

by these reactive intermediates.*

In all cases, the 3-substituted indole derivative is generated.
The reaction proceeds with electron rich (4.4a, 4.4f, 4.4j), electron poor (4.4b-e), or sterically
encumbered (4.4f-h) aryl iodides. Less reactive heterocycles can also be functionalized, such as
those containing two heteroatoms. Benzimidazoles undergo clean carbonylative coupling with
aryl iodides to form ketones (4.4l,m). Similar reactivity is observed with benzoxazoles (4.4n,0),
and with the monocyclic N-methyl imidazole (4.4p,q). It is also possible to move beyond

nitrogen heterocycles, with simple furan undergoing carbonylative functionalization in good

yield (4.4r).

As an illustration of the potential utility of this chemistry, we noted that the carbonylative
C-H functionalization is mechanistically orthogonal to many of the more established Pd-based
methods for heterocycle derivatization. The latter can be exploited for the selective, sequential
functionalization of heterocycles. As examples, the carbonylative functionalization of indole
with ortho-bromoiodobenzene followed by direct arylation can allow the selective generation of
polycyclic 4.5 (Scheme 4.3a). As both of these steps are palladium catalyzed, this reaction can
be extended to a one pot, sequential C-H functionalization reaction, where the same palladium
catalyzed is employed in both steps via the stepwise addition of ligands (Pd(P‘Bus). and
PPh3/K2CO:3) for each functionalization. We see no evidence for cross-over in functionalization
in this chemistry (e.g. non-carbonylative coupling), presumably due to the distinct mechanisms
for the two processes. The same transformation is available with pyrroles (4.6), and allows the
selective functionalization of two C-H bonds via differing methods in one pot. Alternatively,
this chemistry can be applied in synthesis, such as the preparation of Tolmetin (4.7, Scheme
4.3b), a potent nonsteroidal anti-inflammatory agent, in two steps using available 4-iodotoluene

and CO.?!
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a) Sequential C-H Bond Functionalization

Q Br

(68%) O \ O (82%)
Pd(OAc), 10 mol% /PPh
PA(P'BU3), 10 mol%, N ( Kz)éos Do IPPhs
g :
MeCN, 125 c%; Bn 120G
0
Pd(P'Bus), 10 mol%

|
Q0 -0 semsmme. O
. 0,
NB Br Then: 20% PPhj N
n

K,CO3, DMF, 120°C B 4.5
—— 68%
|One Pot, Dual Functionalization |
Me | Pd(P'Bus), 10 mol% Q
NS, jij CO, MeCN, 115°C N
\/_\/\ / Br Then: 20% PPhj S \
K,COs, DMF, 120°C 4.6
66%
b) Synthesis of Tolmetin HO. _O
MeO—_ L Me 1. Pd(P'Bus), 5 mol%

N +' CO (e.g. Table 2)_
\ 2. LiOH.H,0

THF:H50, r.t., 24 h 4.7 65%

Scheme 4.3. Application of Palladium Catalyzed Carbonylative Heterocycle

Functionalization

4.4. Conclusions

In conclusion, we have reported a new approach to palladium catalyzed carbonylative C-
H functionalization. This provides an efficient method to synthesize functionalized heterocycles
with high atom economy, using stable reagents (aryl iodides and CO), and without the need to
prefunctionalize the heterocycle, install directing groups, or exploit high energy building blocks.
Considering the high electrophilicity of the intermediates in this chemistry, and the CO
promoted, rather than diminished, reactivity, this suggests the potential application of
carbonylation in a range of new products classes. Studies directed towards the latter are

underway.
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4.5. Supplementary information
4.5.1. General Considerations

All reactions were carried out under an inert atmosphere in a glovebox or using standard
Schlenk techniques, unless otherwise indicated. Research grade carbon monoxide (99.99%) was
used as received. All solvents were dried with using a solvent purification system and stored in
glovebox over activated 4 A molecular sieves. Deuterated solvents were dried over CaHa,
vacuum transferred and stored over 4 A molecular sieves. Tetrabutylammonium chloride was
dried in the glovebox by dissolving in dichloromethane, allowing it to stand overnight over
activated 4 A molecule sieves, then filtering and removing the solvent in vacuo. Pdadba;CHCls
was prepared according to literature procedures and stored at -35 °C in the glovebox to avoid
decomposition.?? N-substituted pyrroles, and N-substituted indoles were prepared according to
literature procedures.?*2¢ All other reagents were purchased from commercial suppliers and used
as received. All 'H and '*C NMR spectra were acquired on 400 and 500 MHz spectrometers.
High resolution mass spectra were obtained using a quadrupole-time of flight and an orbitrap

detector by direct infusion in positive ESI mode.

4.5.2. Synthetic Procedures

General Procedure for Phosphine Ligand Screening (Table 4.1)

In a glovebox, 4-iodoanisole (47 mg, 0.20 mmol), N-benzylpyrrole (16 mg, 0.10 mmol), NEt'Pr,
(15 mg, 0.12 mmol), Pd catalyst (0.010 mmol), ligand (0.020 mmol), additive (0.10 mmol) and
benzyl benzoate internal standard were dissolved in CD3;CN (0.7 mL) and added to a J-Young
NMR tube. The tube was removed from the glovebox, frozen in liquid nitrogen, the headspace
evacuated, and 4 atm carbon monoxide was condensed into the NMR tube. The reaction was
heated at 105 °C and monitored by 'H NMR spectroscopy. Yield of 2- and 3-substituted 4.1a was
determined by 'H NMR analysis relative to the internal standard.

164



Typical Procedure for the Catalytic Synthesis of Diarylketones 1 (Table 4.2)

In a glovebox, 4-iodoanisole (236 mg, 1.00 mmol), N-benzylpyrrole (79 mg, 0.50 mmol),
NEt'Prz (77 mg, 0.60 mmol), Pd(P'Bus)z (13 mg, 0.025 mmol) were combined in acetonitrile (2
mL) and added to a 50 mL sealable pressure vessel. The vessel was closed, removed from the
glovebox, and pressurized with 4 atm of carbon monoxide. The reaction was heated at 115 °C for
24 h. After the reaction was cooled to room temperature, all volatiles were removed in vacuo.
The crude product was purified by column chromatography (Silica gel, gradient hexane / ethyl
acetate 4% to 20%) affording pure diarylketone 4.1a as a pale white solid in 73% yield (106 mg).

Typical Procedure for the Catalytic Synthesis of Diarylketones 4.4 (Table 4.3)

4-lodoanisole (234 mg, 1.00 mmol), N-benzylindole (104 mg, 0.50 mmol), 2,4,6-collidine (73
mg, 0.60 mmol), Pd(P‘Bus)2 (25 mg, 0.05 mmol) were combined in acetonitrile (2 mL) and added
to a 50 mL sealable pressure vessel. The vessel was closed, removed from the glovebox, and
pressurized with 4 atm of carbon monoxide. The reaction was heated at 125 °C for 24 h. After
the reaction was cooled to room temperature, all volatiles were removed in vacuo. The crude
product was purified by column chromatography (Silica gel, gradient hexane / ethyl acetate 4%

to 30%) affording pure diarylketone 4.4a as a white solid in 83% yield (141 mg).

Svynthesis of Palladium-Acyl Complex [4-MeOCsH4(CO)Pd(P'Bus)I] 4.2a

MeO

!
o
Pd(PBus), + CO + — \©Y
(PBus). /©/ MeCN, 55°C t
MeO I—Pd-P'Bus

24 h
4.2a
Based on a literature procedure,'® Pd(P'Bus)z (51 mg, 0.10 mmol) and 4-iodoanisole (70 mg, 0.30
mmol) were combined in acetonitrile (4 mL) in a 50 mL sealable pressure vessel in a glovebox.
The vessel was closed, removed from the glovebox, and pressurized with 4 atm of carbon
monoxide upon which the reaction mixture turned bright yellow. The reaction mixture was

heated and stirred at 55 °C for 24 h. The solvent was removed in vacuo and the resulting residue
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was washed and triturated with pentane (3 x 8 mL) affording 4.2a as yellow-orange powder in 86
% yield (46 mg). 'H NMR (400 MHz, CDCls) § 8.21 (d, J = 8.9 Hz, 2H), 6.89 (d, J = 8.9 Hz,
2H), 3.88 (s, 3H), 1.45 (d, J = 12.8 Hz, 27H). *C NMR (126 MHz, CDCl3) § 194.0 (d, J = 5.3
Hz), 163.4, 133.7, 127.6 (d, J = 14.3 Hz), 113.4, 55.6, 39.9 (d, /= 7.3 Hz), 32.2 (d, J = 4.2 Hz).
3P NMR (162 MHz, CDCl3) § 71.1.

Reaction of Acid Chloride with N-benzylpyrrole

) _ ) Bn
Bn NEtPr, N
Clow N CD4CN |
MeO @ 115°C, 24 h MeO
4.1a

In a glovebox, 4-methoxybenzoyl chloride (34 mg, 0.2 mmol), N-benzylpyrrole (16 mg, 0.10
mmol), NEt'Pr, (16 mg, 0.12 mmol), and benzyl benzoate internal standard were dissolved in
CD;CN (0.7 mL) and added to a J-Young NMR tube. The tube was removed from the glovebox,
and the reaction was heated at 115 °C and monitored by 'H NMR spectroscopy. After 24 h 'H
NMR analysis showed generation of 43% yield of 2- and 3-substituted 4.1a (3.2:1 ratio) relative

to the internal standard.

Reaction of 4.2a with N-benzylpyrrole (Scheme 4.2b. entry 1)

MeO
Bn ? I/Bn
o [ . N
. N NEt’Prz \ /
__pq_pt —
I=Pd=PBus @ CD:CN  MeO
4.2a 105°C, 24 h 41a

In a glovebox, [4-CH30C¢H4(CO)Pd(P'Bus)I] 4.2a (13 mg, 0.025 mmol), N-benzylpyrrole (12
mg, 0.075 mmol), N,N-diisopropylethylamine (5 mg, 0.0375 mmol) and benzyl benzoate internal
standard were dissolved in CD3CN (0.7 mL) and added to a J-Young NMR tube. The tube was
removed from the glovebox, and the reaction was heated at 105 °C for 24 h. 'H NMR analysis

relative to the internal standard after 24 h showed no evidence for 4.1a formation.
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Reaction of 2a with N-benzylpyrrole and CO (Scheme 4.2b, entry 2)

MeO

o Bn  NEtPr, o bn
. N COo@atm \ N
I—Pd—P'Bu \ // /
3 CDLLN o0
4.2a 105°C, 24 h 41a

In a glovebox, [4-CH30C¢H4(CO)Pd(P'Bu3)I] 4.2a (13 mg, 0.025 mmol), N-benzylpyrrole (12
mg, 0.075 mmol), N,N-diisopropylethylamine (5 mg, 0.0375 mmol) and benzyl benzoate internal
standard were dissolved in CD3CN (0.7 mL) and added to a J-Young NMR tube. The tube was
removed from the glovebox, frozen in liquid nitrogen, the headspace evacuated, and 4 atm
carbon monoxide was condensed into the NMR tube. The reaction was heated at 105 °C for 24 h.
"H NMR analysis relative to the internal standard after 24 h showed no evidence for 4.1a

formation.

Reaction of 4.2a with N-benzylpyrrole and 4-iodotoluene (Scheme 4.2b, entry 3)

MeO

0o Bn | .
i NEtPr, N
I—Pd-PBu; * N< * \
i\ /7 CDs;CN //
105°C, 24 h MeO
4.2a 4.1a: 40%
(3.2:1)

In a glovebox, [4-CH30C¢H4(CO)Pd(P'Bu3)I] 4.2a (13 mg, 0.025 mmol), N-benzylpyrrole (12
mg, 0.075 mmol), 4-iodotoluene (27 mg, 0.125 mmol), N,N-diisopropylethylamine (5 mg,
0.0375 mmol) and benzyl benzoate internal standard were dissolved in CD3CN (0.7 mL) and
added to a J-Young NMR tube. The tube was removed from the glovebox and was heated at 105
°C for 24 h. 'TH NMR analysis relative to the internal standard after 24 h showed generation of
4.1a in 40% yield.
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Reaction of 4.2a with N-benzylpyrrole, 4-iodotoluene and CO (Scheme 4.2b, entry 4)

MeO
o NEtPr, QO Bn
CO (4 atm) N
|—Pd-PBu; +
° < 7 /©/ CD4CN | 4
105°C, 24h MeO

4.2a 4.1a: 78%

(3.2:1)

In a glovebox, [4-CH30C¢H4(CO)Pd(P'Bu3)I] 4.2a (13 mg, 0.025 mmol), N-benzylpyrrole (12
mg, 0.075 mmol), 4-iodotoluene (27 mg, 0.125 mmol), N,N-diisopropylethylamine (5 mg,
0.0375 mmol) and benzyl benzoate internal standard were dissolved in CD3CN (0.7 mL) and
added to a J-Young NMR tube. The tube was removed from the glovebox, frozen in liquid
nitrogen, the headspace evacuated, and 4 atm carbon monoxide was condensed into the NMR
tube. The reaction was heated at 105 °C for 24 h. 'H NMR analysis relative to the internal
standard after 24 h showed generation of 4.1a in 78% yield.

Synthesis of 4.5 (Scheme 4.3a)

Pd(P'Bus), 10 mol%
1.2 eq.Collidine

|
@\/\> £ CO 4 jij CO, MeCN, 125°C
N Br Then: PPh; 20 mol%
Bn K,CO3, DMF, 120°C

68%

In a glovebox, 2-bromoiodobenzene (283 mg, 1.00 mmol), N-benzylindole (104 mg, 0.50
mmol), 2,4,6-collidine (73 mg, 0.60 mmol), Pd(P‘Buz) (25 mg, 0.05 mmol) were combined in
acetonitrile (2 mL) and added to a 50 mL sealable pressure vessel. The vessel was closed,
removed from the glovebox, and pressurized with 4 atm of carbon monoxide. The reaction was
heated at 115 °C for 24 h. After the reaction was cooled to room temperature it was brought into

the glovebox, and all volatiles were removed in vacuo. Triphenylphosphine (26 mg, 0.10 mmol),
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potassium carbonate (207 mg, 1.50 mmol) and DMF (4 mL) were added to the crude mixture.
The pressure vessel was sealed again, and heated to 120 °C for 24h. The reaction was cooled to
room temperature, water (50 mL) was added to crude and the mixture was extracted with EtOAc
(3 x 50 mL). The organic layer was washed with brine (3 x 100 mL), dried over MgSO4 and
evaporated. The crude product was purified by column chromatography (Silica gel, gradient
hexane / ethyl acetate 4% to 20%) affording 1-methylindeno[2,1-b]pyrrol-8(1H)-one 4.5 as a
bright red solid in 68% yield (105 mg).

Synthesis of 4.6 (Scheme 4.3a)

Pd(PBus), 10 mol%
Me 1.2 eq. NEtPr, Q

N ' CO, MeCN, 115°C " )
\ / + CO + 2 e 2 o N \
; / Br Then: PPh3 20 mol% A

K,CO3, DMF, 120°C

4.6

66 %
In a glovebox, 2-bromoiodobenzene (283 mg, 1.00 mmol), N-methylpyrrole (41 mg, 0.50
mmol), NEt'Pr; (77 mg, 0.60 mmol), Pd(P'Bus). (25 mg, 0.05 mmol) were combined in
acetonitrile (2 mL) and added to a 50 mL sealable pressure vessel. The vessel was closed,
removed from the glovebox, and pressurized with 4 atm of carbon monoxide. The reaction was
heated at 115 °C for 24 h. After the reaction was cooled to room temperature it was brought into
the glovebox, and all volatiles were removed in vacuo. Triphenylphosphine (26 mg, 0.10 mmol),
potassium carbonate (207 mg, 1.50 mmol) and DMF (4 mL) were added to the crude mixture.
The pressure vessel was sealed again, and heated to 120 °C for 24h. The reaction was cooled to
room temperature, water (50 mL) was added to crude and the mixture was extracted with EtOAc
(3 x 50 mL). The organic layer was washed with brine (3 x 100 mL), dried over MgSO4 and
evaporated. The crude product was purified by column chromatography (Silica gel, gradient
hexane / ethyl acetate 4% to 20%) affording pure 1-methylindeno[2,1-b]pyrrol-8(1H)-one 4.6 as
a bright red solid in 66% yield (60 mg).
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Synthesis of Tolmetin 4.7 (Scheme 4.3b)

\ 0
Mo OO~ Pd(P'Bus), 5 mol% O '\l\.’l'e @
\ ' 1.2 eq. NEtPr,
N + ~ \ /)
\_/ MeCN, 115°C,
4 atm CO, 24 h 68 %

In a glovebox, 4-iodotoluene (218 mg, 1.00 mmol), methyl 2-(1-methyl-1H-pyrrol-2-yl)acetate®’
(77 mg, 0.50 mmol), NEtPr, (77.4 mg, 0.60 mmol), Pd(P'Bus), (13 mg, 0.025 mmol) were
combined in acetonitrile (2 mL) and added to a 50 mL sealable pressure vessel. The vessel was
closed, removed from the glovebox, and pressurized with 4 atm of carbon monoxide. The
reaction was heated at 115 °C for 24 h. After the reaction was cooled to room temperature, all
volatiles were removed in vacuo. The crude product was purified by column chromatography
(Silica gel, gradient hexane / ethyl acetate 4% to 20%) affording pure methyl 2-(1-methyl-5-(4-
methylbenzoyl)-1H-pyrrol-2-yl)acetate 4.7a as a pale yellow oil in 68% yield (92 mg).

\
0-° Me | HO-° Me
N LIOHH,0 N
\_/ THF:H,0 (1:1) \_/
rt., 24 h 98 %

Methyl 2-(1-methyl-5-(4-methylbenzoyl)-1H-pyrrol-2-yl)acetate (90 mg, 0.33 mmol) was
dissolved in THF:water mixture (1:1, 4 mL), to which LiOH'H>O (28 mg, 0.66 mmol) was
added. Reaction mixture was stirred overnight at room temperature. THF was evaporated and the
pH of the aqueous layer was adjusted to 2 with (1M) to precipitate the product. The solid was
vacuum filtered, washed with cold distilled water and dried, affording 2-(1-methyl-5-(4-
methylbenzoyl)-1H-pyrrol-2-yl)acetic acid 4.7 as a pale white solid in 98% yield (83 mg).

170



4.5.3. Kinetic Studies

Typical Procedure for Kinetic Studies

MeO

o NEtPr, 0 Bn
Bn | CO (4 atm) N
|—Pd—PBu; + _N + \
Y\ /7 CD3;CN Y
MeO
105°C, 24h
4.2a ’ 4.1a

In a glovebox, [4-CH30C¢H4(CO)Pd(P'Bu3)I] 4.2a (13 mg, 0.025 mmol), N-benzylpyrrole (16
mg, 0.10 mmol), 4-iodotoluene (27 mg, 0.125 mmol), N,N-diisopropylethylamine (5 mg, 0.0375
mmol) and benzyl benzoate internal standard were dissolved in CD3CN (0.7 mL) and added to a
J-Young NMR tube. The tube was removed from the glovebox, frozen in liquid nitrogen, the
headspace evacuated, and 4 atm carbon monoxide was condensed into the NMR tube. The
reaction was heated at 105 °C and the generation of 4.1a and consumption of 4.2a was
determined by '"H NMR analysis relative to the internal standard after 20, 40, 60, 80, 100, 120
and 140 min.
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Figure 4.1. Kinetic plot for the generation of 4.1a and consumption 4.2a at initial
concentration of pyrrole 0.189 mol/L.
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Figure 4.2. Sample kinetic plot for the consumption of 4.2a at initial concentration of
pyrrole 0.189 mol/L
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Figure 4.3. Relationship between pyrrole concentration and the observed rate constant of
the reaction between N-benzylpyrrole and 4.2a.

173



Table 4.4. Relationship between pyrrole concentration and the observed rate constant of the

reaction between N-benzylpyrrole and 4.2a.

Pyrrole Concentration,

mol/L Kobs, min”
0.121 0.0100
0.129 0.0101
0.143 0.0115
0.189 0.0155
0.193 0.0163
0.264 0.0193
0.332 0.0259
0.339 0.0263

4.5.4. Spectroscopic Data on 4.1

Bn

(0]
Q\NJ)KQ\ (1-Benzyl-1H-pyrrol-2-yl)(4-methoxyphenyl)methanone 4.1a. Pale yellow
\ |
ome solid, 106 mg, 73% yield. '"H NMR (400 MHz, CDCls) § 7.81 (d, J = 8.8 Hz,

2H), 7.33 — 7.21 (m, 3H), 7.17 (d, J = 7.3 Hz, 2H), 6.99 (s, 1H), 6.93 (d, /= 8.7 Hz, 2H), 6.80 —
6.72 (m, 1H), 6.21 (dd, J = 3.5, 2.9 Hz, 1H), 5.65 (s, 2H), 3.87 (s, 3H). '*C NMR (126 MHz,
CDCI3) 6 189.5, 162.3, 136.6, 132.5, 132.3, 131.2, 128.9, 128.2, 127.7, 127.2, 124.8, 122.4,
113.7,113.4,111.4, 55.4, 53.9. HRMS. Calculated for C19H;7NNaO, (M+Na"): 314.1151, found:
314.1150. FT-IR-ATR (cm™): 1619.7 (C=0).

\ 2 (4-Fluorophenyl)(1-methyl-1H-pyrrol-2-yl)methanone 4.1b. Yellow solid, 77
mF mg, 76% yield. 'H NMR (500 MHz, CDCls) § 7.83 (dd, J = 8.6, 5.5 Hz, 2H),
7.13 (t, J = 8.6 Hz, 2H), 6.93 (s, 1H), 6.71 (dd, J = 4.0, 1.5 Hz, 1H), 6.16 (dd, J = 3.9, 2.5 Hz,
1H), 4.02 (s, 3H). '*C NMR (126 MHz, CDCl3) § 184.7, 164.8 (d, J = 252.0 Hz), 136.1 (d, J =
3.1 Hz), 131.6, 131.5, 130.3, 122.6, 115.1 (d, J = 21.7 Hz), 108.2, 37.3. HRMS. Calculated for
C12H10FNNaO (M+Na"): 226.0639, found: 226.0645. FT-IR-ATR (cm™): 1624.0 (C=0).
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- (4-Bromophenyl)(1-methyl-1H-pyrrol-2-yl)methanone 4.1¢.”’ Dark yellow
m& solid, 105 mg, 80% yield. 'H NMR (500 MHz, CDClz) § 7.72 — 7.66 (m, 2H),
7.64 — 7.58 (m, 2H), 6.98 — 6.92 (m, 1H), 6.73 (dd, J = 4.1, 1.7 Hz, 1H), 6.19 (dd, J = 4.1, 2.5
Hz, 1H), 4.05 (s, 3H). >*C NMR (126 MHz, CDCl3) § 185.0, 138.8, 133.0, 131.4, 130.9, 130.3,
126.3, 123.0, 108.5, 37.5. HRMS. Calculated for Ci12H;oBrNNaO (M+Na"): 285.9838, found:
285.9835. FT-IR-ATR (cm™'): 1624.2 (C=0).

.0 (4-Chlorophenyl)(1-methyl-1H-pyrrol-2-yl)methanone 4.1d.>° Yellow solid,
m 86 mg, 78% yield. 'H NMR (500 MHz, CDCl3) § 7.77 (d, J = 8.5 Hz, 2H), 7.45

; (d, J=8.5 Hz, 2H), 6.96 (s, 1H), 6.73 (dd, J=4.1, 1.6 Hz, 1H), 6.19 (dd, /= 4.1,
2.5 Hz, 1H), 4.05 (s, 3H). 1*C NMR (126 MHz, CDCls) § 184.8, 138.2, 137.6, 131.8, 130.6,
130.2, 128.3, 122.8, 108.3, 37.4. HRMS. Calculated for Ci2HijoCINNaO (M+Na"): 242.0343,
found: 242.0353. FT-IR-ATR (cm™): 1623.1 (C=0).

.0 (3-Fluorophenyl)(1-methyl-1H-pyrrol-2-yl)methanone 4.1e. Dark yellow oil,
mF 65 mg, 64% yield. '"H NMR (500 MHz, CDCl3) & 7.80 (dd, J = 8.3, 1.3 Hz, 1H),
7.56 — 7.50 (m, 1H), 7.45 (t, /= 7.5 Hz, 2H), 6.92 (t, J = 2.0 Hz, 1H), 6.74 (dd, J = 4.1, 1.7 Hz,
1H), 6.16 (dd, J= 4.1, 2.5 Hz, 1H), 4.05 (s, 3H). *C NMR (126 MHz, CDCl3) § 184.5 (d, J= 2.1
Hz), 162.3 (d, J = 247.3 Hz), 142.0 (d, J = 6.4 Hz), 132.0, 130.1, 129.7 (d, /= 7.8 Hz), 124.9 (d,
J =3.0 Hz), 123.1, 1183 (d, J = 21.4 Hz), 116.0 (d, J = 22.5 Hz), 108.4, 37.4. HRMS.
Calculated for C12H1jONF (M+H"): 204.08192, found: 204.08177. FT-IR-ATR (cm™): 1622.4
(C=0).

\ Q o (3-Bromophenyl)(1-methyl-1H-pyrrol-2-yl)methanone 4.1f. Yellow oil, 89
m mg, 68% yield. '"H NMR (500 MHz, CDCl3) & 7.92 (t, J = 1.8 Hz, 1H), 7.73 —
7.69 (m, 1H), 7.65 (ddd, J = 8.0, 2.0, 1.1 Hz, 1H), 7.32 (t, J = 7.8 Hz, 1H), 6.94 (t, J = 2.1 Hz,
1H), 6.72 (dd, J = 4.1, 1.7 Hz, 1H), 6.17 (dd, J = 4.1, 2.5 Hz, 1H), 4.03 (s, 3H). '*C NMR (126
MHz, CDCl3) ¢ 184.3, 141.8, 134.3, 132.0, 130.05, 130.00, 129.6, 127.6, 123.2, 122.2, 108.4,
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37.4. HRMS. Calculated for C12H;oBrNNaO (M+Na"): 285.9838, found: 285.9839. FT-IR-ATR
(cm™): 1620.9 (C=0).

\ Q o (3-Chlorophenyl)(1-methyl-1H-pyrrol-2-yl)methanone 4.1g. Dark yellow oil,
m 76 mg, 69% yield. '"H NMR (500 MHz, CDCl3) § 7.77 (t, J = 1.8 Hz, 1H), 7.69 —
7.62 (m, 1H), 7.50 (ddd, J = 8.0, 2.1, 1.1 Hz, 1H), 7.38 (t, J = 7.8 Hz, 1H), 6.94 (t, J = 1.9 Hz,
1H), 6.73 (dd, J = 4.1, 1.7 Hz, 1H), 6.17 (dd, J = 4.1, 2.5 Hz, 1H), 4.03 (s, 3H). '*C NMR (126
MHz, CDCl3) & 184.6, 141.7, 134.3, 132.1, 131.4, 130.2, 129.5, 129.3, 127.3, 123.3, 108.6, 37.6.
HRMS. Calculated for C12HioCINNaO (M+Na"): 242.0343, found: 242.0350. FT-IR-ATR (cm’
:1621.5 (C=0).

. o F  (2-Fluorophenyl)(1-methyl-1H-pyrrol-2-yl)methanone 4.1h. Dark yellow oil, 77

N

C mg, 76% yield. "H NMR (500 MHz, CDCLs) § 7.50 (td, J = 7.3, 1.7 Hz, 1H), 7.44

(dd, J=6.2, 1.9 Hz, 1H), 7.20 (td, J = 7.5, 0.8 Hz, 1H), 7.14 (t, J = 9.1 Hz, 1H), 6.92 (s, 1H),
6.65 — 6.59 (m, 1H), 6.13 (dd, J = 4.1, 2.4 Hz, 1H), 4.07 (s, 3H). >*C NMR (126 MHz, CDCls) §
182.4, 159.8 (d, J = 250.8 Hz), 132.4, 131.9 (d, J = 8.2 Hz), 131.1, 130.2 (d, J = 3.2 Hz), 128.8
(d, /J=15.6 Hz), 123.9 (d, /= 3.6 Hz), 123.8 (d, J=2.0 Hz), 116.3 (d, /= 21.9 Hz), 108.7, 37.7.
HRMS. Calculated for C12H;iONF (M+H"): 204.08192, found: 204.08198. FT-IR-ATR (cm™):
1620.6 (C=0).

\ @ 8 (2-Bromophenyl)(1-methyl-1H-pyrrol-2-yl)methanone 4.1i.' Dark yellow oil,
m 63 mg, 63% yield. 'H NMR (500 MHz, CDCl3) & 7.64 — 7.58 (m, 1H), 7.40 — 7.33
(m, 2H), 7.31 — 7.27 (m, 1H), 6.94 (s, 1H), 6.45 (dd, J= 4.1, 1.6 Hz, 1H), 6.11 (dd, J= 4.1, 2.4
Hz, 1H), 4.09 (s, 3H). 3*C NMR (101 MHz, CDCls) § 185.2, 141.8, 133.2, 132.7, 130.7, 130.4,
129.0, 126.9, 124.2, 119.9, 108.8, 37.7. HRMS. Calculated for Ci2HioBrNNaO (M+Na"):
285.9838, found: 285.9835. FT-IR-ATR (cm™): 1629.2 (C=0).
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o c (2-Chlorophenyl)(1-methyl-1H-pyrrol-2-yl)methanone 4.1j. Yellow oil, 58 mg,

I 53% yield. "TH NMR (500 MHz, CDCl3) & 7.45 — 7.34 (m, 3H), 7.30 (td, J= 7.4, 1.2

Hz, 1H), 6.93 (t, J= 1.9 Hz, 1H), 6.47 (dd, J=4.1, 1.7 Hz, 1H), 6.11 (dd, J = 4.1,

2.4 Hz, 1H), 4.09 (s, 3H). *C NMR (126 MHz, CDCls) § 184.4, 139.8, 132.6, 131.4, 130.7,

130.5, 130.1, 129.1, 126.3, 124.1, 108.8, 37.7. HRMS. Calculated for Ci2HioCINNaO (M+Na"):
242.0343, found: 242.0348. FT-IR-ATR (cm™): 1624.7 (C=0).

Lo (4-Methoxyphenyl)(1-methyl-1H-pyrrol-2-yl)methanone 4.1k.” Yellow oil,
m 86 mg, 80% yield. "H NMR (400 MHz, CDCl3) § 7.83 (d, J = 8.8 Hz, 2H), 6.95

o (d, J = 8.8 Hz, 2H), 6.90 — 6.87 (m, 1H), 6.72 (dd, J = 4.0, 1.6 Hz, 1H), 6.15
(dd, J=4.0, 2.5 Hz, 1H), 4.01 (s, 3H), 3.87 (s, 3H). *C NMR (126 MHz, CDCls) & 185.1, 162.4,
132.4, 131.4, 130.9, 130.6, 121.9, 113.3, 107.8, 55.4, 37.2. HRMS. Calculated for C13H13NNaO;
(M+Na"): 238.0838, found: 238.0846. FT-IR-ATR (cm™): 1619.5 (C=0).

, o° (3-Methoxyphenyl)(1-methyl-1H-pyrrol-2-yl)methanone 4.11. Yellow oil,
mwe 76 mg, 71% yield. '"H NMR (500 MHz, CDCls) & 7.38 (m, 3H), 7.07 (dd, J] =
8.0, 1.5 Hz, 1H), 6.92 (s, 1H), 6.77 (dd, J=4.0, 1.6 Hz, 1H), 6.15 (dd, J = 4.0, 2.5 Hz, 1H), 4.03
(s, 3H), 3.85 (s, 3H). °C NMR (126 MHz, CDCls) § 186.0, 159.4, 141.3, 131.7, 130.6, 129.1,
123.0, 121.9, 117.9, 113.8, 108.2, 55.5, 37.5. HRMS. Calculated for C;3H;3NNaO, (M+Na"):
238.0838, found: 238.0841. FT-IR-ATR (cm™): 1622.5 (C=0).

o owme (2-Methoxyphenyl)(1-methyl-1H-pyrrol-2-yl)methanone 4.1m. Pale white solid,

| 79 mg, 73% yield. '"H NMR (500 MHz, CDCI3) § 7.39 (ddd, J = 8.4, 7.5, 1.7 Hz,

1H), 7.33 (dd, J = 7.6, 1.8 Hz, 1H), 7.00 — 6.93 (m, 2H), 6.87 (t, J = 2.0 Hz, 1H),

6.51 (dd, J = 4.1, 1.7 Hz, 1H), 6.08 (dd, J = 4.1, 2.4 Hz, 1H), 4.07 (s, 3H), 3.80 (s, 3H). 1°C

NMR (126 MHz, CDCl3) 6 185.7, 157.0, 131.8, 131.5, 130.9, 130.3, 129.2, 123.5, 119.9, 111.4,

108.2, 55.8, 37.7. HRMS. Calculated for Ci3H13NNaO, (M+Na"): 238.0838, found: 238.0841.
FT-IR-ATR (cm™): 1618.9 (C=0).

\
N
\
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.o (4-Methylphenyl)(1-methyl-1H-pyrrol-2-yl)methanone 4.1n.>' White solid, 75
N

C mg, 75% yield. "H NMR (500 MHz, CDCls) § 7.79 — 7.72 (m, 2H), 7.28 (d, J =

7.7 Hz, 2H), 6.93 (t, J = 2.0 Hz, 1H), 6.76 (dd, J = 4.0, 1.7 Hz, 1H), 6.18 (dd, J = 4.0, 2.5 Hz,
1H), 4.05 (s, 3H), 2.45 (s, 3H). 3C NMR (126 MHz, CDCls) & 186.0, 141.9, 137.2, 131.2, 130.7,
129.4, 128.7, 122.4, 108.0, 37.3, 21.6. HRMS. Calculated for C13Hi3NNaO (M+Na'): 222.0889,
found: 222.0894. FT-IR-ATR (cm™): 1622.4 (C=0).

0 (3-Methylphenyl)(1-methyl-1H-pyrrol-2-yl)methanone 4.10.° Yellow oil, 74
I mg, 74% yield. '"H NMR (500 MHz, CDCls) § 7.64 — 7.57 (m, 2H), 7.38 — 7.30
(m, 2H), 6.94 — 6.88 (m, 1H), 6.74 (dd, J = 4.0, 1.7 Hz, 1H), 6.15 (dd, J = 4.0, 2.5 Hz, 1H), 4.03
(s, 3H), 2.42 (s, 3H). *C NMR (126 MHz, CDCls) 5 186.5, 140.0, 137.9, 132.2, 131.5, 130.7,
129.8, 128.0, 126.5, 122.9, 108.1, 37.5, 21.5. HRMS. Calculated for Ci;3H;3NNaO (M+Na"):
222.0889, found: 222.0894. FT-IR-ATR (cm™): 1621.6 (C=0).

\
N
\

, o (2-Methylphenyl)(1-methyl-1H-pyrrol-2-yl)methanone 4.1p.”° Yellow oil, 74
\N | mg, 74% yield. '"H NMR (500 MHz, CDCls) & 7.37 (dd, J = 7.5, 1.4 Hz, 1H), 7.32
(dd, J=7.5, 1.4 Hz, 1H), 7.26 — 7.18 (m, 2H), 6.93 — 6.88 (m, 1H), 6.48 (dd, J = 4.1, 1.7 Hz,
1H), 6.10 (dd, J = 4.1, 2.4 Hz, 1H), 4.08 (s, 3H), 2.37 (s, 3H). 1*C NMR (126 MHz, CDCl3) §
188.3, 140.2, 136.2, 132.0, 131.5, 130.8, 129.6, 128.2, 124.9, 123.7, 108.3, 37.7, 19.7. HRMS.
Calculated for C13Hi;3NNaO (M+Na*): 222.0889, found: 222.0891. FT-IR-ATR (cm™): 1622.7

(C=0).

\© Ethyl 4-(1-methyl-1H-pyrrole-2-carbonyl)benzoate 4.1q.”> Pale white
mcoza solid, 81 mg, 63% yield. 'H NMR (500 MHz, CDCls) § 8.12 (d, J = 8.5 Hz,
2H), 7.91 — 7.74 (m, 2H), 6.95 (s, 1H), 6.70 (dd, J = 4.1, 1.7 Hz, 1H), 6.17

(dd, J = 4.1, 2.5 Hz, 1H), 4.41 (q, J = 7.1 Hz, 2H), 4.05 (s, 3H), 1.42 (t, J = 7.1 Hz, 3H). *C
NMR (126 MHz, CDCI3) ¢ 185.4, 166.2, 143.8, 132.8, 132.2, 130.4, 129.4, 129.0, 123.5, 108.6,
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61.4, 37.6, 14.5. HRMS. Calculated for CsH;sNNaOs (M+Na®): 280.0944, found: 280.0955.
FT-IR-ATR (cm™): 1709.8 (CO,EY), 1623.9 (C=0).

, o Methyl 3-(1-methyl-1H-pyrrole-2-carbonyl)benzoate 4.1r. Yellow solid,
WCOZME 72 mg, 59% yield. '"H NMR (500 MHz, CDCl3) § 8.45 (t, J = 1.6 Hz, 1H),
8.22 - 8.19 (m, 1H), 7.98 (dd, J = 5.3, 3.8 Hz, 1H), 7.54 (t, /= 7.7 Hz, 1H), 6.97 — 6.92 (m, 1H),
6.71 (dd, J = 4.1, 1.6 Hz, 1H), 6.17 (dd, J = 4.1, 2.5 Hz, 1H), 4.05 (s, 3H), 3.94 (s, 3H). 1°C
NMR (126 MHz, CDCl3) & 185.2, 166.7, 140.4, 133.4, 132.4, 132.1, 130.33, 130.33, 130.2,
128.5, 123.3, 108.6, 52.5, 37.6. HRMS. Calculated for Ci4sHi3NNaO3 (M+Na"): 266.0788,
found: 266.0775. FT-IR-ATR (cm™): 1717.5 (CO2Me), 1622.1 (C=0).

o come (2-Methylphenyl)(1-methyl-1H-pyrrol-2-yl)methanone 4.1s. Pale white solid,
| 68 mg, 56% yield. 'H NMR (500 MHz, CDCl3) § 7.99 (dd, J = 7.8, 1.0 Hz, 1H),
7.60 (td, J= 7.5, 1.3 Hz, 1H), 7.53 (td, /= 7.6, 1.4 Hz, 1H), 7.49 (dd, /= 7.5, 1.1 Hz, 1H), 6.90
(t, J=1.9 Hz, 1H), 6.33 (dd, J=4.1, 1.7 Hz, 1H), 6.08 (dd, J = 4.1, 2.5 Hz, 1H), 4.12 (s, 3H),
3.75 (s, 3H). *C NMR (126 MHz, CDCI3) & 186.8, 167.0, 142.5, 131.9, 131.6, 131.3, 130.1,
129.5, 129.4, 128.3, 122.2, 108.4, 52.4, 37.5. HRMS. Calculated for Ci4H;3NNaO3 (M+Na"):
266.0788, found: 266.0790. FT-IR-ATR (cm™): 1717.9 (CO>Me), 1623.9 (C=0).

\
N
\

) 4-(1-methyl-1H-pyrrole-2-carbonyl)benzonitrile 4.1t. Yellow solid, 70 mg,
mm 67% yield. '"H NMR (500 MHz, CDCl3) & 7.85 (d, J = 8.6 Hz, 2H), 7.75 (d, J =
8.6 Hz, 2H), 7.00 — 6.94 (m, 1H), 6.67 (dd, J= 4.1, 1.7 Hz, 1H), 6.18 (dd, J = 4.1, 2.5 Hz, 1H),
4.04 (s, 3H). '*C NMR (126 MHz, CDCl3) & 184.2, 143.8, 132.8, 132.1, 129.9, 129.6, 123.7,
118.4, 114.8, 108.9, 37.7. HRMS. Calculated for Ci3H;oN2NaO (M+Na"): 233.0685, found:
233.0691. FT-IR-ATR (cm™): 2226.9 (CN), 1621.1 (C=0).

v 9 (1-methyl-1H-pyrrol-2-yl)(4-(trifluoromethyl)phenyl)methanone 4.1u. Pale
N
mw yellow solid, 89 mg, 70% yield. 'H NMR (500 MHz, CDCl3) & 7.88 (d, J = 8.0

3
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Hz, 2H), 7.71 (d, J = 8.1 Hz, 2H), 7.05 — 6.89 (m, 1H), 6.70 (dd, J=4.1, 1.7 Hz, 1H), 6.18 (dd, J
= 4.1, 2.5 Hz, 1H), 4.05 (s, 3H). 1*C NMR (126 MHz, CDCls) § 184.8, 143.2 (d, J = 1.2 Hz),
132.9 (d, J = 32.6 Hz), 132.4, 130.2, 129.4, 125.2 (q, J = 3.8 Hz), 125.0, 123.6, 108.7, 37.6.
HRMS. Calculated for C13H10F3sNNaO (M+Na"): 276.0607, found: 276.0607. FT-IR-ATR (cm
h:1621.3 (C=0).

0 (1-methyl-1H-pyrrol-2-yl)(naphthalen-1-yl)methanone 4.1v. Yellow oil, 95

\N | O mg, 81% yield. "H NMR (500 MHz, CDCls) & 8.16 (dd, J = 7.8, 2.0 Hz, 1H), 7.95
(d, /J=8.3 Hz, 1H), 7.92 — 7.87 (m, 1H), 7.65 (dd, J=7.0, 1.2 Hz, 1H), 7.54 — 7.46 (m, 3H), 6.95
(t, J=2.0 Hz, 1H), 6.53 (dd, J =4.1, 1.7 Hz, 1H), 6.10 (dd, J = 4.1, 2.4 Hz, 1H), 4.17 (s, 3H).
3C NMR (126 MHz, CDCls) § 187.4, 138.0, 133.8, 132.2, 132.0, 131.0, 130.4, 128.3, 126.9,
126.7, 126.3, 125.8, 124.4, 124.0, 108.4, 37.8. HRMS. Calculated for Ci¢Hi;sNNaO (M+Na"):
258.0889, found: 258.0883. FT-IR-ATR (cm™): 1613.7 (C=0).

0 (1-methyl-1H-pyrrol-2-yl)(thiophen-2-yl)methanone 4.1w. Colorless oil, 76 mg,
I 0 79% yield. "H NMR (400 MHz, CDCl5)  7.76 (dd, J= 3.7, 1.1 Hz, 1H), 7.61 (dd, J
=5.0, 1.0 Hz, 1H), 7.14 (dd, /= 4.9, 3.8 Hz, 1H), 7.04 (dd, J=4.1, 1.6 Hz, 1H), 6.95 — 6.89 (m,
1H), 6.19 (dd, J = 4.0, 2.5 Hz, 1H), 3.99 (s, 3H). *C NMR (126 MHz, CDCl3) & 177.4, 144.9,
132.4, 132.1, 131.5, 130.4, 127.7, 121.1, 108.4, 37.3. HRMS. Calculated for C1o0HoNNaOS
(M+Na"): 214.0297, found: 214.0290. FT-IR-ATR (cm™): 1601.9 (C=0).

\
N
\

? (1-(tert-butyl)-1H-pyrrol-3-yl)(4-methoxyphenyl)methanone 4.1x.
%Nm ove  Yellow solid, 102 mg, 79% yield. 'H NMR (500 MHz, CDCl3) § 7.86 (d, J
= 8.8 Hz, 2H), 7.46 — 7.40 (m, 1H), 6.94 (d, /= 8.8 Hz, 2H), 6.84 (dd, J=2.9, 2.5 Hz, 1H), 6.63
(dd, J=3.0, 1.8 Hz, 1H), 3.85 (s, 3H), 1.54 (s, 9H). 1*C NMR (126 MHz, CDCls) § 189.7, 162.3,
132.8, 131.2, 124.6, 123.9, 119.1, 113.4, 110.8, 55.9, 55.4, 30.6. HRMS. Calculated for
Ci6H19NNaO, (M+Na"): 280.1308, found: 280.1318. FT-IR-ATR (cm™): 1623.9 (C=0).
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Q N,Et (1-ethyl-4-phenyl-1H-pyrrol-2-yl)(4-methoxyphenyl)methanone 4.1y.
Meom Yellow solid, 82 mg, 54% yield. '"H NMR (500 MHz, CDCls) & 7.90 (d, J =
8.7 Hz, 2H), 7.51 (d, J= 7.3 Hz, 2H), 7.37 (t, /= 7.7 Hz, 2H), 7.31 (d, J= 1.7
Hz, 1H), 7.23 (t, J= 7.4 Hz, 1H), 7.00 (dd, J= 5.2, 3.3 Hz, 3H), 4.49 (q, /= 7.2 Hz, 2H), 3.92 (s,
3H), 1.52 (t, J = 7.2 Hz, 3H). *C NMR (126 MHz, CDCls) & 185.1, 162.5, 134.4, 132.6, 131.5,
130.6, 128.8, 126.2, 126.0, 125.1, 124.1, 119.1, 113.4, 55.5, 44.5, 17.1. HRMS. Calculated for
C20H19NNaO, (M+Na"): 328.1308, found: 328.1307. FT-IR-ATR (cm™): 1621.8 (C=0).

(1-(2,6-dimethylphenyl)-1H-pyrrol-2-yl)(4-methoxyphenyl)methanone
/QZ\O 4.1z. White solid, 66 mg, 43% yield. '"H NMR (500 MHz, CDCl3) § 7.86 (d,
mom J=8.9 Hz, 2H), 7.20 (dd, /= 8.0, 7.1 Hz, 1H), 7.11 (d, J = 7.6 Hz, 2H), 6.93
(d, J=8.9 Hz, 2H), 6.89 (dd, J=3.9, 1.6 Hz, 1H), 6.85 (dd, J = 2.5, 1.6 Hz, 1H), 6.40 (dd, J =
3.9, 2.6 Hz, 1H), 3.87 (s, 3H), 2.01 (s, 6H). 3*C NMR (126 MHz, CDCl3) § 183.7, 162.7, 139.7,
135.7, 131.81, 131.81, 131.4, 129.2, 128.1, 128.0, 120.6, 113.5, 109.4, 55.6, 17.8. HRMS.
Calculated for C2oH19NNaO, (M+Na"): 328.1308, found: 328.1311. FT-IR-ATR (cm™): 1625.4

(C=0).

/Q (1-(2,6-dimethylphenyl)-1H-pyrrol-3-yl)(4-methoxyphenyl)methanone
\ 4.1z’. White solid, 66 mg, 43% yield. 'H NMR (500 MHz, CDCI3) § 7.91
Wom (d, J=8.9 Hz, 2H), 7.25 (dd, J=12.7, 4.7 Hz, 1H), 7.19 (t, /= 1.8 Hz, 1H),
© 7.15(d, J=7.6 Hz, 2H), 6.95 (d, J = 8.9 Hz, 2H), 6.87 (dd, J=2.9, 1.7 Hz,

1H), 6.65 (dd, J = 2.8, 2.1 Hz, 1H), 3.86 (s, 3H), 2.08 (s, 6H). *C NMR (126 MHz, CDCI3) &
189.6, 162.4, 138.8, 135.7, 132.6, 131.21, 128.7, 128.3, 128.5, 125.2, 123.1, 113.42, 111.2, 55.4
17.4. HRMS. Calculated for C20Hi9NNaO, (M+Na"): 328.1308, found: 328.1311. FT-IR-ATR
(cm™): 1627.8 (C=0).

4.5.5. Spectroscopic Data on 4.4

o O OMe
L
N 181
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(1-Benzyl-1H-indol-3-yl)(4-methoxyphenyl)methanone 4.4a.> White solid, 141 mg, 83%
yield. 'TH NMR (500 MHz, CDCls) & 8.41 (dd, J = 8.6, 1.3 Hz, 1H), 7.87 (d, J = 8.8 Hz, 2H),
7.66 (s, 1H), 7.38 — 7.30 (m, 6H), 7.20 — 7.14 (m, 2H), 7.00 (d, J = 8.8 Hz, 2H), 5.40 (s, 2H),
3.91 (s, 3H). *C NMR (126 MHz, CDCI3) & 189.9, 162.4, 137.2, 136.5, 136.1, 133.5, 131.1,
129.2, 128.3, 127.7, 127.0, 123.8, 122.9, 122.7, 116.4, 113.7, 110.3, 55.6, 50.9. Calculated for
C23H19NNaO, (M+Na"): 364.1308, found: 364.1303. FT-IR-ATR (cm™): 1612.4 (C=0).

o O co,et  Ethyl 4-(1-benzyl-1H-indole-3-carbonyl)benzoate 4.4b. Pale yellow solid,
O { 168 mg, 91% yield. '"H NMR (500 MHz, CDCls) & 8.46 (d, ] = 8.3 Hz, 1H),

" 8.17 (d, /= 8.3 Hz, 2H), 7.88 (d, J = 8.3 Hz, 2H), 7.61 (s, 1H), 7.42 — 7.30
(m, 6H), 7.17 (d, J = 7.9 Hz, 2H), 5.39 (s, 2H), 4.45 (g, J = 7.1 Hz, 2H), 1.45 (t, J = 7.1 Hz, 3H).
3C NMR (126 MHz, CDCls) § 190.0, 166.1, 144.5, 137.3, 137.2, 135.6, 132.6, 129.6, 129.1,
128.5, 128.3, 127.3, 126.9, 124.0, 123.1, 122.8, 116.0, 110.3, 61.3, 50.9, 14.3. Calculated for
C2sH21NOsNa (M+Na*): 406.1414, found: 406.1424. FT-IR-ATR (cm™): 1704.4 (CO:Et),

1613.7 (C=0).

F (1-Benzyl-1H-indol-3-yl)(2-fluorophenyl)methanone 4.4c. Pale yellow solid,
(0]
O 127 mg, 77% yield. "H NMR (500 MHz, CDCls) & 8.46 (d, J= 7.8 Hz, 1H), 7.61
\
O N (t,J=7.2Hz, 1H), 7.57 (d, /= 1.4 Hz, 1H), 7.49 (dd, J = 14.0, 6.7 Hz, 1H), 7.39

—7.30 (m, 6H), 7.29 — 7.23 (m, 1H), 7.19 (t, J = 9.1 Hz, 1H), 7.15 (d, J = 6.9 Hz,
2H), 5.36 (s, 2H). *C NMR (126 MHz, CDCl3) § 186.7, 159.4 (d, J = 250.2 Hz), 138.0 (d, J =
3.1 Hz), 137.18, 135.6, 131.8 (d, J = 8.1 Hz), 130.1 (d, J = 3.3 Hz), 129.4 (d, J = 16.1 Hz),
129.0, 128.2, 126.9, 126.7, 124.1 (d, J = 3.6 Hz), 123.9, 123.1, 122.7, 117.2, 116.2 (d, J = 22.0
Hz), 110.4, 50.9. Calculated for C22H;NOFNa (M+Na"): 352.1108, found: 352.1105. FT-IR-
ATR (cm™): 1619.2 (C=0).

cl (1-Benzyl-1H-indol-3-yl)(2-chlorophenyl)methanone 4.4d. Pale yellow solid,
(0]
O 124 mg, 72% yield. '"H NMR (500 MHz, CDCls) & 8.39 (d, J = 7.8 Hz, 1H), 7.49
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(dd, J= 7.0, 1.3 Hz, 2H), 7.46 — 7.39 (m, 2H), 7.39 — 7.29 (m, 7H), 7.14 (d, J = 6.6 Hz, 2H), 5.35
(s, 2H). 3C NMR (126 MHz, CDCls) & 189.0, 140.5, 138.2, 137.3, 135.6, 131.0, 130.4, 130.1,
129.0, 128.8, 128.2, 126.7, 126.7, 126.5, 124.0, 123.2, 122.7, 116.9, 110.4, 51.0. Calculated for
C2HisNOCINa (M+Na*): 368.0813, found: 368.0813. FT-IR-ATR (cm’'): 1620.0 (C=0).

Br (1-Benzyl-1H-indol-3-yl)(2-bromophenyl)methanone 4.4e.>* Pale yellow solid,
0}
O 133 mg, 68% yield. "H NMR (500 MHz, CDCls) § 8.39 (d, J = 7.6 Hz, 1H), 7.67
A\
O N (d, J=8.0 Hz, 1H), 7.48 — 7.39 (m, 3H), 7.38 — 7.27 (m, 7H), 7.14 (d, J = 6.6 Hz,

2H), 5.33 (s, 2H). '*C NMR (126 MHz, CDCls) & 189.7, 142.5, 138.3, 137.3,
135.6, 133.2, 130.5, 129.03, 129.03, 128.8, 128.2, 127.1, 126.7, 123.9, 123.2, 122.7, 119.6,
116.5, 110.4, 51.0. Calculated for C2oH;gNOBrNa (M+Na®): 412.0307, found: 412.0321. FT-IR-
ATR (cm™): 1619.6 (C=0).

MeO (1-Benzyl-1H-indol-3-yl)(2-methoxyphenyl)methanone 4f. Pale yellow solid,
(0]
O 126 mg, 74% yield. '"H NMR (500 MHz, CDCl3) § 8.45 (d, J = 7.8 Hz, 1H), 7.50
\
O N (s, 1H), 7.45 (m, 2H), 7.38 — 7.26 (m, 6H), 7.13 (d, J = 6.4 Hz, 2H), 7.08 — 6.99

(m, 2H), 5.30 (s, 2H), 3.78 (s, 3H). '3C NMR (126 MHz, CDCl;) § 190.2, 156.8,
138.1, 137.2, 135.9, 131.1, 130.9, 129.1, 128.97, 128.97, 128.1, 126.9, 126.8, 123.6, 122.8,
120.3, 117.6, 111.6, 110.3, 55.7, 50.8" Calculated for C23H;9NO,Na (M+Na"): 364.1308, found:
364.1325. FT-IR-ATR (cm™): 1618.2 (C=0).

o O (1-Benzyl-1H-indol-3-yl)(o-tolyl)methanone 4.4g. Pale yellow solid, 120 mg,
O { 74% yield. "H NMR (500 MHz, CDCl3) & 8.44 (d, J = 7.7 Hz, 1H), 7.46 (m, 2H),

N 7.42 —7.25 (m, 9H), 7.15 (d, J = 6.6 Hz, 2H), 5.33 (s, 2H), 2.45 (s, 3H). *C NMR
(126 MHz, CDCl3) 6 193.0, 141.0, 138.0, 137.3, 136.0, 135.8, 130. 9, 129.4, 129.0, 128.2, 127.7,
127.0, 126.8, 125.2, 123.8, 123.0, 122.8, 117.6, 110.4, 50.9, 19.7. Calculated for C23H;9NONa
(M+Na"): 348.1359, found: 348.1367. FT-IR-ATR (cm™): 1620.0 (C=0).
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o O (1-Benzyl-1H-indol-3-yl)(mesityl)methanone 4.4h. Pale yellow solid, 134
O { mg, 76% yield. "H NMR (500 MHz, CDCl3) & 8.64 (s, 1H), 7.31 (m, 8H), 7.11
N (s, 2H), 6.92 (s, 2H), 5.32 (s, 2H), 2.36 (s, 3H), 2.23 (s, 6H). 3C NMR (126
MHz, CDCl3) & 194.7, 139.0, 137.9, 137.4, 135.8, 134.1, 129.0, 128.3, 128.1, 126.6, 126.4,
123.7, 122.9, 118.1, 110.4, 50.8, 21.2, 19.4. Calculated for C2sH24NONa (M+Na"): 376.1672,

found: 376.1684. FT-IR-ATR (cm™): 1623.9 (C=0).

(1-Benzyl-1H-indol-3-yl)(3,5-dimethylphenyl)methanone 4.4i. Pale yellow

° O solid, 144 mg, 85% yield. 'H NMR (500 MHz, CDCls) § 8.50 (d, J = 7.7 Hz,

O N\ 1H), 7.64 (s, 1H), 7.46 (s, 2H), 7.39 — 7.30 (m, 6H), 7.21 (s, 1H), 7.18 (d, /= 6.5

Hz, 2H), 5.37 (s, 2H), 2.42 (s, 6H). *C NMR (126 MHz, CDCls) § 191.3, 141.0,

137.9, 137.2, 137.1, 135.9, 132.8, 129.0, 128.2, 127.5, 127.0, 126.6, 123.7, 122.9, 122.8, 116.2,

110.2, 50.8, 21.4. Calculated for C24H2NONa (M+Na"): 362.1515, found: 362.1527. FT-IR-
ATR (cm™): 1621.5 (C=0).

o O o (4-methoxyphenyl)(1-phenyl-1H-indol-3-yl)methanone 4.4j. Pale white

O { solid, 131 mg, 80% yield. '"H NMR (500 MHz, CDCl3) & 8.48 (d, J = 7.6 Hz,

N 1H), 7.94 (d, J = 8.7 Hz, 2H), 7.82 (s, 1H), 7.57 (dt, J = 8.3, 7.6 Hz, 5H),

7.49 (d, J=17.1 Hz, 1H), 7.45 — 7.33 (m, 2H), 7.02 (d, J = 8.7 Hz, 2H), 3.91

(s, 3H). 3C NMR (126 MHz, CDCls) § 190.0, 162.5, 138.6, 137.1, 135.9, 133.3, 131.1, 130.0,

128.0, 127.8, 125.0, 124.2, 123.1, 122.9, 117.5, 113.7, 110.9, 55.6. Calculated for C22H17NNaO-
(M+Na"): 350.1151, found: 350.1161. FT-IR-ATR (cm™): 1617.7 (C=0).

0 O (1-Benzyl-1H-indol-3-yl)(naphthalen-1-yl)methanone 4.4k. Pale yellow solid,
O \ O 163 mg, 90% yield. "H NMR (500 MHz, CDCl3) § 8.52 (d, J = 7.9 Hz, 1H), 8.24
N

b (d, J=8.3 Hz, 1H), 7.99 (d, /= 8.3 Hz, 1H), 7.93 (d, J = 7.6 Hz, 1H), 7.70 (dd, J
=7.0, 1.1 Hz, 1H), 7.57 — 7.48 (m, 3H), 7.46 (s, 1H), 7.38 (d, J = 8.0 Hz, 1H), 7.32 (m, 5H), 7.18
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—7.02 (m, 2H), 5.31 (s, 2H). *C NMR (126 MHz, CDCls) § 192.1, 138.9, 138.2, 137.3, 135.6,
133.8, 130.8, 130.1, 129.0, 128.2, 128.2, 127.1, 126.8, 126.7, 126.3, 126.0, 124.5, 123.9, 123.0,
122.9, 118.1, 110.4, 50.9. Calculated for C26H19NONa (M+Na"): 384.1359, found: 384.1375.
FT-IR-ATR (cm™): 1608.3 (C=0).

o (4-methoxyphenyl)(1-methyl-1H-benzo|d]imidazol-2-yl)methanone
@\WN)K@\ 4.41.%° Pale white solid, 81 mg, 61% yield. '"H NMR (500 MHz, CDCls) §
N OMe

8.42 (d, J=9.0 Hz, 2H), 7.94 (d, J = 8.1 Hz, 1H), 7.48 (m, 2H), 7.42 — 7.37
(m, 1H), 7.03 (d, J = 9.0 Hz, 2H), 4.14 (s, 3H), 3.92 (s, 3H). *C NMR (126 MHz, CDCl;) &
184.8, 164.2, 147.2, 141.9, 136.5, 133.8, 129.8, 125.5, 123.6, 121.9, 113.8, 110.5, 55.7, 32.2.
Calculated for C16H14N2NaO, (M+Na®): 289.0947, found: 289.0951. FT-IR-ATR (cm™): 1634.9
(C=0).

o (1-Methyl-1H-benzo|[d]imidazol-2-yl)(o-tolyl)methanone 4.4m. Pale yellow
N
@m solid, 69 mg, 55% yield. '"H NMR (500 MHz, CDCl3) 6 7.92 (d, J = 8.2 Hz, 1H),
N

7.80 (d, J = 7.8 Hz, 1H), 7.55 — 7.43 (m, 3H), 7.40 — 7.36 (m, 1H), 7.33 (t, J =
7.9 Hz, 2H), 4.22 (s, 3H), 2.52 (s, 3H). 1*C NMR (126 MHz, CDCls) & 190.0, 147.3, 141.9,
138.7, 137.2, 136.7, 131.7, 131.5, 131.4, 125.8, 125.3, 123.6, 122.3, 110.4, 32.3, 20.6.
Calculated for CiHisNoO (M+H"): 251.1179, found: 251.1178. FT-IR-ATR (cm™): 1650.2
(C=0).

o benzo[d]oxazol-2-yl(4-methoxyphenyl)methanone 4.4n. 3 Pale white

dm solid, 95 mg, 75% yield. "H NMR (400 MHz, CDCls) § 8.61 (d, J = 9.1 Hz,

o 2H), 7.94 (d, J=7.7 Hz, 1H), 7.71 (d, J=8.2 Hz, 1H), 7.54 (td, J= 7.8, 1.1

Hz, 1H), 7.46 (td, J= 7.8, 1.1 Hz, 1H), 7.04 (d, J = 9.0 Hz, 2H), 3.92 (s, 3H). '3*C NMR (101

MHz, CDCl3) 6 178.9, 164.8, 157.6, 150.5, 140.9, 133.8, 128.2, 128.1, 125.7, 122.3, 114.1,

112.0, 55.8. Calculated for CisH;i1NNaOs (M+Na"): 276.0631, found: 276.0636. FT-IR-ATR
(cm™): 1646.4 (C=0).
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Q Benzo|d]oxazol-2-yl(4-chlorophenyl)methanone 4.40. Pale yellow solid, 86

C&NZ)K@Q mg, 67% yield. '"H NMR (500 MHz, CDCI3)  8.55 (d, J = 8.7 Hz, 2H), 7.93

(d, J=8.0 Hz, 1H), 7.70 (d, J = 8.2 Hz, 1H), 7.58 — 7.51 (m, 3H), 7.49 — 7.44

(m, 1H)."*C NMR (126 MHz, CDCl3) § 179.0, 156.8, 150.4, 141.0, 140.7, 133.7, 132.4, 129.0,

128.6, 125.8, 122.4, 111.9. Calculated for C14HoNO>Cl (M+H"): 258.0322, found: 258.0312. FT-
IR-ATR (cm™): 1657.1 (C=0).

Q (4-methoxyphenyl)(1-methyl-1H-imidazol-2-yl)methanone 4.4p. Pale white
N
&mwe solid, 61 mg, 56% yield. "H NMR (500 MHz, CDCls) & 8.34 (d, J = 8.9 Hz,

2H), 7.21 (s, 1H), 7.08 (s, 1H), 6.96 (d, J = 8.9 Hz, 2H), 4.05 (s, 3H), 3.87 (s, 3H). 1*C NMR
(126 MHz, CDCl3) 6 182.8, 163.5, 143.5, 133.4, 130.2, 129.0, 126.5, 113.6, 55.6, 36.5.
Calculated for C12H12N2NaO, (M+Na®): 239.0791, found: 239.0795. FT-IR-ATR (cm™): 1617.9
(C=0).

Q (1-Methyl-1H-imidazol-2-yl)(o-tolyl)methanone 4.4q. Pale yellow solid, 51 mg,
kaé 51% yield. '"H NMR (500 MHz, CDCl3) § 7.64 (d, J = 7.3 Hz, 1H), 7.39 (t, J = 7.0
Hz, 1H), 7.28 (dd, J = 7.2, 4.1 Hz, 2H), 7.21 (s, 1H), 7.11 (s, 1H), 4.13 (s, 3H), 2.43 (s, 3H). 1*C
NMR (126 MHz, CDCls) & 188.0, 143.7, 137.9, 137.3, 131.1, 130.7, 129.9, 129.8, 127.0, 125.1,
36.3, 20.2. Calculated for C12H13N,O (M"H"): 201.1022, found: 201.1021. FT-IR-ATR (cm™):
1641.9 (C=0).

0 Furan-2-yl(4-methoxyphenyl)methanone 4.4r.>° Pale yellow oil, 67 mg, 67%
0]

! . Yield. "H NMR (500 MHz, CDCL) 8 8.10 — 7.96 (m, 2H), 7.69 (d, J = 0.9 Hz,
1H), 7.24 (d, J = 3.5 Hz, 1H), 6.99 (d, J = 8.9 Hz, 2H), 6.59 (dd, J = 3.5, 1.7 Hz, 1H), 3.89 (s,
3H). 3C NMR (126 MHz, CDCls) § 181.11, 163.30, 152.65, 146.52, 131.72, 129.84, 119.62,
113.71, 112.06, 55.48. Calculated for Ci2H1103 (M+H"): 203.0708, found: 203.0700. FT-IR-

ATR (cm™): 1630.1 (C=0).
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4.5.6. Spectroscopic Data on 4.5

0 5-Benzylindeno[1,2-b]indol-10(5H)-one 4.5>* Bright red solid, 105 mg, 68%
yield. 'H NMR (500 MHz, CDCls) & 7.84 (d, J = 7.8 Hz, 1H), 7.46 — 7.43 (m,

Bn 1H), 7.39 — 7.27 (m, 3H), 7.26 — 7.20 (m, 3H), 7.19 — 7.10 (m, 4H), 7.03 — 6.94
(m, 1H), 5.45 (s, 2H). '3C NMR (126 MHz, CDCls) & 185.1, 158.7, 142.7, 141.1, 135.5, 134.7,
132.0, 129.6, 129.2, 128.2, 126.3, 123.6, 123.3, 123.2, 123.0, 120.8, 118.5, 115.5, 111.1, 48.7.
Calculated for C22Hi1sNaNO (M+Na"): 332.1046, found: 332.1041. FT-IR-ATR (cm™): 1680.8
(C=0).

4.5.7. Spectroscopic Data on 4.6

o 1-Methylindeno[2,1-b]pyrrol-8(1H)-one 4.6. Bright red solid, 60 mg, 66% yield.

\ 'H NMR (500 MHz, CDCl3) & 7.29 (d, J = 7.5 Hz, 1H), 7.21 — 7.15 (m, 1H), 7.00

(d, J=17.1 Hz, 1H), 6.95 (d, J = 7.2 Hz, 1H), 6.65 (d, J = 2.2 Hz, 1H), 6.03 (d, J =

2.3 Hz, 1H), 3.73 (s, 3H). *C NMR (126 MHz, CDCl3) & 181.4, 142.8, 139.1, 138.4, 133.3,

132.9, 132.5, 126.7, 123.1, 118.9, 103.3, 34.5. Calculated for Ci2HoNNaO (M+Na"): 206.0576,
found: 206.0577. FT-IR-ATR (cm™): 1679.0 (C=0).

4.5.8. Spectroscopic Data on 4.7

OyOMe

‘ Methyl 2-(1-methyl-5-(4-methylbenzoyl)-1H-pyrrol-2-yl)acetate.”’ Pale
o
N

<) yellow oil, 92 mg, yield: 68%. 'H NMR (500 MHz, CDCl3) § 7.73 (d, J =

8.1 Hz, 2H), 7.27 (d, J = 8.0 Hz, 2H), 6.70 (d, J = 4.0 Hz, 1H), 6.13 (d, J =
4.0 Hz, 1H), 3.97 (s, 3H), 3.77 (s, 3H), 3.75 (s, 2H), 2.44 (s, 3H). '*C NMR (126 MHz, CDCl3) §
185.9, 169.8, 141.9, 137.3, 134.3, 131.5, 129.4, 128.7, 122.2, 109.4, 52.5, 33.2, 32.8, 21.5.
Calculated for C16Hi;7NNaOs (M+Na"): 294.1101 found: 294.1101.
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| Oy-on  2~(1-Methyl-5-(4-methylbenzoyl)-1H-pyrrol-2-yl)acetic acid.*” Pale white
\N/ solid, 83 mg, yield: 98%. '"H NMR (500 MHz, CDCls) § 7.74 (d, J = 8.1 Hz,

2H), 7.34 — 7.16 (m, 2H), 6.71 (d, J = 4.0 Hz, 1H), 6.16 (d, J = 4.0 Hz, 1H),
3.98 (s, 3H), 3.80 (s, 2H), 2.45 (s, 3H). '3C NMR (126 MHz, CDCl;) & 186.3, 174.8, 142.2,
137.3, 134.0, 131.7, 129.6, 128.9, 122.6, 109.9, 33.4, 32.7, 21.7. Calculated for CisHisNNaOs

(M+Na*): 280.0944 found: 280.0942. FT-IR-ATR (cm™): 1692.2 (COOH), 1624.52 (C=0).

]
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Chapter 5. Mechanism of the Palladium Catalyzed Synthesis of Miinchnones:
The Role of Ligands in N-Acyl Iminium Salt Carbonylation

5.1. Preface

As described in the introduction (Section 1.3.3.), our lab has previously reported the
palladium catalyzed carbonylative coupling of imines and acid chlorides can provide a route to
prepare Miinchnones. Coupling the formation of these 1,3-dipoles with cycloaddition reactions
provides efficient routes to prepare nitrogen-containing heterocycles. One challenge in
developing this reaction, and the creation of more active catalyst systems, is the lack of data on
how this complex transformation proceeds. To address this, we describe in this chapter the
results of our mechanistic studies on this system, and in particular the formation of mesoionic
Miinchnones. This includes the synthesis of key catalytic intermediates, model reactions, and
kinetic studies that support the role of these compounds in catalysis. Together, these studies
provide a clear picture of the impact of catalyst structure, ligands and palladium nanoparticles on
facilitating the carbonylation of in sifu generated iminium salts, and suggest an avenue for the
creation of more active catalyst systems. This work was done in collaboration with Dr. Yingdong
Lu and Dr. Rajiv Dhawan. Dr. Dhawan performed the mercury poisoning experiments, obtained
X-Ray crystal structures of compounds 5.2b and 5.7b and conducted some model reactions. Dr.
Lu performed initial kinetic studies. This work was published in the Chemistry - A European

Journal (2016, 22, 15945-15954).

5.2. Introduction

Metal catalyzed multicomponent coupling reactions (MCRs) are of growing relevance in
the design of efficient new synthetic methods.! By mediating the coupling of three or more
reagents in a single synthetic step, multicomponent reactions offer the potential to simplify the
synthesis of complex products, and are also of direct relevance to library generation. Transition
metal catalysis can be an important tool in the design of new variants of these transformations,

where the reactivity of the catalyst, rather than that designed into the reagents, can be used to

193



mediate the coupling of traditionally unreactive precursors. These features are demonstrated by

2 metal

many well established metal catalyzed MCRs, including the Pauson-Khand reaction,
catalyzed trimerization reactions (e.g. alkyne trimerization),? aldehyde amidocarbonylation,* and

a range of more recently developed metal mediated or catalyzed processes.’

One challenge in the development of metal catalyzed multicomponent reactions can be
the lack of a mechanistic information on how the multiple building blocks, along with the
reactive catalyst, ligands, and other additives, all come together to selectively generate a single
reaction product. These are often complex reactions, where a series of steps must occur in a
selective fashion to form products. A wide range of side reactions are possible under these
conditions, which can serve to either diminish yields or completely inhibit product formation.
This complexity has also made mechanistic studies a challenge, and many times little is known

about what is the rate determining step or steps in these systems.

We have recently reported the palladium catalyzed multicomponent synthesis of
nitrogen-containing heterocycles and related products as shown in Scheme 5.1a.% A common
feature of each of these reactions is the initial catalytic formation of 1,3-oxazolium-5-oxide
(Miinchnone, 5.1) intermediates, generated via the palladium catalyzed coupling of imines, acid
chlorides and carbon monoxide. Based upon several pieces of indirect data, we have postulated
a mechanism for the palladium catalyzed formation of Miinchnones as shown below. This
involves the carbonylation of an in situ generated palladacycle 5.2, followed by P-hydride
elimination and cyclization to generate S5.1. Evidence for this mechanism comes from
stoichiometric studies that show that the 2,2-bipyridine (bipy) coordinated 5.2 can serve as a
stoichiometric precursor for imidazolines, via both undergoing carbonylation to generate 5.1, and
equilibrium fragmentation to iminium salts, which are themselves the product of imine and acid
chloride coupling.®* As such, it was postulated that complex 5.2 is an intermediate in catalysis,
and generated upon addition of N-acyl iminium salt to palladium(0). These steps are
mechanistically related to aldehyde amidocarbonylation reactions (Scheme 5.1b), where
aldehyde/ amide condensation is postulated to lead to N-acyl iminium salt precursors under
strongly acidic conditions, and ultimately allows carbonylation to a-amido acid derivatives via

hydrolysis of 5.5.* Nevertheless, the precise mechanism by which Miinchnone is generated in
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this reaction is not known, which has made the design of active catalysts for this transformation a

challenge.

a) Palladium Catalyzed Multicomponent Synthesis via Munchnones
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Scheme 5.1. Palladium Catalyzed Multicomponent Reactions via Miinchnones.
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For example, the initially developed catalyst for this reaction involved simple
bipy/Pd2dba;.®* However, subsequent studies demonstrated that the formation of Miinchnone is
slowed by ligands such as bipy or dba (dibenzylideneacetone), and instead proceeds in highest
yields with the palladacycle 5.4 with BusNBr under pseudo ligandless conditions.®® More
recently, we have reported that the addition bulky phosphine ligands such as P(o-Tol); can

accelerate Miinchnone formation.®®

In order to understand the factors that control and influence catalytic Miinchnone
formation, we have undertaken a study of the mechanism of this reaction. The results of these
studies are detailed below. These suggest not only the route by which Miinchnones are formed
in this system, but also the importance of balancing the factors that favor the various steps in this
catalytic process (e.g. oxidative addition, carbonylation, and Pd(0) stabilization). In addition to
providing an example of a mechanistically characterized metal catalyzed multicomponent
coupling reaction, a comparison of the mechanism of both ligand free and phosphine containing
catalytic systems shows what the precise role of the phosphine structure can have on this

carbonylative coupling reaction, and the factors that can be used to accelerate catalysis.

5.3. Results and Discussion
5.3.1. Non-Ligated Palladium Catalysts

5.3.1.1. Synthesis of Reaction Intermediates.
In order to probe the mechanism of palladium catalyzed Miinchnone formation in greater

detail, we first examined the viability of these individual steps in the postulated catalytic cycle.

Formation of N-Acyl Iminium Salt (Step A). Monitoring the initial stages of the reaction
by 'H NMR spectroscopy provides insight into the first step of the catalytic process. The mixing
of the imine, (p-Tol)HC=NBn (p-Tol = p-CsH4CH3, Bn = CH2Ph), and benzoyl chloride in
CD3CN leads to the rapid formation of N-acyl iminium salt 5.3a (Scheme 5.2). The generation
of 5.3a is not complete, and approaches an equilibrium in which 91% of imine is converted to
5.3a (Keq=1.4(0.2) x 10° M. Compound 5.3a can be isolated as a pale yellow solid by
precipitation with pentane. 'H and '*C NMR spectra of 5.3a in CD3;CN reveals the upfield shift
of the former imine hydrogen (from 6 8.44 to 6 7.33) and carbon (from 6 161.6 to & 78.0), both

of which are similar to previously reported variants of 5.3a, and suggest this product is best
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described as a neutral a-chloroamide.!® Interestingly, the benzylic hydrogens of 5.3a appear as a
singlet in the 'H NMR spectra, despite the chirality in 5.3a. This is consistent with a rapid
equilibrium of 5.3a with the ionic N-acyl iminium salt 5.3a” on the NMR timescale. In the less
polar benzene-ds solvent, this equilibrium is slowed, and the 'H NMR spectra displays the

anticipated diastereotopic benzylic hydrogens.

Keq = 0 0
B o taxteemt M en P
——=—— Ph~ N Ph™ N o
)J\ * ph)l\(n CD3;CN )\ )J\Cl
pTol~ "H it §0 i PTol” ClI pTol~ "H
’ 5.3a 5.3a"

Scheme 5.2. Formation of a-chloroamide 5.3a.

Synthesis of Palladacycle 5.2a (Step B). The addition of Pdx(dba); CHCI;s to the in situ
generated N-acyl iminium salt 5.3a leads to the rapid formation of the palladacycle {Pd(Cl)[«>-
CH(p-Tol)NBnCOPh]}> 5.2a (Scheme 5.3). Considering the rate of 5.2a formation (1 h at
ambient temperature) relative to catalysis (65 °C, 24 h), this is also a viable step in catalysis.
Complex 5.2a can be isolated in 82% yield by a precipitation with diethyl ether. Spectroscopic
data are consistent with a chelated amide structure. This includes the significant upfield shift of
the former imine carbon and hydrogen in the 'H and '3*C NMR spectra (to § 5.21 and 59.5 ppm
respectively), indicating the reduction of the imine C=N bond. In addition, the carbonyl
resonance is observed at 8 180.3 in the *C NMR spectrum, which is shifted downfield of typical
amides and suggestive of its chelation to palladium.!! Electrospray mass spectroscopy shows

this complex exists as in a dimeric structure (5.2a, M+Na" = 933.0429).

0 pTol
Ph _Bn
pr N — \r/O\Pd/CI\Pd N
2 )\ + Pd,dba; CHClI; MeCN /N\< \CI/ \O//k
pTol~ ~ClI 1h,rt. BN Ph
pTol
5.3a 5.2a (82%)

Scheme 5.3. Oxidative addition of N-acyl iminium salt 5.3a to Pd2dbas.
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While 5.2a could not be crystallized, the analogous p-methoxylbenzyl substituted
{Pd(CI)[x>-CH(p-Tol)N(PMB)COPh]}» 5.2b can be generated via a similar reaction and isolated
as an orange crystalline material upon recrystallization from toluene at —40°C. The crystal
structure of this complex is shown in Figure 5.1. Complex 5.2b has a pseudo-square planar
geometry about the palladium center (sum of angles = 360.0°). The Pd-Cl bond length cis to the
amide oxygen O(4) is longer than the Pd-Cl’ bond, consistent with a stronger trans influence of
the Pd-C bond. The C-O bond length is 1.264(7) A is slightly longer than that observed in
simple amides (PhCONMe,, C=0O = 1.231 A).!? In addition, the amide C-N bond length
(1.312(8) A) in 5.2b is contracted (C-N = 1.368 A in PhCONMe»). Together, this data suggests

a significant contribution of resonance form 5.2b’ to the structure of 5.2b.

pTol pTol

Ph R Ph ® R
YO\ N N’ YO\ PN SN
L pd o Pd //k - N| Pd? Pd /lk
R’ Ci 07 “pp R/@\< Ci 07 “ph
pTol pTol

5.2b 5.2b'

Figure 5.1. Crystal Structure of {Pd(Cl)[x*-CH(p-Tol)N(PMB)COPh]}2 5.2b.

Selected bond lengths (A) and angles (deg): Pd-O(4), 2.2028 (4); O(4)-C(3), 1.264 (7); C(3)-N(2), 1.312 (8); N(2)-
C(1), 1.519 (7); C(1)-Pd, 1.976 (6); Pd- Cli, 2.3198(16); Pd-Cl, 2.4655 (18); CI-Pdi, 2.3198 (16); C(3)-C(31),
1.498 (8). Pdi-CI-Pd, 93.08 (6); Pd-O(4)-C(3), 111.8 (4); O(4)-C(3)-N(2), 121.6 (5); C(3)-N(2)-C(1), 166.6 (5);
N(2)-C(1)-Pd, 106.4 (4); C(1)-Pd-O(4), 83.6 (4); C(1)-Pd-Cli, 94.29 (17). The solvent (toluene) and hydrogen

atoms in the lattice have been excluded for clarity.
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Reaction of 5.2 with CO (Step C). The addition of the final reagent in the catalytic
reaction, CO, to palladium complex 5.2a leads to the rapid (<10 min) in situ formation of the
carbonyl coordinated complex 5.4a (Scheme 5.4). This complex displays shifted 'H NMR
signals for the chelated amide ligand, and IR analysis clearly shows the presence of a palladium
bound carbonyl (vco = 2114 cm™ in CH3CN)."> Notably, no new IR stretch is observable
between 1650 and 1800 cm’!, indicating that CO insertion into the palladium-carbon bond has
not occurred. Removal of CO reverts the CO-coordinated 5.4a back to the palladium complex

5.2a.

4 atm

pTol rt., CDsCN pIOL
. %N/B” (>95%) _ OC ~\
"Pd +CO ~ 2 Ppd
7 0™ Vacuum 7 07
Cl Ph Cl Ph
52a 2 5.4a

Scheme 5.4. Reaction of palladium complex 5.2a with CO.

Subsequent Steps in Catalysis. We see no evidence through stoichiometric experiments
of any intermediate after complex 5.4a. The warming of the CO coordinated 5.4a to 65°C leads
to a complex mixture of decomposition products, including significant amounts of palladium
sediments and reversion back to imine and N-acyl iminium salt (Scheme 5.5). The addition of
5.3a to palladium therefore appears to be an equilibrium process, and in the absence of excess
iminium salt 5.3a or stabilizing ligands, palladium precipitation occurs. In order to inhibit
palladium black formation, BusNBr was added to 5.4a. Heating of 5.4a under these conditions
leads to the generation of Miinchnone 5.1a in 87% yield (Scheme 5.5). In light of these results,
at least one role of the bromide source BusNBr appears to be to stabilize palladium from
irreversible precipitation. Under these conditions complex 5.4a is a viable intermediate in

Miinchnone formation.
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Scheme 5.5. Reactivity of palladacycle 5.4a and Miinchnone formation.

5.3.1.2. Observation of 5.2-5.4 in Catalysis.

The relevance of the stoichiometric experiments above to catalysis can be probed by
monitoring the formation of Miinchnone by '"H NMR spectroscopy. As illustrated in Figure 5.2,
the initial spectrum of the catalytic reaction shows the rapid generation of N-acyl iminium salt
5.3a. In addition, the palladacycle catalyst 5.2a reacts with CO to form the carbonylated
intermediate 5.4a. Warming of this mixture to the reaction temperature of 65°C shows the slow
disappearance of N-acyl iminium salt 5.3a and the concomitant formation of Miinchnone S.1a
over the course of 12 hours. Interestingly, after 3 hours of reaction time, there is no evidence for
any organometallic species in solution (i.e. 5.2a or 5.4a). This appears to be due to the rapid
equilibration of these complexes with the excess N-acyl iminium salt, as the low temperature 'H
NMR (-10°C) of this mixture reveals the presence of 5.4a, and the analogous bromide
coordinated complex.'* Integration of these signals show that palladacycle only accounts for
55% of the palladium added to the reaction. After 8 h reaction, or ca. 75% completion, almost
no S.4a can be observed. The lack of any detectable organometallic intermediates during
catalysis suggests that a significant amount of palladium may exist as Pd(0) during catalysis

(vide infra).
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Figure 5.2. Monitoring the Catalytic Formation of Miinchnone by 'H NMR Analysis.

Catalytic reaction of benzoyl chloride (21 mg, 0.15 mmol), (p-Tol)HC=NBn (21 mg, 0.10 mmol), 5.2a (4.5 mg,
0.005 mmol), BusNBr (32 mg, 0.1mmol), EtN‘Pr; (64 mg, 0.5 mmol), BnOBz standard, 4 atm CO in CD3CN (0.7
mL) at 65°C Spectra shown were taken at -10°C.

5.3.1.3. Kinetics of Miinchnone Formation.

We next turned towards determining which step or steps in this catalytic process
influence the rate of product formation. The ambient temperature formation of palladacycle 5.2,
and its CO coordinated analogue 5.4, suggest that the rate of Miinchnone formation should be
only dependent upon the intramolecular rearrangement of 5.4 (steps D and E, Scheme 5.1); i.e. a
zero-order conversion of N-acyl iminium salt 5.3. Our kinetic data is partially consistent with
this interpretation. Monitoring the catalytic reaction by 'H NMR analysis does show an initial
linear disappearance of 5.3a, but this quickly slows to a more first-order reaction as catalysis
proceeds (Figure 5.3a). The zero-order behavior at the beginning of the reaction can be
confirmed by probing the initial rates of catalysis at various concentration of 5.3a (Figure 5.3b),
which shows no rate dependence on N-acyl iminium salt 5.3a concentration. We also see no
significant rate dependence upon base (EtNPr2) or the halide additive (BusNBr) (Table 5.12),
and first order dependence upon palladium concentration (Figure 5.3c). Interestingly, however,

there is a clear linear dependence of rate on CO pressure (Figure 5.3d). In considering the
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mechanism in Scheme 5.1, this would imply that either step C, the formation of CO coordinated
5.4, is relatively slow or an equilibrium process under the catalytic conditions, or that carbon
monoxide favors the subsequent steps in the catalytic cycle (e.g. stabilization of CO-insertion

product 5.5).

Evidence for the influence CO has on catalysis can be obtained by examining the
stoichiometric reaction of palladacycle 5.2 at varying CO pressures. There is a clear first order
rate dependence of Miinchnone formation on CO pressure (Figure 5.15). As the conversion of
palladacycle 5.2a to the CO coordinated 5.4a is quantitative in each of these reactions, this data
suggests that CO favors the transformation of 5.4a to Miinchnone. The latter may arise from CO
coordination to stabilize the product of insertion (e.g. complex 5.5, Scheme 5.1), and allow the

subsequent steps for the generation of Miinchnone 5.1a to proceed.

As noted above, the rate of 5.3a disappearance deviates from zero-order behavior as
catalysis proceeds, and shows a kinetic profile closer to first order behavior near the end of the
reaction (Figure 5.3a). One rationale for this observation is a degradation or change in the
palladium catalyst. In order to determine if the catalyst is degrading, a “same excess” kinetic
experiment was performed (Figure 5.3a, inset),'> wherein all reagent concentrations are identical
to that at a midpoint in the reaction, but the catalyst is new. This shows that at identical 5.3a
concentration, the reaction with fresh catalyst proceeds at a higher rate, and the again zero-order
disappearance of N-acyl iminium salt. Also consistent with the loss of catalyst activity as N-acyl
iminium salt disappears, kinetic experiments at ten times lower 5.3a concentration, which are

also the conditions typically employed in synthesis,®!

show that the disappearance of N-acyl
iminium salt does not follow zero-order kinetics at any stage of the reaction, and is instead first-
order in 5.3a (Figures 5.3¢); i.e. the reaction of 5.3a with Pd(0) is at least partially rate
determining at these conditions. Together, this data implies that the palladium catalyst is
undergoing degradation during catalysis, and that oxidative addition is becoming rate

determining. The nature of the Pd(0) catalyst under these conditions is examined below.
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Figure 5.3. Kinetic Analysis of the 5.2a/BusNBr Catalyzed Formation of Miinchnone.

(a) Typical plot of the consumption of 5.3a vs. time for the reaction of benzoyl chloride (21 mg, 0.15 mmol), (p-
Tol)HC=NBn (21 mg, 0.10 mmol), [Pd(C1)[x*-CH(p-Tol)NBn(COPh)], 5.2a (4.5 mg, 0.005 mmol), BusNBr (32
mg, 0.1mmol), EtN‘Pr; (64 mg, 0.5 mmol), 4 atm CO in 0.7 mL CD3;CN at 65°C. (b) Initial rate dependence on 5.3a
concentration. (c¢) Rate dependence on catalyst loading. (d) Rate dependence on CO pressure. () Typical plot of

consumption of 5.3a vs. time for a 10-fold diluted reaction.

5.3.1.4. Catalyst Resting State.

The observation that N-acyl iminium salt oxidative addition to palladium is rate
determining, or becomes rate determining, contrasts with our control experiments, which show
the rapid, ambient temperature formation of palladacycle 5.2. However, this comparison is not
entirely accurate, as these control experiments were performed with a well-defined Pd,dbas,
while the Pd(0) generated during catalysis could take a number of forms. In considering
potential pathways by which the palladium catalyst may lose reactivity, it is well-established that

in the absence of strongly coordinating ligands, palladium(0) can deactivate via the formation of
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colloids and subsequently palladium sediments.!” In addition, bromide salts such as BusNBr
employed in catalysis have been demonstrated to facilitate the formation of palladium
nanoparticles.!® Consistent with the slow build-up of a colloidal palladium resting state during
catalysis, the loss in catalyst activity as the reaction proceeds correlates with observed decrease

of palladacycle complex 5.4a concentration throughout the course of the reaction (Figure 5.2).

One test for the presence of heterogeneous catalysts involves mercury poisoning,'” where
heterogeneous reactions are more readily deactivated than their homogeneous variants (Scheme
5.6). As anticipated, the addition of metallic mercury to the partially completed catalytic
reaction, followed by filtration, completely blocks further Miinchnone formation.?’ The
palladium catalyst under synthetic reaction conditions therefore appears to be colloidal
palladium. These colloids presumably inhibit catalysis relative to well defined Pd(0) complexes

(e.g. Pd2dbasz) by slowing the oxidative addition of iminium salt to generate complex 5.2a (vide
infra).

.Bn 5 mol% 5.2a 0

)N]\ BU4NBF o 1) -CO, Hg
pTol + H _4atmCO _ pTol o r.t., 2h no further
O CHsCN/THF, ON={  2)coatm) oatalysis
EtN’Prz, Bn Ph 65 °C, 2h
Ph Cl 65°C, 2h 5.1a
24%

Scheme 5.6. Probe for nanoparticulate palladium with mercury poisoning.

5.3.2. Phosphine Ligands in Miinchnone Formation.

We have previously reported that the addition of phosphines to the catalytic formation of
Miinchnones can influence the rate and scope of catalysis (Table 5.1).° In general, it was found
that smaller or bidentate phosphines completely block Miinchnone formation. Conversely, bulky
phosphines such as P(o-Tol); not only allowed catalysis, but lead to a rate enhancement over that
with added BusNBr. The role of phosphines in catalysis has been similarly first examined

through stoichiometric experiments.
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Table 5.1. Ligand Influence on Miinchnone Formation.*

Bn o 5.2a 5 mol% o o
g Ligand 15 mol%_ pTol
N + )J\ + CO |gan mo @ B O
Ph > Cl THF:MeCN (1:1), N={
pTol” “H . ,
EtNPr,, 65°C, 3.5h  Bn Ph
Entry Ligand Yield Entry Ligand Yield
1 BusNBr 33 % 5 dppb 0%
2 PCys 0% 6 P'Bus 29 %
3 PPh; 0% 7 P(1-naphyl)s 51 %
4 dppe 0% 8 P(o-Tol)3 78 %

4 Results from reference 6¢.

5.3.2.1. Formation of PR3-Coordinated Intermediates.

Synthesis  of  (PR3)Pd(Cl)[«’-CH(p-Tol)N(Bn)COPh] ~ The potential role of
triphenylphosphine in catalysis inhibition was probed by examining its stoichiometric reaction
with imine, acid chloride and Pd,dbas. As shown in Scheme 5.7, this leads to the rapid formation
of the triphenylphosphine complex (PPh3)Pd(Cl)[k*-CH(p-Tol)N(Bn)COPh] 5.6a as a pale
yellow solid in 90% yield. The 3'P NMR spectra of 5.6a shows the presence of a single
phosphorus ligand coordinated to palladium (8 31.1 ppm), while the 'TH-NMR spectrum of 5.6a
reveals a new phosphine-coupled methine resonance at 4.17 ppm (d, *Jp.n = 4.3 Hz). NOE 'H

NMR studies confirm the cis relationship between the phosphine and this methine unit.

1) Pd,dbas - CHCI; pTol 5
. n
CH,Cl,, 30 min . R3P\ >\N/

N +
me)J\H F’h)J\Cl 2) PR3, 1 h /Pd\O/J\

R = Ph: 5.6a (90%)
R = o-Tol: 5.7a (82%)

Scheme 5.7. Synthesis of [PR3]Pd(Cl)[x>-CH(p-Tol)N(Bn)COPh.

The sterically bulky P(o-Tol)s displays similar behavior to PPhs, with the reaction of imine, acid

chloride and Pd»dbas, followed by the addition of P(0-Tol); leading to the analogous formation
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of [P(o-Tol);]Pd(Cl)[x*-CH(p-Tol)N(Bn)COPh] 5.7a. Crystals of the N-4-methoxybenzyl
analogue 5.7b suitable for X-ray diffraction can be grown from CH>Cl, and toluene at —40°C,
and the formulation of this complex was confirmed by X-ray crystallography. As shown in
Figure 5.4, the palladium center in 5.7b is approximately square planar (sum of bond angles =
360.6°). The carbonyl bond length in 5.7b (1.262 (4) A) is similar to that in 5.2b (1.264 (7) A),
while the amide C-N bond is slightly longer at 1.324 (4) A than that in complex 5.2b (1.312 (8)
A), though still shorter than those found in simple amides.!? This again suggests significant Pd-O
bonding in 5.7b. In addition, the ZC-Pd-O bond angle is slightly compressed in 5.7 (81.01°),
relative to 5.2b (83.6°), presumably due to the steric bulk of the phosphine ligand forcing the

carbon bound to the palladium closer to the amide oxygen.

Figure 5.4. X-ray Structure of {[P(o-Tol)3]Pd(Cl)[x2-CH(p-Tol)N(PMB)COPh} 5.7b.

Selected bond lengths (A) and angles (deg.): Pd-C(1), 2.050(3); Pd-O(4), 2.078(2); Pd-P(1), 2.2563(7); Pd-Cl,
2.4030(8); C(1)-N(2), 1.495(4); N(2)-C(3), 1.324(4); C(3)-O(4), 1.262(4); C(1)-Pd-O(4), 81.01(10); C(1)-Pd-
P(1), 98.50(8); O(4)-Pd-P(1), 173.29(6); C(1)-Pd-Cl, 170.36(8); O(4)-Pd-Cl, 91.37(6); P(1)-Pd-Cl, 89.76(3);
N(2)-C(1)-C(11), 109.9(2); N(2)-C(1)-Pd, 105.17(19); C(11)-C(1)-Pd, 112.5(2); C(3)-N(2)-C(1), 118.2(3);
C(21)-N(2)-C(1), 115.7(2); O(4)-C(3)-N(2), 120.3(3); 117.4(3); C(3)-O(4)-Pd, 112.45(18). Disordered solvent

(CHxCl,) and hydrogen atoms are removed for clarity.
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Solution Behavior of 5.6 and 5.7. While both PPh; and P(o-Tol); form similar mono-
ligated palladium complexes, they display distinct behavior in solution. In contrast to the static
PPh; complex 5.6a, the '"H NMR spectrum of the P(o-Tol); complex 5.7b in CD>Cl, at 25°C
shows it exists as two isomeric compounds, with two methoxy resonances at (8 3.83 and 3.75) in
a ~7:1 ratio, as well as a broadened methine (6 3.93) and benzylic (6 4.47 and 3.62) signals. The
3P NMR spectrum of 5.7b also has two resonances at & 25.4 and 32.0 ppm in a ca. 7:1 ratio. In
addition, three different o-tolyl signals for the phosphine ligand are seen, consistent with
restricted rotation about the Pd-P bond. Mild warming of this mixture to 65°C results in the

coalescence of all of these signals (ca. AG* = 15.5 kcal/mol barrier to exchange).

The existence of rotational isomers of 5.7 presumably results from close contacts
between the large P(o-Tol); ligand (cone angle = 194°) and the chelated amide.?! We questioned
if this steric bulk might lead to a labilization of this phosphine. To test this, the methoxy-labeled
phosphine P(0-MeOC¢H4); was added to 5.7a. This leads to rapid displacement of P(o-Tol)3 at
ambient temperature (Scheme 5.8). Notably, no reaction was observed under similar conditions

with the PPhs coordinated 5.6a.

pTol pTol
_ Bn - Bn
(o-Tol)sP >\ . (0-MeOPh)sP %N/ © Plo-Tol
Pd J\ + P(0-MeOPh); =——— Pd J\ 3
N\ _— N _ =
c” 0 py DCM-d2 c” 0 pp
rt, 24 h
5.7a 66%

Scheme 5.8. Reaction of 5.7a with P(0-MeOCsH4)3.

Carbonylation of [PR3]Pd(Cl)[K*-CH(p-Tol)N(Bn)COPh] Complexes 5.6a and 5.7a also
show different reactivity with carbon monoxide. The addition of CO to [PPh3]Pd(Cl)[«x*-CH(p-
Tol)N(Bn)COPh] 5.6a in CD>Cl; results in no change, even upon prolonged heating at 65°C.
Instead, 5.6a slowly decomposed with the formation of palladium sediments. The deactivation
of catalysis with PPh3 therefore appears to be due to the inability of palladacycle 5.6a to undergo

carbonylation.
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In contrast, the addition of CO to 5.7a results in its rapid, partial conversion to the CO
coordinated complex 5.4a in (8:1 ratio of 5.7a: 5.4a). Excess P(o-Tol)s suppresses this
equilibrium, while increased CO pressure favors 5.4a (Figure 5.5). Varying the CO pressure can
allow the determination of the equilibrium constant for this reaction Keq = 7.3 £ 0.1 x 107 (or AG
=2.9 + 0.1 kcal/mol at 25°C). The equilibrium mixture of 5.7a and 5.4a is stable for an hour at
ambient temperature. However, mild warming in the presence of amine base leads to the
generation of Miinchnone in high yield. The rate of this transformation is comparable to that
observed in the absence of phosphines (Scheme 5.5). The latter is intriguing, as P(o-Tol)3
inhibits the formation of the CO bound complex 5.4a, and suggests that the phosphine may assist

in CO insertion (Step D in Scheme 5.1), much as CO pressure does in the absence of ligands.

0
co
(o-TohgP, »~nyB" = oc. >\ Bn__ EtNPry _ pTol~Q N

Pd ®\—
THF:CD4CN N={
/ P(o-Tol = 3
cl OJ\Ph ool 7 OJ\Ph a0°c,2h B Ph

r.t., 30 min

5.7 ! 5.4a 5.1a
85%
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0.0004 K,=73+0.1x 1073
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Figure 5.5. Reaction of 5.7a with CO and Miinchnone formation.

5.3.2.2. Kinetics of Miinchnone Formation with P(o-Tol)s.
The facile generation of the P(o-Tol); coordinated palladacycle 5.7 suggests that the

oxidative addition to N-acyl iminium salt is not the rate determining step in catalysis. Consistent
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with this analysis, kinetic studies on the catalytic reaction shows the clean, zero-order
disappearance of N-acyl iminium salt 5.3a (Figure 5.6a). As expected from the equilibrium
displacement of P(o-Tol); (Figure 5.5), the reaction shows first order rate dependence on CO
pressure (Figure 5.6d), and is inhibited by added P(o-Tol); (Figure 5.6¢c). Together, these
suggest that the conversion of palladacycle 5.7 to Miinchnone, via the intermediate formation of

the CO-coordinated 5.4, is the rate determining step in catalysis.

An interesting outcome of these kinetics is that the observed rate constant for the reaction
with P(o-Tol)s (kobs = 5.1 + 0.3 x 10 M:s™) is similar to the initial rate noted with BusNBr (Kobs
=4.1+ 0.4 x 10° Ms™!, Figure 5.3a). A difference is in the kinetic profile of these reactions,
where we see no deviation from zero-order kinetic behavior with P(o-Tol); (Figure 5.6a).
Similarly, in situ 'H and *'P NMR analysis clearly shows the presence of the P(o-Tol)s-
coordinated 5.7 throughout the course of the catalytic reaction (Figure 5.16). This data contrasts
with the rapid loss of palladacycle 5.4 as the catalyst resting state with BusNBr, and the slowing
of catalysis as the reaction proceeds. The ability of P(o-Tol); to retain catalyst activity
throughout the reaction becomes important at the more dilute concentrations typically employed
in synthesis. As shown in Figure 5.6e, kinetic analysis at synthetically relevant concentrations
(10-fold dilution) shows the rapid, zero order disappearance of 5.3a is retained in the presence of
P(o-Tol);. Thus, even at low concentrations, the oxidative addition of N-acyl iminium salt 5.3a
is rapid. The overall effect is a transformation that under synthetic conditions proceeds to

completion nearly 3.5 times faster with P(o-Tol); than with BusNBr.

In the case of BusNBr stabilized catalysis, the loss of catalyst activity as the reaction
proceeds was attributed to the build-up of nanoparticulate palladium (Scheme 5.6). This does
not appear to be the case with P(o-Tol);. The addition of metallic mercury to the partially
completed catalytic reaction, followed by celite filtration, does not inhibit Miinchnone formation,
and catalysis proceeds at a similar rate to that observed prior to Hg (Scheme 5.9). Together,
these data indicate that the main rate influence of P(o0-Tol); is to retain the palladium in its

palladacyclic form 5.7 for rate determining conversion of product.

209



a) 016 e) 0012

[}
0.14 Ta 0010 | o
0.12 L e
< . = 0.008 ‘e
=010 ‘o E o
I " e
= 0.08 & ‘_.‘. E; 0.006 .’_‘
2] : ) .
s, 0-06 0-.__. 0, 0.004 ’
0.04 "o &
) 0.002 [
0.02 .9 ‘o
0.00 - 0.000 e
0 10000 20000 30000 0 2000 4000 6000 8000
Time, s Time, s
b) 10 c)6 d) 18
e 5 “ 16 K
5 2 ., oM o
fagips x4 K x 12
) .9 @ @ 3
45| ee g 43 21 R
S 4 3 e s 8 .
i 3 E2 "-. Ew 6 .‘*
< 2 x§1 e £ 4 .
1 2 | o*
0 0 0
0 0.2 04 0 2 4 6 0 3 6 9 12 15
[5.3a];, mol/L [P(o-Tol):] : [Pd] CO pressure, atm

Figure 5.6. Kinetic Analysis of the 5.2a/P(o-Tol); Catalyzed Formation of Miinchnone.

(a) Typical plot of 5.3a vs. time for the reaction of benzoyl chloride (21 mg, 0.15 mmol), (p-Tol)HC=NBn (21 mg,
0.10 mmol), [Pd(C])[k>-CH(p-Tol)NBn(COPh)], 5.2a (4.5 mg, 0.005 mmol), P(o-Tol); (4.5 mg, 0.015mmol),
EtNPr, (64 mg, 0.5 mmol), 4 atm CO in CD;CN:THF (1:1, 0.7 mL) at 65°C. (b) Initial rate dependence on 5.3a
concentration. (c) Initial rate dependence on palladium catalyst : ligand ratio. (d) Rate dependence on CO pressure.
(e) typical plot of 5.3a vs. time for the reaction catalytic reaction of Miinchnone formation at 10 fold dilution (note:

0.004 mM imine is not converted to iminium salt 5.3a at these dilute conditions, and not considered in the plot).
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Scheme 5.9. Probe for heterogeneous processes with mercury poisoning.

5.3.2.3. Mechanistic Analysis

The above data demonstrate that the mechanism by which imine, acid chloride and
carbon monoxide are coupled involves multiple reaction steps, several of which appear to be in
equilibrium under catalysis conditions. The relative rates of each of these steps are well-suited to
lead to selective Miinchnone formation. Firstly, imine and acid chloride undergo a reaction to
generate N-acyl iminium salt precursor 5.3 within minutes under the reaction conditions. This
results in the constant presence of 5.3 during catalysis to undergo oxidative addition to
palladium. The rapid formation of N-acyl iminium salt is important, since the acid chloride itself
could undergo oxidative addition to palladium, as could functionalized substituents (e.g. aryl-
halides) on the imine or acid chloride. This data provides a rationale for certain scope limitations
in this reaction, where non-nucleophilic or enolizable imines are not viable substrates, as these
cannot generate high concentrations of 5.3 that are sufficiently stable to exist throughout the
course of catalysis.® Once complex 5.2 is generated, the only other reagents in solution are labile
ligands (e.g. Br, EtN'Pr2, P(0-Tol)s), which can be readily displaced by CO to allow for both

carbon monoxide coordination, and the subsequent carbonylation steps to occur.

Our initial catalyst for Miinchnone formation, [Pd(CI)[k*-CH(R?*)NR!(COR?)]>, was
designed based upon the postulate that the oxidative addition of the N-acyl iminium salt to Pd(0)
was rapid and the subsequent carbonylation steps were rate limiting.®® It instead appears that 5.3
oxidative addition to palladium becomes significantly slowed in the absence of coordinating
ligands. This can be attributed to the generation of colloidal palladium. The influence of
palladium colloids on catalysis is most pronounced under the dilute conditions of synthesis,

where the bimolecular oxidative addition of 5.3 to palladium is presumably slowed. The
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formation of palladium colloids also provides a rationale for the required use of additives such as
BusNBr in catalysis, since unligated palladium in the absence of stabilizing halide sources can

readily form inactive palladium precipitates.

, /RZ
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(Br) J]\ R2 equilibrium JJ\
_ R N7 R",H
0 = _ . Ry
P(o-Tol)3 l Br 1J\ - o)
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Scheme 5.10. Combined mechanism for the palladium catalyzed formation of

Miinchnones.

Based upon these results, we can formulate a reasonable rationale for the accelerating
influence of P(o-Tol); on catalysis. Firstly, the lability of this phosphine ligand is critical for the
catalytic formation of Miinchnones by providing access to CO coordinated intermediates such as
5.4. This can be clearly seen by comparison to smaller phosphines such as PPhs (e.g. complex

5.6), which show no evidence for either displacement by CO or subsequent insertion. The
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lability of P(o-Tol); is presumably a product of its steric bulk, and supported by reactivity data
on [P(o-Tol)s;]Pd(Cl)[«2-CH(p-Tol)N(PMB)COPh], which shows rapid phosphine displacement
at moderate temperatures. While access to the CO coordinated adduct 5.4 is less facile than
without phosphines, this inhibition is partially offset by the ability of this ligand to facilitate

subsequent steps in the catalysis.

Instead, the major influence of P(o-Tol)s is to retain the monometallic, phosphine-
coordinated complex 5.2 as the catalyst resting state throughout the course of the reaction, rather
than allowing the build-up of less active palladium colloids. This, combined with the lability of
the phosphine in the presence of CO, translates into much higher rates of catalysis at
synthetically relevant conditions where N-acyl iminium salt concentrations are typically low. The

combined mechanistic data is summarized in Scheme 5.10.

5.3.3. New Catalyst

As a final test for this mechanistic postulate, and the importance of phosphine lability for
catalytic activity, we have preliminarily examined the ability of other phosphines to allow
catalytic Miinchnone formation. For example, while steric encumbrance is one method to
promote ligand loss, we postulated that similar influences might also be seen with phosphines of
diminished donor ability. Indeed, after probing several different triarylphosphines, we have
found that the electron deficient P(C¢Fs); can also allow catalytic Miinchnone formation
(Scheme 5.11). Kinetic analysis shows that this catalyst once again proceeds with a zero-order
loss of N-acyl iminium salt, suggesting that iminium salt oxidative addition is also rapid.
Interestingly, the catalyst generated with P(CeFs); is more active (kobs = 7.4+0.3 x 10° Ms™)
than that we have previously noted with P(0-Tol)s (kobs = 5.1£0.3 x 10°® M's!). As the cone angle
of P(CeFs)s is smaller than that of P(o-Tol)s,?! the activity of the perfluorinated phosphine is
presumably related to its reduced donor ability, which can similarly favor CO substitution in

palladacycle 5.2 and subsequent carbonylation.
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Scheme 5.11. Palladium catalyzed Miinchnone formation with P(C¢Fs)3 as ligand.

5.4. Conclusions

In summary, these studies have demonstrated the importance of finely balancing multiple
steps in the palladium catalyzed multicomponent synthesis of Miinchnones, including N-acyl
iminium salt formation, Pd(0) stabilization, oxidative addition, ligand labilization and
carbonylation. Each of these are critical for achieving efficient catalysis, and under optimal
conditions can allow the selective cascade of catalytic steps to proceed with high selectivity.
From a catalysis perspective, ligands designed to not only stabilize the palladium center from
colloid formation, but also undergo ready labilization for carbon monoxide coordination, are
important for catalysis. These features are presumably similar to those noted in aldehyde
amidocarbonylation, and suggest at least some of these factors and intermediates are relevant for
catalyst development and scope limitations in these transformations. Further studies aimed at

exploiting these observations to generate more active carbonylation catalysts are in progress.

5.5. Supplementary Information
5.5.1. General Considerations

All reactions were carried out under an inert atmosphere in a glovebox or using standard
Schlenk techniques, unless otherwise indicated. Research grade carbon monoxide (99.99%) was
used as received. All solvents were dried with using a solvent purification system and stored in
glovebox over activated 4 A molecular sieves. Deuterated solvents were dried over CaHa,

vacuum transferred and stored over 4 A molecular sieves. Tetrabutylammonium bromide
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(BusNBr) was dried in the glovebox by dissolving in dichloromethane, allowing it to stand
overnight over activated 4 A molecule sieves, then filtering and removing the solvent in vacuo.
Pd>dbayCHCIl3 was prepared according to literature procedures and stored at -35 °C in the
glovebox to avoid decomposition.?? Imines were prepared according to literature procedures.??
All other reagents were purchased from commercial suppliers and used as received. CO solution
concentrations were determined by '*C NMR analysis relative to a benzyl benzoate internal
standard, with relaxation delays to compensate for differing T; values, based on literature
precedent.?* All 'H, 3'P and '*C NMR spectra were acquired on 400 and 500 MHz spectrometers.

High resolution mass spectra were obtained using a quadrupole-time of flight and an orbitrap

detector by direct infusion in positive ESI mode.

5.5.2. Generation and Characterization of Intermediates

Generation of N-acyl iminium salt 5.3a (Scheme 5.2)

o) o)
.B + B
N-E" j\ PR N == Ph)J\N e
+
pToI)J\H Ph™ “CI CD3CN, pTol)\CI pToI)J\H
r.t., 30 min
5.3a 5.3a’

In a glovebox, (p-Tol)HC=NBn (11 mg, 0.05 mmol), benzoyl chloride (8 mg, 0.055 mmol), and
benzyl benzoate internal standard were mixed in CD3CN (1.4 mL). After 30 minutes, in situ 'H
NMR analysis shows the generation of 5.3a in 91% yield together with unreacted imine and acid

chloride. Monitoring the reaction over time shows no change in this ratio.
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Isolation and characterization of 5.3a

)'LN,Bn

pTol (¢]]

Ph

In a glovebox, p-Tol(H)C=NBn (209 mg, 1.00 mmol), benzoyl chloride (140 mg, 1.00 mmol)
were stirred in MeCN (5 mL) for 1 h. The solvent was evaporated and the obtained residue was

washed with pentane (3 x 5 mL) to afford 5.3a as a white solid in 95% yield.

'H NMR (500 MHz, CDsCN) § 7.62 (d, J = 6.5 Hz, 2H), 7.56 — 7.49 (m, 3H), 7.44 (d, J = 8.2

Hz, 2H), 7.33 (s, 1H), 7.22 — 7.14 (m, 5H), 7.07 (d, J = 6.9 Hz, 2H), 4.57 (s, 2H), 2.32 (s, 3H).
13C NMR (126 MHz, CD:CN) & 172.3, 139.2, 137.6, 135.3, 133.7, 130.4, 129.0, 128.9, 128.0,
127.5, 127.1, 126.7, 126.6, 78.0, 46.2, 20.1. HRMS. Calculated for CaHxNO (M-CI"):
314.1539, found: 314.1539.

K., determination for 5.3a formation

0
- 3 -1
N B 0 Keq = 1.41 x 10°M Ph)J\N/Bn
+
Tol” ~H 3CN,
4 r.t., 30 min pTol cl
5.3a

In a glovebox, 5.3a (12 mg, 0.035 mmol) and benzyl benzoate internal standard were combined
in varying amounts of CD3CN (0.7 mL, 1.0 mL 1.2 mL, 1.5 mL, 1.8 mL) and allowed to
equilibrate for 30 min. In situ '"H NMR analysis was used to determine the ratio of 5.3a to
imine/acid chloride at each concentration (see plot below). From this, Keq was determined to be

1.41£0.02x 10° ML,
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Figure 5.7. Plot of [Imine][Acid Chloride] vs [5.3a], the slope of the graph represents Keq.
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Synthesis of {Pd[k’-C(p-Tol)HN(Bn)COPh]}; 5.2a (Scheme 5.3)

o pTol
)J\ Bn Ph /O\ /CI\ N/Bn
Ph™ "N""" 4 Pd,dbasCHCl; —— > T P
2 27 ¥ MeCN N/ ./ \ /X
pTol” >Cl 1h,rt Bn Cl O “pn
pTol
5.3a 5.2a

In a glovebox, p-Tol(H)C=N(Bn) (209 mg, 1.00 mmol) and PhCOCI (154 mg, 1.10 mmol) were
combined in MeCN (10 mL) and stirred for 15 min. This solution was added to Pd2(dba); CHCl3
(518 mg, 0.5 mmol) in CH3CN (10 mL) and stirred for 1 hour at room temperature. The solution
was subsequently filtered through celite and the solvent was removed in vacuo to provide a
yellow residue. This residue was washed with diethyl ether (4 x 10 mL) to afford the product
5.2a as a yellow solid in 82% yield.

'H NMR (500 MHz, 60°C, CD3CN) § 7.80 — 7.73 (m, 1H), 7.63 (dd, J=9.1, 7.5 Hz, 2H), 7.56 (t,
J=7.4Hz, 2H), 7.48 (dd, J = 5.1, 1.9 Hz, 1H), 7.41 — 7.35 (m, 2H), 7.21 (d, J = 8.0 Hz, 2H),
7.14 (d, J = 7.9 Hz, 2H), 7.09 (d, J = 6.6 Hz, 2H), 5.21 (s, 1H), 4.55 (d, J = 15.7 Hz, 1H), 3.98
(d, J = 15.5 Hz, 1H), 2.27 (s, 3H). '3C NMR (126 MHz, CDsCN) & 180.3, 142.6, 139.3, 135.8,
134.7, 131.4, 130.5, 129.4, 129.0, 128.9, 127.6, 127.5, 126.1, 59.6, 52.2, 20.4. FT-IR-ATR (cm’
): 1584.6 (C=0). HRMS. Calculated for C44HsoClN2O2Pd2Na (M+Na®): 933.0458, found:
933.0429.

Synthesis of {Pd[k’-C(p-Tol) HN(p-CH30CsH,CH)COPh]}; 5.2b

0] pTol
Ph)]\N/PMB PhYO\ L >\N/PMB
2 + Pd,dbaszCHCI; > Pd Pd
MeCN _N N/
pTol~ ~CI thore  PMB L Gl 07 ey
pTol
5.3b 5.2b

In a glovebox, p-Tol(H)C=N(p-CH30CcH4+CH>) (239 mg, 1.00 mmol) and PhCOCI (154 mg,
1.10 mmol) were combined in MeCN (10 mL) and stirred for 15 min. This solution was added

to Pdx(dba);CHCl; (518 mg, 0.5 mmol) in CH3CN (10 mL) and stirred for 1 hour at room
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temperature. The resulting solution was filtered through celite and the solvent was removed in
vacuo to provide a yellow residue. This residue was washed with diethyl ether (4 x 10 mL) to
afford the product 5.2b as a pale orange solid in 80% yield. Recrystallization from toluene at —

40°C provided complex 5.2b as orange crystals for crystallographic analysis.

'H NMR (400 MHz, CD,Cly) § 7.61 (m, 3H), 7.56 (d, J = 6.9 Hz, 2H), 7.20 (bs, 4H), 6.91 (bs,
4H), 5.39 (s, 1H), 4.51 (d, J = 15.0 Hz, 1H), 3.96 (d, J = 15.0 Hz, 1H), 3.84 (s, 3H), 2.30 (s, 3H).
3C NMR (126 MHz, CD,Cly) § 179.8, 159.6, 138.9, 138.4, 136.3, 131.9, 131.4, 129.9, 129.1,
128.9, 127.6, 125.7, 114.2, 60.3, 55.2, 51.6, 21.2. FT-IR-ATR (cm™): 1543.5 (C=0). HRMS.
Calculated for C46H44N202Pd>ClaNa (M+Na ™): 995.0644, found: 995.0637.

In Situ Generation of [Pd(Cl)(CO)[x’-CH(To))NBn(COPh)] 5.4a (Scheme 5.4)

4 atm

pTol pTol
Ph Bn r.t., CD3CN
/O\ /Cl\ >\N/ (>95%) OC\ N/Bn
Pd_ Pd /)\ +CO 2 pd
Bn” \< cl O Ph Vacuum C|/ 07 Ph
pTol
5.2a 5.4a

In a glovebox, {Pd(Cl)[k*-CH(p-Tol)N(Bn)COPh]}> 5.2a (4.5 mg, 0.005 mmol) was dissolved
in CD3CN (0.7 mL) and transferred into a J-Young NMR tube. The NMR tube was brought
outside of glovebox and pressurized with 4 atm CO. 'H and '3*C NMR analysis of reaction
mixture showed quantitative conversion to complex 5.4a. The removal of CO shows reverse

generation of 5.2a.

In situ "H NMR (500 MHz, CD3CN) § 7.73 — 7.69 (m, 2H), 7.66 (d, J = 7.4 Hz, 1H), 7.59 (t, J =
7.5 Hz, 2H), 7.38 (m, 3H), 7.30 — 7.21 (m, 4H), 7.12 — 7.08 (m, 2H), 6.03 (s, 1H), 4.76 (d, J =
15.7 Hz, 1H), 4.12 (d, J = 15.7 Hz, 1H), 2.35 (s, 3H). In situ '3C NMR (126 MHz, CD3CN) §
184.2, 181.9, 142.6, 137.6, 137.2, 133.7, 132.1, 130.4, 129.1, 128.9, 128.4, 128.3, 127.8, 125.6,
69.1, 53.1,20.3. IR (MeCN): 2114 cm™".
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Miinchnone generation from |Pd(Cl)(CO)[x*>-CH(p-To) NBn(COPh)] 5.2a (Scheme 5.5)

0]

PTO' pTol BuyNBr
_Bn B 4
YO / \ >\ 4 atm. CO R OC\ >\N/ n EtNPr, [)TO|\%k
d - /Pd\ /J\ N
B \( el 07 gy oY 07 Npy, CDsCN:THF (1:1),
pTol 40°C,2h
5.2a 5.4a 5.1a
87 %

In a glovebox, {Pd(CI)[x*-CH(p-Tol)N(Bn)COPh]}, 5.2a (4.5 mg, 0.005 mmol), EtNPr, (2.6
mg, 0.02 mmol) and benzyl benzoate internal standard were mixed in CD3;CN : THF (1:1, 0.7
mL) and transferred into a J-Young NMR tube. The NMR tube was brought outside of glovebox,
pressurized with 4 atm CO, and heated at 40°C for 1 h. '"H NMR analysis shows the degradation
of 5.2a to form imine (27% yield) and 5.3a (39% yield).

The analogous experiment was performed in the presence of BusNBr. In a glovebox,
{Pd(CI)[«>--CH(p-Tol)N(Bn)COPh]}> 5.2a (4.5 mg, 0.005 mmol), BusNBr (3.2 mg, 0.01 mmol),
EtNPr; (2.6 mg, 0.02 mmol) and benzyl benzoate internal standard were mixed in CD3CN : THF
(1:1, 0.7 mL) and transferred into a J-Young NMR tube. The NMR tube was brought outside of
glovebox, pressurized with 4 atm CO, and heated at 40°C for 2 h. The reaction progress was

followed by 'H NMR analysis and showed generation of 5.1a in 87% yield.*

Monitoring the catalytic formation of Miinchnone by 'H NMR analysis (Figure 5.2)

In a glovebox, p-Tol(H)C=NBn (21 mg, 0.10 mmol), PhCOCI (21 mg, 0.15 mmol), EtN'Pr; (64
mg, 0.50 mmol), BusNBr (32 mg, 0.10 mmol), [Pd(Cl)[«*>-CH(p-Tol)NBn(COPh)], (4.5 mg,
0.005 mmol), and benzyl benzoate internal standard were combined in CD3;CN : THF (0.7 mL,
1:1) and transferred into a J-Young NMR tube. The tube was brought outside of the glovebox,
the solution frozen, and 4 atm CO was condensed into the NMR tube. The NMR tube was heated
at 65°C in an oil bath. Low temperature '"H NMR (-10°C) was taken at 5 min, 3 h, 8h reaction

times.
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Mercury poisoning of catalysis with {Pd(Cl)[x*-CH(p-Tol)N(Bn)COPh]}; 5.2a /BusNBr
(Scheme 5.6)

5 mol% 5a 0 1) -CO,
1.0 eq. BuyNBr 320 eq. Hg
0 . N,Bn 4 atm CO =PT°| <" 0 rt,2h no further
oGl orol )LH CHyCN/THF (1:1) ‘N={  2)CO (4 atm), catalysis
p EtNPry, 65°C,2n  Bn Ph ggoc o
5.1a
24%

p-Tol(H)C=NBn (210 mg, 1.0 mmol), PhnCOCI (210 mg, 1.5 mmol) and benzyl benzoate internal
standard were dissolved in CH3CN (2.5 mL) and stirred for 15 min. To this solution was added a
solution of {Pd(Cl)[«*-CH(p-Tol)NBnCOPh]}, 5.2a (45 mg, 0.05 mmol), and BusNBr (320 mg,
1.0 mmol) in CH3CN (2.5 mL). The reaction mixture and NEt'Pr; (160 mg, 0.12 mmol) in THF
(5 mL) was transferred to a 50 mL pressure vessel. The solution was degassed and 4 atm CO was
added to the reaction mixture. The reaction mixture was stirred at 65°C for 2 hours. 'H-NMR
analysis showed generation of Miinchnone 5.1a in 24% yield. After degassing, the solution was
vigorously stirred in the presence of mercury (8.7 g, 42.6 mmol) over a 2-hour period. After
celite filtration, the solution was transferred back into the pressure vessel, pressurized with 4 atm
CO, heated at 65°C for another 2 hours. 'H-NMR analysis showed generation of Miinchnone
5.1a remained at 24% yield.

Synthesis of {{PPhs3]Pd(Cl)[x*>-CH(p-To)N(Bn) COPh} 5.6a (Scheme 5.7)

1) Pd,dbag - CHCl, pTol
CH,Cl,, 30 min  PhaP N

N +
A o2 Ne 2)PPhy 1h AN

pTol

In a glovebox, p-Tol(H)C=N(Bn) (109 mg, 0.50 mmol) and PhCOCI (77 mg, 0.55 mmol) in
dichloromethane (5 mL) were stirred for 15 min. To this solution Pd»(dba); CHCl3 (258 mg, 0.25

mmol) in dichloromethane (10 mL) was added and allowed to stir for 15 min. PPh3 (131 mg, 0.5
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mmol) was then added and the resulting mixture was stirred for 1 hour. The solution was then
filtered through celite and solvent was removed in vacuo. The solid residue was washed with

ether (4 x 5 mL), which resulted in the isolation of 5.6a in 90% yield as a white grey solid.

"H NMR (500 MHz, CD3CN) & 7.67 — 7.60 (m, 3H), 7.57 (dd, J= 7.9, 6.5 Hz, 2H), 7.48 — 7.40
(m, 6H), 7.30 — 7.23 (m, 12H), 7.14 (dd, J= 6.6, 2.6 Hz, 2H), 6.97 (d, J = 7.8 Hz, 2H), 6.24 (d, J
=7.8 Hz, 2H), 4.58 (d, J=15.5 Hz, 1H), 4.16 (d, /=4.3 Hz, 1H), 3.77 (d, /= 15.5 Hz, 1H), 2.31
(s, 3H). C NMR (126 MHz, CDsCN) & 179.7, 138.8, 136.0, 135.2, 134.5 (d, J = 11.2 Hz),
133.6 (d, J = 184.7 Hz), 131.2, 130.6, 130.5, 129.1, 128.94, 128.90, 128.1, 128.0, 127.3, 126.9
(d, J=148.7 Hz), 69.2, 52.8 (d, J = 3.6 Hz), 20.1. *'P NMR (162 MHz, CD3CN) & 31.1. FT-IR-
ATR (cm™): 1543.0 (C=0). HRMS. Calculated for C4H3sNOPPd (M-CI *): 682.1486, found:
682.1493.

Synthesis of {[P(o-Tol)3]Pd(Cl)[x’-CH(p-Tol)N(Bn) COPh} 5.7a (Scheme 5.7)

1) Pd,dbas - CHCI4 pTol

N " .\ )O]\ CH,Cly, 30 min (°‘T°')3P\Pd>\N’B”
2) P(o-Tol)3, 1 h | _
pToI)J\H ph” e 2)P( )3 o OJ\Ph

In a glovebox, p-Tol(H)C=N(Bn) (109 mg, 0.50 mmol) and PhCOCI (77 mg, 0.55 mmol) in
dichloromethane (5 mL) were stirred for 15 min. To this solution Pd>(dba); CHCl; (258 mg, 0.25
mmol) in dichloromethane (10 mL) was added and allowed to stir for 15 min. P(o-Tol); (152 mg,
0.5 mmol) was then added and the resulting mixture was stirred for 1 hour. The solution was
then filtered through celite and solvent was removed in vacuo. The solid residue was washed

with ether (4 x 5 mL), which resulted in the isolation of 5.7a in 82% yield as a pale yellow solid.

'H NMR (500 MHz, CD>Cl, -10°C) § 9.44 (dd, J = 17.2, 7.3 Hz, 1H), 7.68 (d, J = 6.7 Hz, 2H),
7.48 (m, 7H), 7.33 (d, J = 18.6 Hz, 4H), 7.20 (s, 3H), 7.17 — 7.09 (m, 2H), 7.05 (d, J = 18.0 Hz,
3H), 6.98 (d, J = 11.6 Hz, 1H), 6.91 (s, 1H), 6.83 — 6.69 (m, 1H), 6.51 (s, 1H), 4.53 (d, J = 14.9
Hz, 1H), 4.36 (s, 1H), 3.65 (dd, J = 8.8, 5.7 Hz, 1H), 2.25 (s, 3H), 1.95 (s, 3H), 1.47 (s, 3H), 1.11
(s, 3H). 3C NMR (126 MHz, CD,Cl,, 65°C) & 179.2, 142.7, 140.0, 135.8, 135.3, 133.0, 131.5,
130.8, 130.2, 129.0, 128.8, 128.7, 128.2, 128.0, 127.5, 126.8, 126.4, 125.6, 125.1, 68.9, 52.8,
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22.6, 20.7. 3'P NMR (162 MHz, CD,Cly) § 25.19. FT-IR-ATR (cm): 1546.3 (C=0). HRMS.
Calculated for C43H41NOPPd (M-CI"): 724.1955, found: 724.198]1.

Synthesis of {[P(o-Tol)s]Pd(Cl)[x*-CH (p-Tol) N(p-CH30CsH,CH;) COPh} 5.7b

1) Pd,dbas - CHC|3 pTol
pTol H OMe Ph Cl 2) P(O'TOI)S: 1h CI/ b/ o OMe

In a glovebox, p-Tol(H)C=N(p-CH30CcH4CH>) (120 mg, 0.50 mmol) and PhCOCI (77 mg, 0.55
mmol) in dichloromethane (5 mL) were stirred for 15 min. To this solution Pd>(dba); CHCI3 (258
mg, 0.25 mmol) in dichloromethane (10 mL) was added and allowed to stir for 15 min. P(o-Tol)3
(152 mg, 0.5mmol) was then added, and the resulting mixture was allowed to stir for 1 hour. The
solution was then filtered through celite and solvent was removed in vacuo. The solid residue
was washed with ether (4 x 5 mL), which resulted in the isolation of 5.7b in 80% yield as a pale
yellow solid. Recrystallization from dichloromethane at —40°C provided complex 5.7b as yellow

crystals for crystallographic analysis.

'H NMR (500 MHz, CD1Cls,-10°C) § 9.50 — 9.31 (m, 1H), 7.67 (d, J = 6.6 Hz, 2H), 7.58 — 7.41
(m, 7H), 7.31 (t, J= 7.5 Hz, 1H), 7.23 — 7.07 (m, SH), 7.02 (d, J = 7.0 Hz, 1H), 6.95 (d, /= 8.3
Hz, 4H), 6.87 (d, J = 8.6 Hz, 2H), 6.80 — 6.71 (m, 1H), 6.51 (d, /= 6.6 Hz, 1H), 4.45 (d, J = 14.5
Hz, 1H), 4.35 (d, J = 6.6 Hz, 1H), 3.80 (s, 3H), 3.58 (d, J = 14.5 Hz, 1H), 2.25 (s, 3H), 1.94 (s,
3H), 1.47 (s, 3H), 1.16 (s, 3H). 1*C NMR (126 MHz, CD,Cl,, 65°C) § 178.9, 159.8, 142.9, 140.1,
135.8, 133.13, 133.11, 131.6, 130.8, 130.4, 129.4, 129.0, 128.7, 128.3, 127.5, 127.1, 126.4,
125.4,114.4, 68.5, 55.3, 52.3, 22.6, 20.7. *'P NMR (162 MHz, CDCl3) § 25.01. FT-IR-ATR (cm™
1: 1547.7 (C=0). HRMS. Calculated for C44H43NO2PPd (M-CI™): 754.2061, found: 754.2080.
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Reaction of {[P(o-Tol)s]Pd(Cl)[x*-CH(p-Tol) N(Bn)COPh;} 5.7a with P(0-MeOCsH.)3 (Scheme
5.8)

pTol pTS)I\
(o- .Bn (0-MeOPh);P. .Bn
Tol)sP pg J“\ + P(0-MeOPh); Npd J\'\ + P(0-Tol)3
N\ _— N =
5.7a " 66%

In a glovebox, {[P(o-Tol);]Pd(CI)[[12.-CH(p-Tol)N(Bn)COPh} 5.7a (7.6 mg, 0.01 mmol), P(o-
MeOC¢Has)3 (3.5 mg, 0.01 mmol) and benzyl benzoate internal standard were mixed in
dichloromethane-d2 (0.7 mL). The reaction progress was followed by 'H and *'P NMR analysis,
which showed equilibrium displacement of P(o-Tol)3 in 66% yield after 24h.

Reaction of {{PPh3]Pd(Cl)[x>-CH(p-Tol)N(Bn) COPh} 5.6a with P(o-MeOCsHa)3

pTol pTol
PhaP_ .Bn (0-MeOPh)sP_ %N/Bn
A+ PloMeoPh); JLUg + PPhs
Cl (@) DCM-d2 Cl O
Ph rt, 24h Ph
5.6a

In a glovebox, {[PPhs]Pd(Cl)[«x>-CH(p-Tol)N(Bn)COPh} 5.6a (7.2 mg, 0.01 mmol), P(o-
MeOCsHs)3 (3.5 mg, 0.01 mmol) and benzyl benzoate internal standard were mixed in
dichloromethane-d2 (0.7 mL). 'H and 3'P NMR analysis showed no reaction after 24 h at

ambient temperature.

Reaction of {[P(o-Tol);]Pd(Cl)[*-CH(p-Tol)N(Bn) COPh;} 5.7a with CO (Figure 5.5)

pTol pTol
(0-To)gP J~p-BM 4amCO  oc_ )y BN
Pd _ Pd _
CI/ o Ph DCM-d2 CI/ 0 Ph
5.7a 5.7a:5.4a 5.4a

(8:1)
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In a glovebox, {[P(o-Tol);]Pd(Cl)[«*>-CH(p-Tol)N(Bn)COPh} 5.7a (7.6 mg, 0.01 mmol) and
benzyl benzoate internal standard were combined in 0.7 mL of dichloromethane-d2 and
transferred to a J-Young NMR tube. The tube was brought outside of the glovebox. The solution
was frozen and 4 atm carbon monoxide was condensed into the NMR tube. The in situ 'H-NMR
analysis showed equilibrium between 5.7a and 5.4a in an ~8:1 ratio. The procedure was repeated

at various CO pressures.

Miinchnone generation from{[P(0-Tol)3]Pd(Cl)[x>-CH(p-To)N(Bn) COPh} 5.7a (Figure 5.5)

0]

4 atm CO
POl 2.0 eq. EINPr pToI\—(lk
(0-Tol)gP p~p BN 259 2, . 9
pd _ CD4CN:THF (1:1) ,N—<
cl” 07 >pp 40°C, 2 h Bn Ph
5.7a 5.1a
85%

In a glovebox, {[P(o-Tol);]Pd(Cl)[k*-CH(p-Tol)N(Bn)COPh} 5.7a (7.6 mg, 0.01 mmol), EtN'Pr,
(2.6 mg, 0.02 mmol) and benzyl benzoate internal standard were mixed in CD3CN : THF (1:1,
0.7 mL) and transferred into a J-Young NMR tube. The NMR tube was brought outside of
glovebox, pressurized with 4 atm CO, and heated at 40°C for 2 h. The reaction progress was

followed by 'H NMR analysis and showed generation of 5.1a in 85% yield.

Mercury poisoning test with {Pd(Cl)[x>-CH(p-Tol)N(Bn) COPhJ]}; 5.2a and P(o-Tol); (Scheme
5.9

5 mol% 5a
0] 1) -CO, (0]

15 mol% P(o-Tol)5
CO (4 atm) pTol \%ko
> +

320 eq. Hg ~
rt, 2h _ PTO'\(KO

+
o el o CH,CNITHF (1:1) N o @am) . /N{Ph
EtNPr,, 65°C, Bn o n
65°C, 2 h
15h 5.1a S-1a
24% 41%
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In a glovebox, p-Tol(H)C=NBn (210 mg, 1.0 mmol), benzoyl chloride (210 mg, 1.5 mmol) and
benzyl benzoate internal standard were dissolved in CH3CN (2.5 mL) and stirred for 15 min.
This solution was added to a solution of {Pd(C1)[x2-CH(p-Tol)NBnCOPh]}> 5.2a (45 mg, 0.05
mmol), and P(o-Tol); (45 mg, 0.15 mmol) in CH3CN (2.5 mL). The reaction mixture and
NEt'Pr; (160 mg, 0.12 mmol) in THF (5 mL) were transferred to a 50 mL pressure vessel. The
solution was then degassed and 4 atm CO was added. The reaction mixture was stirred at 65°C
for 2 hours. 'H-NMR analysis of an aliquot showed generation of Miinchnone 5.1a in 21% yield.
After degassing, the solution was vigorously stirred in the presence of mercury (8.7 g, 42.6
mmol) over a 2-hour period. After celite filtration, the solution was transferred back into the
pressure vessel, pressurized with 4 atm CO and heated at 65°C another 2 hours. 'H-NMR

analysis showed generation of Miinchnone 5.1a in 41% yield.

Catalytic Miinchnone formation with P(CsF's); ligand (Scheme 5.11)

o)

B 5.2a 5 mol%
s n O 0, —
N P(C6F5)3 15 mol% pTOl \%k
L e O A=L
o1~ Sy Ph7C THF:MeCN, /N{
P EtN'Pr,, 65°C Bn Ph

In a glovebox, p-Tol(H)C=NBn (21 mg, 0.10 mmol), PhCOCI (21 mg, 0.15 mmol), EtN'Pr, (64
mg, 0.50 mmol), P(CeFs); (8 mg, 0.015 mmol), [Pd(C])[«x*-CH(p-Tol)NBn(COPh)], (4.5 mg,
0.005 mol), and benzyl benzoate internal standard were combined in CD3;CN : THF (0.7 mL,
1:1) and transferred into a J-Young NMR tube. The tube was brought outside of the glovebox,
the solution was frozen and 4 atm CO was condensed into the NMR tube. The NMR tube was
heated at 65°C in an NMR spectrometer for 12 h and the reaction was monitored by 'H NMR
analysis. Generation of 5.1a and disappearance of 5.3a were determined in respect to benzyl

benzoate internal standard.
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Figure 5.8. Kinetic Analysis of the 5.2a/P(C¢Fs)3 Catalyzed Formation of Miinchnone.

Plot of 5.3a vs. time for the reaction of benzoyl chloride (21 mg, 0.15 mmol), (p-toly])HC=NBn (21 mg, 0.10
mmol), [Pd(Cl)[«?>-CH(p-Tol)NBn(COPh)]» 5.2a (4.5 mg, 0.005 mmol), P(CsFs); (8.0 mg, 0.015mmol), EtN'Pr, (64
mg, 0.5 mmol), BnOBz standard, 4 atm CO in CD3CN:THF (1:1, 0.7 mL) at 65°C.

Table 5.2. Rate data for 5.2a/P(CsFs)3 Catalyzed Formation of Miinchnone.

Time [5.3a], mol/L Time [5.3a], mol/L
600 0.139 7486 0.065
1102 0.136 8738 0.052
1748 0.131 9967 0.038
2383 0.124 11223 0.029
3018 0.116 12471 0.018
3654 0.110 13702 0.012
4291 0.103 14950 0.007
4928 0.093 16197 0.004
5564 0.087 17453 0.003
6201 0.078 18703 0.001
6844 0.072 19952 0.001
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5.3.3. Kinetic Studies

Typical Procedure for Kinetic Studies on Miinchnone Formation with Bu;NBr (Figure 5.3)

In glovebox, p-Tol(H)C=NBn (21 mg, 0.10 mmol), PhCOCI (21 mg, 0.15 mmol), EtN'Pr; (64
mg, 0.50 mmol), BwuNBr (32 mg, 0.082 mmol), [Pd(CI)[«>-CH(p-Tol)NBn(COPh)]> (4.5 mg,
0.005 mmol), and benzyl benzoate internal standard were combined in CD3CN : THF (0.7 mL,
1:1) and transferred into a J-Young NMR tube. The tube was brought outside of the glovebox,
the solution frozen, and 4 atm CO was condensed into the NMR tube. The NMR tube was heated
at 65°C in an NMR spectrometer and the reaction was monitored by 'H NMR analysis.
Generation of 5.1a and disappearance of 5.3a were determined in respect to benzyl benzoate
internal standard. For studies employing only initial rates, the k.»s was determined by initial rate
of 5.1a formation up to 8000 seconds. Note: The uncertainty in k.»s was calculated by using the
minimum and maximum slope method.?® For each data point an uncertainty of +0.002 mmol was
assigned. Afterwards the best fit slope for the kops muax) was plotted by taking the lowest
uncertainty value of the first data point and the highest uncertainty value of the last data point.
Alternatively, best fit slope for the koss av) was plotted by taking the highest uncertainty value of
the first data point and the lowest uncertainty value of the last data point. The uncertainty of kops

= (kobs (Max) - kobs i)/ 2.
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Table 5.3. Rate data in Figure 5.3a

Time, s | [5.3a], mol/L Time, s [5.3a], mol/L
600 0.135 10661 0.052
1261 0.128 12019 0.044
1923 0.121 13377 0.039
2602 0.112 14734 0.033
3264 0.106 16044 0.028
3930 0.100 17799 0.023
5260 0.089 19964 0.016
6587 0.077 22127 0.012
7945 0.069 24292 0.008
9303 0.060 26441 0.006

Table 5.4. Rate data in Figure 5.3b

[5.3a]o =0.072 [5.3a]o=0.107 [5.3a]o=0.143 [5.3a]o =0.286
mol/L mol/L mol/L mol/L
Kobs = 4.5840.43 Kobs = 4.16+0.61 Kobs = 4.17+0.35 Kobs = 4.1910.86
mol/(L's) x 10 mol/(L's) x 10 mol/(L's) x 10 mol/(L's) x 10
Time, s Sla, Time, s >la, Time, s S1a, Time, s >la,
’ mol/L ’ mol/L ’ mol/L ’ mol/L
0 0 0 0 0 0 0 0
1200 0.0084 1500 0.008 900 0.006 300 0.002
2400 0.0169 3000 0.013 1560 0.007 960 0.005
3000 0.0211 4200 0.016 2220 0.009 1620 0.008
4200 0.0246 5400 0.022 3540 0.014 2940 0.011
6000 0.0331 6600 0.030 4860 0.020 3600 0.016
8000 0.0394 7800 0.033 5520 0.022 4920 0.021
6180 0.025 6900 0.029
7500 0.032 7560 0.0327
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Figure 5.9. Kinetic plot of 5.1a formation vs time at various initial 5.3a concentrations.
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Table 5.5. Rate data in Figure 5.3c
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[Pd] =0.014 mol/L | [Pd]=0.021 mol/L | [Pd]=0.029 mol/L | [Pd]=0.043 mol/L
Kobs = 4.17+0.35 Kobs = 7.28+0.53 Kobs= 10.7£0.7 Kobs= 17.1£0.7
mol/(L's) x 10 mol/(L's) x 10 mol/(Ls) x 10°® mol/(Ls) x 10°®

Time, s >la, Time, s >la, Time, s Sla, Time, s S1a,

’ mol/L ’ mol/L ’ mol/L ’ mol/L

0 0 0 0 0 0 0 0

900 0.006 1200 0.009 1200 0.021 60 0.004
1560 0.007 2400 0.019 2400 0.032 1800 0.028
2220 0.009 5400 0.039 3600 0.043 3600 0.065
3540 0.014 6200 0.046 4600 0.058 5400 0.093
5520 0.022 8400 0.061 7200 0.079 7200 0.102
6180 0.025
7500 0.032
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Figure 5.10. Kinetic plot of 5.1a formation vs time at various catalyst 5.2a concentrations
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Table 5.6. Rate data in Figure 5.3d

2 atm CO

3 atm CO

4 atm CO

5 atm CO

kobs = 1 .69i0.35
mol/(L's) x 10

kobs = 2.98i0.44
mol/(L's) x 10

Kobs = 4.1710.35
mol/(L's) x 10°

kobs = 5.26i0.59
mol/(L's) x 10®

Time, s >.1a, Time, s >.1a, Time, s >la, Time, s >-la,
’ mol/L ’ mol/L ’ mol/L ’ mol/L
0 0 0 0 0 0 0 0
660 0.001 600 0.003 900 0.006 480 0.008
1320 0.001 1620 0.006 1560 0.007 1380 0.011
1980 0.002 2640 0.010 2220 0.009 2280 0.016
2640 0.004 3600 0.014 3540 0.014 3180 0.020
3300 0.006 5460 0.016 4860 0.020 4080 0.028
5220 0.009 5940 0.021 5520 0.022 5880 0.035
7140 0.011 7800 0.023 6180 0.025 7680 0.042
7500 0.032
6 atm CO 8 atm CO 10 atm CO 12 atm CO

kobs = 5.69i0.53
mol/(L's) x 10

kobs = 7.38i0.96
mol/(L's) x 10

kobs: lo.lil.o
mol/(L's) x 10

Kobs=12.0£1.0
mol/(L's) x 10

Time, s Sla, Time, s >la, Time, s >la, Time, s >la,
’ mol/L ’ mol/L ’ mol/L ’ mol/L

0 0 0 0 0 0 0 0
900 0.009 600 0.006 900 0.008 600 0.010
1800 0.012 1260 0.009 1560 0.012 1260 0.016
2700 0.017 1920 0.013 2220 0.019 1920 0.026
3600 0.021 2580 0.018 2880 0.029 2580 0.037
4500 0.027 3240 0.025 3540 0.035 3240 0.047
5400 0.030 3900 0.029 4200 0.042 3900 0.056
6300 0.040 4560 0.034 4860 0.048 5220 0.067
7200 0.046 5220 0.037 5520 0.053 5880 0.072
5880 0.040 6180 0.055 6540 0.076
6540 0.044 6840 0.059 7200 0.079
7860 0.049 7500 0.063 7860 0.083
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Figure 5.11. Kinetic plot of 6.1a formation vs time at various CO pressures

Table 5.7. Rate data in Figure 5.3e

Time, s [5.3a], mol/L Time, s [5.3a], mol/L
600 0.0144 12062 0.0056
1282 0.0134 14230 0.0044
2636 0.0121 17245 0.0032
4003 0.0112 21054 0.0024
5369 0.0102 24863 0.0014
6725 0.0089 28678 0.0010
8104 0.0081 32501 0.0006
9879 0.0067 36319 0.0002
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Typical Procedure for Kinetic Studies on Miinchnone Formation with P(o-Tol); (Figure 5.6)

In glovebox, p-Tol(H)C=NBn (21 mg, 0.10 mmol), PhCOCI (21 mg, 0.15 mmol), EtN'Pr, (64
mg, 0.50 mmol), P(o-Tol); (4.5 mg, 0.015 mmol), [Pd(C1)[x*-CH(p-Tol)NBn(COPh)]> (4.5 mg,
0.005 mmol), and benzyl benzoate internal standard were combined in CD3;CN : THF (0.7 mL,

1:1) and transferred into a J-Young NMR tube. The tube was brought outside of the glovebox,

the solution was frozen, and 4 atm carbon monoxide was condensed into the NMR tube. The

NMR tube was heated at 65°C in an NMR spectrometer for 12 h and the reaction was monitored

by 'H NMR analysis. Generation of 5.1a and disappearance of 5.3a were determined in respect

to benzyl benzoate internal standard. For studies employing only initial rates, the kops Was

determined by initial rate of 5.1a formation up to 8000 seconds.

Table 5.8. Rate data in Figure 5.6a

Time, s [5.3a], mol/L Time, s [5.3a], mol/L

0 0.143 13320 0.073
1260 0.139 15720 0.061
2700 0.130 18120 0.047
4020 0.122 20520 0.036
5340 0.115 22920 0.028
6660 0.107 25320 0.017
8520 0.095 27720 0.006
10920 0.082

234



Table 5.9. Rate data in Figure 5.6b

[5.3a]o = 0.072 mol/L

[5.3a]o = 0.143 mol/L

[5.3a]o=0.215 mol/L

Kobs = 5.0620.29 mol/(Ls)

Kobs=5.11£0.31 mol/(L's)

Kobs = 4.98+0.22 mol/(Ls)

x 107 x 10°° x 10°°

Time, s 5.1a, mol/L Time, s 5.1a, mol/L Time, s 5.1a, mol/L
0 0 0 0 0 0
600 0.003 600 0.002 600 0.001
1200 0.004 1260 0.004 1260 0.003
1800 0.007 1980 0.007 1920 0.004
2400 0.008 2700 0.010 2580 0.007
3000 0.013 3360 0.013 3240 0.011
3600 0.016 4020 0.016 3900 0.013
4200 0.019 4680 0.020 4560 0.017
5100 0.024 5340 0.024 5640 0.023
6000 0.029 6000 0.027 6720 0.030
6900 0.034 6660 0.032 7800 0.035
7800 0.038 7320 0.036

[5.3a]o = 0.250 mol/L

[5.3a]o = 0.286 mol/L

[5.3a]o = 0.358 mol/L

Kobs = 5.3610.30 mol/(L's)

kobs = 5.27+0.33 mol/(L's)

Kobs = 5.601£0.35 mol/(L's)

x 107 x 107 x 10
Time, s 5.1a, mol/L Time, s 5.1a, mol/L Time, s 5.1a, mol/L
0 0 0 0 0 0
1000 0.001 600 0.003 600 0.002
1660 0.003 1500 0.010 1260 0.005
2320 0.005 2400 0.014 1920 0.009
2980 0.008 3300 0.017 2580 0.012
3640 0.010 4200 0.023 3240 0.015
4300 0.016 5100 0.028 3900 0.018
4960 0.020 6000 0.034 4560 0.023
6040 0.027 7800 0.040 5640 0.030
7120 0.033 6720 0.036
8200 0.036 7800 0.043
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Table 5.10. Rate data in Figure 5.6¢
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Figure 5.12. Kinetic plot of 5.1a formation vs time at various initial 5.3a concentrations

[P(o-Tol)s]: [Pd] = 1.3 [P(o-Tol)s]: [Pd] = 1.5 [P(o-Tol)s]: [Pd] =3
Kobs = 5.2240.40 kobs=5.1140.31 kobs=3.91+0.27
mol/(L's) x 10 mol/(L's) x 10 mol/(L's) x 10

Time, s 5.1a, mol/L Time, s 5.1a, mol/L Time, s 5.1a, mol/L
0 0 0 0 0 0

600 0.003 600 0.002 600 0.003
1380 0.008 1260 0.004 1680 0.006
2160 0.012 1980 0.007 2700 0.008
2940 0.015 2700 0.010 3780 0.014
3720 0.019 3360 0.013 4800 0.018
4500 0.025 4020 0.016 5820 0.022
5280 0.030 4680 0.020 6840 0.026
6060 0.032 5340 0.024 7860 0.029
6840 0.036 6000 0.027
7620 0.040 6660 0.032

7320 0.036
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[P(o-Tol)s]: [Pd] = [P(o0-Tol)s]: [Pd] = [P(o-Tol)s]: [Pd] =
Kobs = 2.7120. 55 Kobs = 2.0210. 26 kobs=1.31£0.26
mol/(Ls) x 10 mol/(Ls) x 10 mol/(Ls) x 10

Time, s 5.1a, mol/L Time, s 5.1a, mol/L Time, s 5.1a, mol/L
0 0 0 0.000 0 0
600 0.002 600 0.001 480 0.001

1380 0.003 1380 0.002 1560 0.003

2160 0.005 2160 0.002 2640 0.003

2940 0.007 2940 0.003 3720 0.005

3720 0.008 3720 0.005 4800 0.006

4500 0.010 4500 0.006 5880 0.008

5280 0.014 5280 0.008 6960 0.009

6060 0.016 6060 0.010 8040 0.011

6840 0.017 6840 0.011

7620 0.021 7620 0.013

0.045
0.040 + [P(o-Tol)3]: [Pd] = 1.3
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Figure 5.13. Kinetic plot of 5.1a formation vs time at various P(o-Tol)3:5.2a ratios
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Table 5.11. Rate data in Figure 5.6d

1 atm CO 2 atm CO 3 atm CO 4 atm CO 5 atm CO
Kobs= 1.4240.23 | Kobs=2.09£0.65 | kobs=3.61£0.39 | Kkobs=5.11+0.31 | kobs= 5.80+0.30
mol/(L's) x 10°® | mol/(L's) x 10° | mol/(L's)x 10 | mol/(L's) x 10 | mol/(L's) x 10°
Time, s >la, Time, s >la, Time, s >1a, Time, s >la, Time, s >la,

i mol/L ’ mol/L i mol/L ’ mol/L ’ mol/L
0 0.000 0 0 0 0 0 0 0 0.000
600 0.001 600 0.001 600 0.000 600 0.002 600 0.002
1500 0.001 1500 0.002 1260 0.002 1260 0.004 1140 0.003
2400 0.001 2400 0.003 1920 0.003 1980 0.007 2220 0.010
3300 0.002 3300 0.004 2580 0.005 2700 0.010 3300 0.017
4200 0.003 4200 0.006 3240 0.009 3360 0.013 3840 0.020
5100 0.004 5100 0.008 3900 0.010 4020 0.016 4380 0.023
6000 0.006 6000 0.011 4560 0.012 4680 0.020 4920 0.026
7200 0.008 6900 0.013 5220 0.017 5340 0.024 5460 0.028
8400 0.011 7800 0.018 5880 0.020 6000 0.027 6000 0.033
6960 0.024 6660 0.032 6540 0.036
7320 0.036 7620 0.043

6 atm CO 8 atm CO 10 atm CO 12 atm CO

kobs = 7.5340.51 Kobs = 9.9440.31 Kobs = 13.940.7 Kobs = 15.840.6

mol/(L's) x 10 mol/(L's) x 10 mol/(L's) x 10 mol/(Ls) x 10°®
Time, s >la, Time, s S1a, Time, s S1a, Time, s >-la,

’ mol/L ’ mol/L ’ mol/L ’ mol/L

0 0 0 0 0 0 0 0

780 0.004 780 0.005 840 0.010 1000 0.015
1560 0.011 1560 0.014 1680 0.027 2080 0.035
2340 0.018 2340 0.025 2520 0.042 3220 0.064
3120 0.024 3120 0.030 3360 0.054 4300 0.081
3900 0.030 3900 0.038 5040 0.076 5380 0.090
4680 0.035 4680 0.048 5880 0.083 6460 0.094
5460 0.041 5460 0.054 6720 0.091 7540 0.104
6240 0.046 6240 0.060 7560 0.096
7020 0.055 7020 0.066
7800 0.063 7800 0.072
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Figure 5.14. Kinetic plot of 5.1a formation vs time at various CO pressures

Table 5.12. Rate data in Figure 5.6e

Time, s [5.3a], mol/L
800 0.0102
1501 0.0092
2196 0.0082
2893 0.0068
3589 0.0056
4286 0.0045
4999 0.0030
5715 0.0021
6418 0.0011
7124 0.0001
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5.5.4. Supplementary Tables and Figures

EtN'Pr; and BusNBr concentration influence on catalytic Miinchnone formation

In glovebox, p-Tol(H)C=NBn (21 mg, 0.10 mmol), PhCOCI (21 mg, 0.15 mmol), EtN'Pr,
BusNBr, [Pd(Cl)[x*-CH(p-Tol)NBn(COPh)]> (4.5 mg, 0.005 mmol), and benzyl benzoate

internal standard were combined in CD3CN : THF (0.7 mL, 1:1) and transferred into a J-Young

NMR tube. The tube was brought outside of the glovebox, the solution frozen, and 4 atm carbon

monoxide was condensed into the NMR tube. The NMR tube was heated at 65°C in an NMR

spectrometer and the reaction was monitored by 'H NMR analysis. Generation of 5.1a and

disappearance of 5.3a were determined in respect to benzyl benzoate internal standard. For

studies employing only initial rates, the ks was determined by initial rate of 5.1a formation up

to 8000 seconds.

Table 5.13. EtN'Pr, and BusNBr concentration influence formation on catalytic Miinchnone

[EtNPr,] 0.12 mmol [EtNPr2] 0.12 mmol [EtNPr,] 0.12 mmol
[BusNBr] = 0.1 mmol [BusNBr] = 0.01 mmol [BusNBr] = 0.01 mmol
kobs=4.11 % 0.35 Kobs =4.38 = 0.64 kobs=4.74 = 0. 54
mol/(L's) x 10°° mol/(L's) x 10 mol/(Ls) x 10°®

. 5.1a], . 5.1a], . 5.1a],
Time, s [rnol /I]J Time, s [mol /I{ Time, s [mol /11
0 0 0 0 0 0
600 0.002 600 0.0049 900 0.006
1740 0.004 1800 0.0107 1560 0.007
2880 0.008 2880 0.0174 2220 0.009
4020 0.013 3960 0.0223 3540 0.014
5160 0.019 5040 0.0273 4860 0.020
6300 0.024 6120 0.0304 5520 0.022
7440 0.035 7200 0.0358 6180 0.025
7500 0.032
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Influence of CO pressure on Miinchnone generation from 5.2a

o)
pTol 1.0 eq. BuyNBr
PhYO\ P L co  OC_ }~\B" 20eq ENNPr, pTol\—%ko
y_ Pd Pd — Pd L N+=<
Br % cl 07 >pp cl” 07 Npy, CDsCN:THF (1:1), B o
pTol 40°C
5.2a 5.4a 5.1a

In a glovebox, {Pd(Cl)[x*>-CH(p-Tol)N(Bn)COPh]}2 5.2a (4.5 mg, 0.005 mmol), BusNBr (3.2
mg, 0.01 mmol), EtN'Pr> (2.6 mg, 0.02 mmol) and benzyl benzoate internal standard were mixed
in CD3CN : THF (1:1, 0.7 mL) and transferred into a J-Young NMR tube. The NMR tube was
brought outside of glovebox, pressurized with CO (3, 4, 5, 6, 8, 10 atm), and heated at 40°C. The

rate of Miinchnone 5.1a formation was monitored by 'H NMR analysis.
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Figure 5.15. Influence of CO pressure on Miinchnone generation from 5.2a.
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Figure 5.16. In situ 3'P NMR spectrum of the catalytic formation of 5.1.

Reaction of benzoyl chloride (21 mg, 0.15 mmol), (p-Tol)HC=NBn (21 mg, 0.10 mmol),
[Pd(C1)[k*-CH(p-Tol)NBn(COPh)]> 5.2a (4.5 mg, 0.005 mmol), P(o-Tol); (4.5 mg, 0.015mmol),
EtN'Pr; (64 mg, 0.5 mmol), 4 atm CO in CD3CN:THF (1:1, 0.7 mL) at 65°C. 'P NMR taken at
10 min, 2 h, 5 h time points show the presence of free P(o-Tol); (8 -30.2 ppm) and palladacycle
5.7a (6 26.1 ppm) in the ~ 1:1.4 ratio.
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Chapter 6. Palladium Catalyst Design for the Carbonylative Synthesis of
Pyrroles and the One Pot, Multicomponent Assembly to Atorvastatin

6.1. Preface

In this chapter, we show how the mechanistic insights presented in chapter 5 can be used
to develop a highly active catalyst for carbonylative synthesis of Miinchnones. This catalyst
exploits the sterically encumbered phosphine '‘BurP(N-phenylpyrrole) to create a palladium
intermediate that undergoes rapid CO coordination and insertion. The use of this catalyst allows
the formation of Miinchnones at milder reaction conditions, significantly higher rates and 10-fold
lower catalyst loadings. Coupling the formation of Miinchnones with cycloaddition can be used
to synthesize a broad range of polysubstituted pyrroles, including the pharmaceutical

Atorvastatin, from available imines, acid chlorides, alkenes and alkynes.

6.2. Introduction

The development of efficient and atom economical methods to assemble pharmaceutical
cores represents a central thrust in synthetic chemistry. These efforts have taken even greater
importance as we move to minimize the environmental impact and waste often associated with
classical multistep synthesis. In this regard, one of the most heavily prescribed pharmaceutical
in the world over the past decade has been the pyrrole Atorvastatin Calcium, commonly known
as Lipitor (Figure 6.1a).! Lipitor is a member of pharmaceutical agents known as statins, used
primarily as a cholesterol-lowering agent, and has been the largest market share pharmaceutical
in the world over the past decade.? The utility of Lipitor as a pharmaceutical has attracted a
number of studies directed towards its efficient formation.* For example, biosynthetic platforms
are available to access the ethyl (R)-4-amino-3-hydroxybutyrate unit in Atorvastatin from
available substrates, and were the subject of the 2006 Presidential Green Chemistry Challenge
Award.* Related metal catalyzed methods can be similarly efficient. Nevertheless, the assembly
of the pyrrole core of Atorvastatin has to date involved more classical synthetic methods, such as
the Paal-Knorr reaction with functionalized diketones, reductive cyclizations, or 1,3-dipolar

cycloaddition with alkynes (Figure 6.1b).> While effective, these methods also require multistep
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assembly of precursor prior to cyclization, which can detract from the step and atom economy of

these approaches, and also generate significant waste.

a) Atorvastatin Calcium (Lipitor) HO

CO, 1/2 Ca?*

H ‘\
biosynthetic
F
pathways
/—t
multistep NHPh
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b) Approaches to the Pyrrole Core of Atorvastatin
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Scheme 6.1. Synthetic Approaches to Atorvastatin.

In principle, a more attractive approach to pyrroles such that in Atorvastatin would be to
assemble these as well from available reagents. A number of efficient, often metal catalyzed,
routes to access pyrroles have recently been reported, including those that exploit
multicomponent reactions and tandem catalysis.® For example, our lab has demonstrated that
pyrroles can be generated via a palladium catalyzed carbonylative coupling of acid chlorides,
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imines and alkynes.” A feature of this latter reaction is the ability to access diversely substituted

pyrroles with high chemoselectivity from three distinct and simple building blocks.

The efficiency of this transformation led us to question if we might develop a unique
synthesis of a complex pharmaceutical core such as Atorvastatin in one step via a metal

catalyzed multicomponent coupling reaction.®

The development of this transformation presents
several significant challenges. Firstly, the catalyst and complex catalytic cycle for this
multicomponent reaction must be compatible with the dense functionality in 6.1, which has not
to date been viable. This includes moving beyond common aromatic substrates (e.g. aromatic
acid chlorides) to employ more reactive alkyl acid chlorides. In addition, the reaction would
ideally operate at low catalyst loadings, rather than the 10-20 mol% Pd currently required for
efficient catalysis. We describe below our efforts towards the design of this synthesis. These
have led to the unexpected discovery of a highly efficient palladium catalyst for the
carbonylative formation of pyrroles. This catalyst system offers a broadly general approach to
assemble pyrroles, including the multicomponent assembly of Atorvastatin, in a single palladium

catalyzed operation from combinations of commercial, inexpensive, and easily modulated

substrates.

6.3. Results and Discussion

At the outset, we probed the application of our previously developed palladium catalyst
to the assembly of the model substrates for Atorvastatin. As shown in Scheme 6.2a, this leads
predominately to the recovery of starting materials together with some decomposition at the
elevated temperatures required for reaction.” Mechanistic studies on the formation of pyrroles
have previously shown that the reaction proceeds via the catalytic formation of a 1,3-dipolar
Miinchnone followed by alkyne cycloaddition (Scheme 6.2b). In this, iminium salt generation
and its oxidative addition to palladium are rapid, and the rate determining step is P(o-Tol);
labilization for CO insertion.'® We therefore postulated that the inefficiency of this synthesis may
be tied to the slow carbonylative formation of Miinchnone 6.2, and could be addressed by

employing ligands that can be more labile for this CO association step to palladium.
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Scheme 6.2. Previous studies and Mechanistic Postulate.

In order to create a more active catalyst, we examined various ligands in the initial
formation of Miinchnone 6.2 at short reaction times (3 h, Table 6.1). As expected, smaller,
strongly coordinating phosphines inhibit catalysis under these conditions (entries 1-4). In
contrast, more sterically encumbered phosphines such as P'Bus and P(1-adamantyl),Bu (entries
5, 6) lead to an increase in catalytic activity, potentially due to their size leading to more facile
displacement by CO in 6.B. Based upon this trend, we next examined the large 2-biaryl-
phosphine ligands developed by Buchwald,!! which significantly increase the reaction rate, and
provide Miinchnone product in now 57% yield together with unreacted imine (entry 7). Both the
slightly smaller cyclohexyl variant of this ligand (entry 8), and more sterically encumbered

systems (entries 9-11), lead to decreased activity, suggesting that catalysis requires balancing the
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lability of the phosphine (e.g. in 6.A) with its ability to coordinate and stabilize palladium in the
catalytic cycle.

Table 6.1. Catalyst Optimization for Miinchnone Formation

pTol
R _Bn
YR
Sof \O%Ph] 5 mol% O
.B . 2
NI ", )O]\ +co _ Ligand 15 mol% _ PTol ®® o
oTol Y Ph™ ~ClI CD3CN, EtN'Pr, N%

/
4atm CO,55°C,3h B o PN

entry L % 6.2° | entry L % 6.2° | entry L % 6.2°

[
V N
1 P(o-Tol)s 6 7 -y 57 13 ’BU2P)§\ 66

V. Me .
2 P(CeFs)s 14 8 2 14 oo 38

LV Q\N\
3 PCy; 0 9 SO 15 fw,g 70

iPr.
4  POEn; 0 10 29 | 166 63 52
&

. oﬁ’e"’r od
5  P(Bups 24 I o 13 | 17¢ 6.3 87

6 D ol S g | s 63 82
@ ’BUZPQ :

2 Imine (21 mg, 0.1 mmol), benzoyl chloride (21 mg, 0.15 mmol), EtNPr, (16 mg, 0.12 mmmol), Pd cat. (4.5 mg,
0.005 mmol), Ligand (0.015 mmol), CO 4 atm, 55°C, 3 h. ® Yield determined in respect to BnOBz internal standard.
¢ 0.5 mol% Pd cat., 24 h, 4 atm CO. “benzoyl chloride (14 mg, 0.1 mmol), ¢ Pd cat. 5 mol%, r.t.
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The more electron rich di-t-butyl-N-arylpyrrole phosphine motif developed by Beller was
examined.'> While sterically more encumbered variants of this ligand do not improve the
reaction (entry 12), we were please to find that the use of 2-phenylpyrrole-based ligand 6.3
results in a significant increase in catalytic activity over the other ligands examined, and the

formation of 6.2 in 70% yield (entry 15).

In order to further improve catalysis, we next performed mechanistic studies on the
catalyst with ligand 6.3. Interestingly, kinetic analysis shows a first order rate dependence on
iminium salt concentration, implying that oxidative addition is now rate determining (see figure
6.1 in the supporting information). This was unexpected, since the stoichiometric oxidative
addition of iminium salts to Pd(0) is typically rapid at ambient temperature. The origin of this
change in the rate determining step can be seen by monitoring the reaction by 3'P NMR analysis,
which shows the build-up of a single palladium intermediate that represents over 65 % of the
catalyst (Figure 6.2 in the supporting information). This complex is not the expected phosphine
coordinated palladacycle 6.B, but instead the acid chloride oxidative addition product 6.D
(Scheme 6.2b)."* 6.D is presumably formed from the excess of acid chloride used in the reaction
to drive the formation of N-acyl iminium salt. Complex 6.D is an off-cycle resting state that
must dissociate to enter the productive cycle. As such, by removing the excess acid chloride,
and therefore keeping palladium in the catalytic cycle, catalyst activity with this ligand can be
significantly increased (entry 15).  This catalyst system can now allow the formation of
Miinchnone at catalyst loadings as low as 0.5 mol% and with commercial [Pd(allyl)Cl]> (entry
17), or at ambient temperature (entry 18). As illustrated in Figure 6.1, this represents a nearly

two orders of magnitude increase activity relative to the original catalyst system.

The increased catalytic activity with 6.3 offers a broadly applicable system for the
multicomponent synthesis of pyrroles with alkynes. As shown in Table 6.2-3, performing the
reaction in the presence of ethyl phenylpropiolate leads to the high yield formation of pyrrole
6.4a at low reaction temperatures (45°C) and with 0.5 mol% catalyst. In addition, this reaction
can be straight-forward to diversify. For example, N-alkyl and N-benzyl substituted imines are
viable substrates in this chemistry, as are electron rich N-aryl imines (6.4a-d,p). On the imine
carbon, an array of electron rich or electron poor aryl-substituents can be employed (6.4a-n), as

can heterocyclic units (6.40,q). The reaction also tolerates electron rich and electron poor acid
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chlorides (6.4r-u). The high catalyst activity even allows the use of alkyl substituted acid
chlorides without competing ketene formation by employing a slightly weaker collidine base
(6.4v-z). Finally, various electron deficient alkyne dipolarophiles can be incorporated into this
platform to modulate the 3,4-pyrrole substituents. These more reactive alkynes must be added
subsequent to Miinchnone generation to avoid side reactions with the amine base. Examples
include alkynes with esters (6.4aa-bb) and terminal alkynes (6.4cc). In analogy to previous
reports, electron deficient alkenes are also viable substrates for cycloaddition and pyrrole
formation, and offer access to cyano (6.4ff) and phenyl (6.4ee) substituted pyrrole, and even
simple 3,4-unsubstituted pyrroles (6.4dd).
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Table 6.2. Multicomponent Synthesis of Pyrroles: Imine Diversity

R? [Pd(allyl)Cl], 0.5 mol% |
g O CO,Et 6.3 1 mol% R’ Ph

N
A Z MeCN, NEtPr, j\—z/

R H Ph” Cl  Ph
4 atm CO, 45 °C, 24 h PH CO,Et
o)
Bn PMB o// Bn Et
pTol N Ph pTol N Ph N Ph pTol N Ph
J \ W/ \
Ph CO,Et PH CO,Et Ph CO,Et Ph CO,Et
6.4a, 87% 6.4b, 91% 6.4c, 83% 6.4d, 88%
He Et
/X | X | F El;n I?n
N__Ph N__Ph N__Ph N_ _Ph
\ Br \ W \
PH CO,Et PH CO,Et PH CO,Et PH CO,Et
6.4e, X = S 83% 6.49, 79% 6.4h, 80% 6.4i, 81%
6.4f X = 0 87%
CO,Et
o) 0\ 2
P X
Ean
Q N _ph PMP— N Ph pup N _Ph pmp—N< _Ph
W \ \ \
Ph CO,Et Ph CO,Et PH CO,Et PH CO,Et
6.4j, 86% 6.4k, 84% 6.41, 79% 6.4m, 85%
Y _ o PP V-
pTol— N~ _Ph S A~ N~ _Ph PMP— N~ _Ph NN _ph
\ \ \ \
Ph CO,Et Ph CO,Et PH CO,Et PH CO,Et
6.4n, 75% 6.40, 75% 6.4p, 82% 6.4q, 65%

 Imine (0.5 mmol), acid chloride (0.5 mmol), EtN‘Pr; (0.6 mmol), alkyne (0.6 mmol), Pd cat. (0.0025 mmol), ligand
6.3 (0.0025 mmol), CO 4 atm, 45°C, 24 h. ® Collidine (0.6 mmol) used instead of EtN'Pr,.
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Table 6.3. Multicomponent Synthesis of Pyrroles: Alkyne, Alkene and Acid Chloride Diversity

2
Bn [Pd(allyl)CI], 0.5 mol% R
NI/ o) /RS 6.3 1 mol% R._N_R3
pTol )\H ' R3J\CI "R MeCN, NEtPr, M
4 atm CO, 45 °C, 24 h R* R®
l |
pTol pToI pToI pTol
PH CO,Et PH CO,Et PH CO,Et  PH CO,Et
6.4r, X = F 85%
6.4s, X = Cl 84% 6.4u, 92% 6.4v, 74%bD 6.4w, 63%>
6.4t, X = Br 79%
| l B ?n
pTol pTol pToI N Ph  pTol—_N<_Ph
PH CO,Et PH CO,Et MeO,C Con PH CO,Me
6.4y, X = O 79% 6.4aa, 86% 6.4bb, 92%
b B y (]
6.4x, 86% 6.42, X = S 76%
Bn Bn
N
pTol ) pTol pToI pTol pToI N _Ph
ﬁ 4
Et0,C  H W eN
PPh Br N
6.4cc, 68% 6.4dd, 72% 6.4ee, 77% 6.4ff, 78%

 Imine (0.5 mmol), acid chloride (0.5 mmol), EtN‘Pr; (0.6 mmol), alkyne (0.6 mmol), Pd cat. (0.0025 mmol), ligand
6.3 (0.0025 mmol), CO 4 atm, 45°C, 24 h. ® Collidine (0.6 mmol) used instead of EtN'Pr,.

Overall, this palladium catalyst offers a straightforward method to generate pyrroles with
a diverse array of substituted reagents and under mild conditions. This chemistry can also be
applied to the assembly Atorvastatin. The palladium catalyzed coupling of imine 6.5 with acid
chloride and CO followed by alkyne addition leads to the formation of 6.1 in 71% yield
following hydrolysis. Of note, this transformation exploits substrates that are each inexpensive
and commercially available, including imine 6.5, generated in a single step from a commercially

available amine and 4-fluorobenzaldehyde, isobutyroyl chloride and diphenylpropiolamide, and
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offers what is to our knowledge a unique platform to directly assemble a high-volume drug core
in a metal catalyzed multicomponent reaction. The reaction proceeds at low catalyst loading, in

high overall yield and with minimal byproducts.

via biosynthesis

O OH
commercial ( O><O 0 HO
aldehyde /\)\/K)J\ J<
( N o HO
! 0.5 mol% [Pd(allyl)Cl],
1 mol% 6.3
i 6.5 + CO 24,6-Collidine | O N
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o = () ¢
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. < . 6.1, 71 %
commercial commercial
acid chloride alkyne/aniline

Scheme 6.3. Palladium Catalyzed Carbonylative Multicomponent Synthesis of

Atorvastatin.

6.4. Conclusions

In conclusion, we have developed an efficient and broadly applicable palladium catalyst
for the multicomponent assembly of pyrroles from imines, alkynes and acid chlorides. This
transformation proceeds at low catalyst loadings, and illustrates how phosphine steric labilization
can lead to an exceptionally active palladium catalyst for the carbonylation for iminium salts.
Relative to other approaches to pyrroles, this offers a method to generate pyrroles from three
different units, and therefore can be exploited to generate these heterocycles with independent
control over all five substituents, and each can be broadly diversified. Overall, this has allowed
the development of a multicomponent assembly of Atorvastatin in one pot, and from

combinations of available reagents.
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6.5. Supporting Information
6.5.1. General Considerations

All reactions were carried out under an inert atmosphere in a glovebox or using standard
Schlenk techniques, unless otherwise indicated. Research grade carbon monoxide (99.99%) was
used as received. All solvents were dried using a solvent purification system and stored in
glovebox over activated 4 A molecular sieves. Deuterated solvents were dried over CaHa,
vacuum transferred and stored over 4 A molecular sieves. N-alkyl, N-aryl imines were prepared
according to literature procedures.'* Palladium precatalyst was synthesized according to literature
procedure.'* All other reagents were purchased from commercial suppliers and used as received.
All 'H and '3C NMR spectra were acquired on 400 and 500 MHz spectrometers. High resolution
mass spectra were obtained using a quadrupole-time of flight and an Orbitrap detector by direct

infusion in positive ESI mode.

6.5.2. Synthetic Procedures

Typical Procedure for Catalyst Screening (Table 6.1)

. stl\N/Bn
N \L;qu/*"“]zs mol% o)
N™ )OJ\ +co _ Ligand 15 mol%__ PTO'%O
pTol” >H Ph™ CI CDsCN, EtNPr, /N:<Ph

4atm CO,55°C,3h BN &,

In a glovebox, benzoyl chloride (21 mg, 0.15 mmol), p-TolC=NBn (21 mg, 0.10 mmol), EtNPr,
(16 mg, 0.12 mmol), palladium precursor (4.5 mg, 0.005 mmol), ligand (0.015 mmol), and
benzyl benzoate internal standard were dissolved in CD3CN (0.7 mL) and added to a J-Young
NMR tube. The tube was removed from the glovebox, frozen in liquid nitrogen, the headspace
evacuated, and 4 atm carbon monoxide was condensed into the NMR tube. The reaction was
heated at 55 °C and monitored by 'H NMR spectroscopy. The yield of 6.2 was determined by 'H

NMR analysis relative to the internal standard.
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General Procedure for Pyrrole 6.4 formation (Table 2)

R2 [Pd(allyl)CI], 0.5 mol% |

N o} R® Ligand 6.3 1 mol% R R3
= - >
J'\H * L+ = MeCN, NEtPr,, M

R3” “cl R* ] 5
4 atm CO, 45°C, 24 h R R

R1

In a glovebox, acid chloride (0.5 mmol), imine (0.50 mmol), alkyne (0.6 mmol), EtN‘Pr; (77.8
mg, 0.6 mmol) were combined in MeCN (4 mL). To this solution 1 mL of palladium catalyst
stock solution was added ([Pd(allyl)Cl]> (9.1 mg, 0.025 mmol) and CataCXiumPtB (14.4 mg,
0.05 mmol) dissolved in MeCN (10 mL)). The obtained solution was transferred into a 50 mL
pressure vessel. The pressure vessel was pressurized with CO (4 atm) and heated at 45 °C for 24

hours. Products were purified by silica gel chromatography using hexanes/ethyl acetate as eluent.

Procedure for the synthesis of Complex 6.D

Ph
0 N 0 >L
Pd,dba; CHCI; + + PBu, —— — »  PA—
ZE @Cl U 2 DCM. rt. 24 h CIPth P\g
\N \
6.D, 82%

In a glovebox, Pd>dbaz*CHCI3 (207 mg, 0.2 mmol) and benzoyl chloride (56 mg, 0.4 mmol) were
combined in dichloromethane (10 mL). Obtained solution was allowed to stir for 5 min, after
which 2-(di-tert-butylphosphanyl)-1-phenyl-1H-pyrrole (115 mg, 0.4 mmol) solution in
dichloromethane (10 mL) was added. The obtained solution was allowed to stir overnight.
Afterwards the reaction mixture was filtered through celite and evaporated. Obtained crude
product was washed with diethyl ether (4 x 5 mL) affording complex 6.D as a yellow solid in
82% yield (175 mg). 'H NMR (500 MHz, Acetonitrile-d3) & 7.94 (d, J = 7.0 Hz, 2H), 7.78 —
7.72 (m, 1H), 7.71 — 7.65 (m, 2H), 7.57 — 7.53 (m, 1H), 7.43 (t, J= 7.8 Hz, 2H), 7.35 (d, J="7.5
Hz, 2H), 6.95 — 6.92 (m, 1H), 6.89 — 6.84 (m, 1H), 6.47 (ddd, J=3.8, 2.7, 0.9 Hz, 1H), 1.30 (d, J
= 15.1 Hz, 18H). 3C NMR (126 MHz, Acetonitrile-ds) § 203.4 (d, J = 6.7 Hz), 139.1, 132.5,

1324, 131.2, 131.1, 129.9 (d, J = 4.3 Hz), 128.1, 125.5, 123.8 (d, J = 46.7 Hz), 121.4 (d, J = 1.4
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Hz), 117.0, 110.9 (d, J = 5.7 Hz), 37.5 (d, J = 20.0 Hz), 29.2 (d, J = 6.2 Hz). *'P NMR (203
MHz, Acetonitrile-d3) & 35.08.

Procedure for the synthesis of 2-(di-tert-butylphosphanyl)-1-methyl-1H-pyrrole

Me BuLi Me Me
N TMEDA N Li CIP'Bu, (b/Pth
@ Hexanes U reflux, 1 h L/
reflux, 3 h

In glovebox, N-methylpyrrole (0.811 g, 10 mmol) was dissolved in n-hexanes (20 mL) and
added to a sealable flask. To this solution TMEDA (1.74 g, 15 mmol) and n-BuLi (10 mmol, 1.6
M in hexanes) were added at room temperature. Afterwards the flask was sealed and heated to
reflux temperature for 3 h. Afterwards the reaction mixture was cooled down and solution of di-
tert-butylchlorophosphine (1.81 g, 10 mmol) in hexanes (5 mL) was added. The reaction mixture
was heated again to reflux for an additional hour. After cooling down to room temperature,
degassed water (15 mL) was added and the mixture was stirred to get a clear solution. The
organic layer was collected and washed once more with degassed distilled water (15 mL). The
obtained organic layer was dried over Na>SO4 and concentrated in vacuo giving the desired
product as a pale yellow liquid in 86% yield (1.94 g). '"H NMR (400 MHz, CDCl3) & 6.83 (ddd, J
=4.2,24, 1.7 Hz, 1H), 6.56 (dd, J = 3.7, 1.6 Hz, 1H), 6.22 (dd, J = 3.7, 2.6 Hz, 1H), 3.81 (s,
3H), 1.19 (d, J= 12.3 Hz, 18H). *C NMR (101 MHz, CDCl3) § 126.9 (d, J= 7.0 Hz), 125.0 (d, J
=2.6 Hz), 117.1 (d, J = 4.8 Hz), 107.4, 36.0 (d, /= 19.4 Hz), 32.6 (d, /= 14.7 Hz), 30.2 (d, J =
14.7 Hz).*'P NMR (162 MHz, CDCl3) § 2.12.
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Procedure for the synthesis of Atorvastatin 6.1

o><o 0 o
~ ALK X

N
| 0.5 mol% [Pd(allyl)Cl],
6 1 mol% 6.3
. + CO 2,4,6-Collidine
o}

MeCN, 4 atm,
o 24 h, 45°C

5
+ ph—=HA

NHPh

In a glovebox, isobutyryl chloride (64 mg, 0.6 mmol), imine 6.5 (188 mg, 0.50 mmol), collidine
(73 mg, 0.6 mmol) were combined in MeCN (4 mL). To this solution 1 mL of palladium catalyst
stock solution was added ([Pd(allyl)Cl]2 (9.1 mg, 0.025 mmol) and CataCXiumPtB (14.4 mg,
0.05 mmol) dissolved in MeCN (10 mL)). The obtained solution was transferred into a 50 mL
pressure vessel. The pressure vessel was pressurized with CO (4 atm) and heated at 45 °C for 24
hours. Afterwards the carbon monoxide was removed and the pressure vessel was brought back
to the glove box. N,3-diphenylpropiolamide (133 mg, 0.6 mmol) and N,N'-
Diisopropylcarbodiimide ( 126 mg, 0.1 mmol) were added to the pressure vessel. The reaction
flask was sealed and heated overnight at 65 °C. Products was purified by silica gel

chromatography using hexanes/ethyl acetate as eluent affording the product as pale white solid.

Tert-butyl 2-((4R,6R)-6-(2-(2-(4-fluorophenyl)-5-isopropyl-3-phenyl-4-(phenylcarbamoyl)-1H-
pyrrol-1-yl)ethyl)-2,2-dimethyl-1,3-dioxan-4-yl)acetate 'H NMR (500 MHz, CDCl3) & 7.18-7.14
(m, 9H), 7.07 (d, 2H, J = 8.0 Hz), 6.99-6.94 (m, 3H), 6.88 (s, 1H), 4.18-4.04 (m, 2H), 3.86-3.80
(m, 1H), 3.70-3.68 (m, 1H), 3.60-3.54 (m, 1H), 2.37 (dd, 1H, J = 15.3, 7.1 Hz), 2.23 (dd, 1H, J
=153, 6.1 Hz), 1.69-1.66 (m, 2H), 1.53 (d, 6H, J = 7.1 Hz), 1.43 (s, 9H), 1.36 (s, 3H), 1.29 (s,
3H), 1.09-1.01 (m, 1H). *C NMR (126 MHz, CDCls) 6 170.2, 164.8, 163.2, 161.2, 141.5, 138.4,
134.6, 133.2, 133.1, 130.5, 129.0, 128.9, 128.8, 128.6, 128.3, 126.5, 123.5, 121.8, 119.5, 115.4,
115.2, 98.7, 80.7, 66.4, 65.9, 42.5, 40.8, 38.1, 36.0, 28.1, 26.1, 21.7, 21.5, 19.7. 'F NMR (471
MHz, CDCls) & -113.7. HRMS. Calculated for CsH47N,OsFNa (M+H"): 677.3361, found:

677.33431.
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In a 25 mL round bottom flask, tert-butyl 2-((4R,6R)-6-(2-(2-(4-fluorophenyl)-5-isopropyl-3-
phenyl-4-(phenylcarbamoyl)-1H-pyrrol-1-yl)ethyl)-2,2-dimethyl-1,3-dioxan-4-yl)acetate (165
mg, 0.25 mmol) was dissolved in THF (10 mL), then aqueous HCI (1 mL, 10%) was added and
the solution was stirred at room temperature for 15 hours. Afterwards NaOH (0.24 g, 6 mmol)
were added and the solution was further stirred for 3 hours. The pH of the solution was adjusted
to ~ 2 using 1M HCI solution. Solvents were evaporated in vacuo and the product was extracted
with EtOAc/H;O (2 x). The product was purified using flash chromatography using
hexanes/ethyl acetate as eluent affording atorvastatin 6.1 as a pale white solid 112 mg, 69%
yield. '"H NMR (500 MHz, CDCl3) & 7.30-7.29 (m, 2H), 7.25-7.20 (m, 4H), 7.15-7.13 (m, 2H),
7.11-7.02 (m, 6H), 4.08 (ddd, J=16.0, 7.8, 5.3 Hz 1H), 4.02-3.98 (m, 1H), 3.91 (ddd, J = 16.0,
7.6, 5.3 Hz, 1H), 3.69-3.63 (m, 1H), 3.40-3.34 (m, 1H), 2.41 (dd, J=5.2, 15.5 Hz, 1H), 2.35 (dd,
J=17.6,15.5 Hz, 1H), 1.75-1.6 (m, 2H), 1.56—1.51 (m, 1H), 1.49 (d, J=7.1 Hz, 3H), 1.48 (d, J =
7.1 Hz, 3H), 1.47-1.43 (m, 1H); 3C NMR (126 MHz, CDCl3) § 175.9, 169.5, 163.8
(1JCF=245.5 Hz), 139.9, 139.1, 139.1, 136.4, 134.7 (3JCF=7.2 Hz), 131.0, 130.3 (4JCF=2.9
Hz), 129.6, 128.9, 126.9, 125.2, 123.3, 121.5, 118.1, 116.3 (2ICF=21.6 Hz), 68.6, 67.9, 44.2,
43.3,42.2,40.1,27.7,22.9, 22.8; ’F NMR (471 MHz, CDCl3) 6 —113.1;

6.5.3 Kinetic Studies

In glovebox, p-Tol(H)C=NBn (21 mg, 0.10 mmol), PhCOCI (21 mg, 0.15 mmol), EtN'Pr, (64
mg, 0.50 mmol), and benzyl benzoate internal standard were combined in CD3CN stock solution
(0.7 mL) containing 6.3 (0.43 mg, 0.0015 mmol), [Pd(C1)[«*-CH(p-Tol)NBn(COPh)]> (0.45 mg,
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0.0005 mmol), and transferred into a J-Young NMR tube. The tube was brought outside of the
glovebox, the solution was frozen, and 4 atm carbon monoxide was condensed into the NMR
tube. The NMR tube was heated at 45°C in an NMR spectrometer for 12 h and the reaction was
monitored by 'H NMR analysis. Generation of 6.2 and disappearance of imine were determined

in respect to benzyl benzoate internal standard.
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Figure 6.1. Kinetic Plot for imine consumption vs time.
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Figure 6.2. In situ 3'P NMR spectrum of the catalytic formation of 6.2.

6.5.4. Spectroscopic Data on 6.4

. E" N Ethyl 1-benzyl-2,4-diphenyl-5-(p-tolyl)-1H-pyrrole-3-carboxylate 6.4a. White
HOZB solid, 203 mg, 86% yield. 'H NMR (500 MHz, CDCl3) § 7.41 — 7.33 (m, 5H),
7.33 —7.26 (m, 2H), 7.24 (t,J = 7.3 Hz, 2H), 7.21 — 7.15 (m, 4H), 7.04 (q, J = 8.1
Hz, 4H), 6.69 (dd, J = 6.5, 2.8 Hz, 2H), 5.01 (s, 2H), 3.97 (q, J = 7.1 Hz, 2H), 2.30 (s, 3H), 0.85
(t,J=7.2 Hz, 3H). *C NMR (126 MHz, CDCl3) 165.2, 138.6, 138.2, 137.4, 135.4, 132.9, 132.5,
131.2, 130.85, 130.79, 128.8, 128.7, 128.22, 128.18, 127.8, 127.2, 127.0, 126.1, 125.9, 1244,
113.5, 59.4, 48.5, 21.3, 13.6. HRMS. Calculated for C33H3NO, (M+H"): 472.2271, found:
472.2259.

. ZMB n Ethyl 1-(4-methoxybenzyl)-2,4-diphenyl-5-(p-tolyl)-1H-pyrrole-3-carboxylate
)/ 6.4b. White solid, 228 mg, 91% yield. '"H NMR (500 MHz, CDCls) § 7.37 (s,
"o 5H), 7.29 — 7.26 (m, 2H), 7.22 (t, J = 7.3 Hz, 2H), 7.17 (t, J = 7.2 Hz, 1H), 7.04
(d, J=2.1 Hz, 4H), 6.68 (d, J = 8.7 Hz, 2H), 6.55 (d, J = 8.7 Hz, 2H), 4.93 (s, 2H), 3.95 (q, J =
7.1 Hz, 2H), 3.76 (s, 3H), 2.31 (s, 3H), 0.83 (t, J = 7.1 Hz, 3H). '3*C NMR (126 MHz, CDCl;) &

165.2, 158.5, 138.5, 137.4, 135.4, 132.7, 132.5, 131.2, 130.9, 130.8, 130.8, 130.3, 128.8, 128.7,
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128.1, 127.8, 127.4, 127.2, 125.8, 124.4, 113.6, 113.5, 59.3, 55.2, 47.9, 21.3, 13.6. HRMS.
Calculated for C3sH31NKO3; (M+K"): 540.1936, found: 540.1950.

Oro on Ethyl 5-(benzo[d][1,3]dioxol-5-yl)-1-benzyl-2,4-diphenyl-1H-pyrrole-3-
\N 7" carboxylate 6.4c. White solid, 208 mg, 83% yield. 'H NMR (500 MHz,

PR COEt CDCls) 6 7.35 (s, SH), 7.29 — 7.21 (m, 4H), 7.20 — 7.14 (m, 4H), 6.69 — 6.56

(m, 5H), 5.91 (s, 2H), 4.97 (s, 2H), 3.94 (q, J = 7.1 Hz, 2H), 0.82 (t, J = 7.2 Hz, 3H). *C NMR
(126 MHz, CDCl3) & 165.2, 147.2, 147.2, 138.5, 138.1, 135.2, 132.3, 132.2, 130.8, 130.7,
128.24, 128.19, 127.8, 127.2, 127.0, 126.1, 125.9, 125.4, 125.2, 124.6, 113.4, 111.6, 108.0,

101.0, 59.4, 48.4, 13.5. HRMS. Calculated for C33H2sNO4 (M+H"): 502.2013, found: 502.1996.

Et Ethyl 1-ethyl-2,4-diphenyl-5-(p-tolyl)-1H-pyrrole-3-carboxylate 6.4d. White

pTol Ph
\5—[ solid, 180 mg, 88% yield. 'H NMR (500 MHz, CDCls) § 7.55 — 7.44 (m, 5H),

Ph CO,Et
7.26 — 7.12 (m, 9H), 3.93 (q, J = 7.2 Hz, 2H), 3.81 (q, J = 7.1 Hz, 2H), 2.36 (s,
3H), 0.91 (t, J = 7.2 Hz, 3H), 0.82 (t, J = 7.1 Hz, 3H). *C NMR (126 MHz, CDCl3) § 165.2,
137.7, 137.4, 135.5, 132.9, 131.8, 131.2, 130.8, 130.7, 130.6, 129.1, 129.0, 128.9, 128.8, 128.21,
128.16, 128.0, 127.1, 125.7, 124.1, 113.0, 59.2, 39.8, 21.3, 16.3, 13.6. HRMS. Calculated for

C23H2sNO» (M+H"): 410.2115, found: 410.2112.

s Eex . Ethyl 1-hexyl-5-(4-(methylthio)phenyl)-2,4-diphenyl-1H-pyrrole-3-
QH carboxylate 6.4e. pale yellow oil, 207 mg, 83% yield. '"H NMR (500 MHz,
CDCl3) 6 7.52 — 7.43 (m, 5H), 7.24 — 7.15 (m, 9H), 3.92 (q, /= 7.2 Hz, 2H),
3.78 —3.72 (m, 2H), 2.49 (s, 3H), 1.26 (p, J = 7.6, 7.0 Hz, 2H), 1.06 (q, J = 7.3 Hz, 2H), 0.95 —
0.85 (m, 4H), 0.82 (t, J = 7.1 Hz, 3H), 0.76 (t, J = 7.3 Hz, 3H). *C NMR (126 MHz, CDCls) §
165.2, 138.3, 138.0, 135.4, 132.8, 131.5, 130.8, 130.8, 128.7, 128.2, 127.9, 127.2, 125.8, 124.3,
113.0, 59.3, 44.9, 30.8, 30.4, 25.9, 22.2, 15.3, 13.9, 13.6. HRMS. Calculated for C32H3sNSO2
(M+H"): 498.2461, found: 498.2477.

PH  CO,Et
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o Eex . Ethyl 1-hexanoyl-5-(4-methoxyphenyl)-2,4-diphenyl-1H-pyrrole-3-
)/ carboxylate 6.4f. colorless oil, 209 mg, 87% yield. 'H NMR (500 MHz,
"o CDCl3) 6 7.52 — 7.44 (m, 5H), 7.25 — 7.13 (m, 7H), 6.86 (d, J = 8.7 Hz, 2H),

3.93 (q,J=7.1 Hz, 2H), 3.82 (s, 3H), 3.75 — 3.70 (m, 2H), 1.32 — 1.22 (m, 2H), 1.05 (p, J=7.2
Hz, 2H), 0.93 — 0.86 (m, 4H), 0.82 (t, J = 7.2 Hz, 3H), 0.75 (t, J = 7.3 Hz,3). 3C NMR (126
MHz, CDCI3) & 165.3, 159.0, 137.9, 135.5, 132.9, 132.5, 131.9, 130.8, 130.8, 128.1, 127.9,
127.1, 125.7, 124.4, 124.0, 113.7, 112.8, 59.2, 55.2, 44.8, 30.8, 30.4, 25.9, 22.2, 13.8, 13.6.

HRMS. Calculated for C32H3¢NOs (M+H"): 482.2690, found: 482.2695.

Et Ethyl 5-(3-bromophenyl)-1-ethyl-2,4-diphenyl-1H-pyrrole-3-carboxylate

Ph

Br )/ 6.4g. White solid, 187 mg, 79% yield. 'H NMR (500 MHz, CDCl3) & 7.50 —

T an (m, 7H), 7.23 — 7.15 (m, 7H), 3.91 (q, J = 7.1 Hz, 2H), 3.81 (q, J = 7.1
Hz, 2H), 0.91 (t, J = 7.1 Hz, 3H), 0.80 (t, J = 7.1 Hz, 3H). '*C NMR (126 MHz, CDCl3) § 164.9,
138.3, 134.9, 134.2, 133.9, 132.6, 130.8, 130.7, 130.7, 130.1, 130.0, 129.7, 128.3, 128.0, 127.3,
126.1, 125.0, 122.1, 113.3, 59.3, 39.9, 16.3, 13.5. HRMS. Calculated for C27H2sBrNO, (M+H"):

474.1063, found: 474.1064.

Bn Ethyl 1-benzyl-5-(4-fluorophenyl)-2,4-diphenyl-1H-pyrrole-3-carboxylate

™" 6.4h. White solid, 190 mg, 80% yield. "H NMR (500 MHz, CDCl3) & 7.39 (m,
PR C%F sH) 7.27 — 7.15 (m, 8H), 7.09 — 7.05 (m, 2H), 6.88 (t, J = 8.7 Hz, 2H), 6.67
(dd, J = 6.6, 2.9 Hz, 2H), 4.97 (s, 2H), 3.96 (q, J = 7.1 Hz, 2H), 0.84 (t, J = 7.1 Hz, 3H) . 1*C
NMR (126 MHz, CDCl3) & 165.1, 162.2 (d, J=247.7 Hz), 138.9, 137.9, 135.0, 133.1 (d, J = 8.2
Hz), 131.9 (d, J = 83.3 Hz), 130.81, 130.75, 130.7, 128.3, 128.8 127.9, 127.7 (d, J = 3.2 Hz),
127.3, 127.1, 126.06, 126.04, 125.0, 115.1 (d, J = 21.5 Hz), 113.5, 59.4, 48.5, 13.6. HRMS.
Calculated for C32H27NO2F (M+H"): 467.2020, found: 476.2027.

Bn Ethyl  1-benzyl-2,4-diphenyl-5-(o-tolyl)-1H-pyrrole-3-carboxylate  6.4i.
N h

W, " colorless oil, 191 mg, 81% yield. 'H NMR (500 MHz, CDCl3) § 7.49 — 7.38 (m,

PH  CO,Et

265



5H), 7.25 — 7.08 (m, 11H), 7.03 (d, J = 7.5 Hz, 1H), 6.60 (dd, J = 7.6, 1.5 Hz, 2H), 4.91 (d, J =
15.6 Hz, 1H), 4.80 (d, J = 15.7 Hz, 1H), 4.09 — 3.83 (m, 2H), 1.78 (s, 3H), 0.87 (t, J= 7.1 Hz,
3H). '3C NMR (126 MHz, CDCl:) & 165.3, 138.9, 138.7, 137.6, 135.3, 132.5, 132.4, 131.7,
131.1, 131.0, 130.2, 129.9, 128.5, 128.2, 128.1, 127.9, 127.2, 127.1, 126.6, 125.8, 125.3, 124.6,
113.0, 59.4, 48.4, 19.6, 13.6. HRMS. Calculated for Ci:HizoNO, (M+H"): 472.2271, found:
472.2271.

° O . Ethyl 1-benzyl-5-(6-methoxynaphthalen-2-yl)-2,4-diphenyl-1H-

Q \N Yk pyrrole-3-carboxylate 6.4j. White solid, 231 mg, 86% yield. 'H NMR

PR COEt (500 MHz, CDCl3) 6 7.53 (dd, J = 9.0, 3.7 Hz, 3H), 7.41 (dd, J= 6.7, 2.7

Hz, 2H), 7.37 (dd, J=4.2, 2.1 Hz, 3H), 7.30 — 7.28 (m, 2H), 7.17 (t, /= 7.2 Hz, 2H), 7.14 — 7.09

(m, 6H), 7.06 (d, J = 2.3 Hz, 1H), 6.67 — 6.64 (m, 2H), 5.02 (s, 2H), 3.96 (q, J = 7.0 Hz, 2H),

3.91 (s, 3H), 0.84 (t, J = 7.1 Hz, 3H). *C NMR (126 MHz, CDCls) 165.2, 158.0, 138.8, 138.2,

135.2, 133.7, 132.8, 132.4, 130.8, 130.8, 130.4, 129.6, 129.6, 128.4, 128.2, 127.8, 127.2, 127.0,

126.9, 126.4, 126.1, 125.9, 124.8, 118.9, 113.6, 105.5, 59.4, 55.3, 48.6, 13.6. HRMS. Calculated
for C37H3NO3 (M+H"): 538.2377, found: 538.2357.

o Ethyl 5-(4-methoxyphenyl)-2,4-diphenyl-1-((tetrahydrofuran-2-yl)methyl)-
p 1H-pyrrole-3-carboxylate 6.4k. White solid, 202 mg, 84% yield. "H NMR (500
MHz, CDCl3) 6 7.53 (d, J = 1.5 Hz, 2H), 7.50 — 7.40 (m, 3H), 7.25 — 7.13 (m,
7H), 6.84 (d, J= 8.9 Hz, 2H), 3.95 — 3.86 (m, 3H), 3.84 —3.78 (m, 4H), 3.65 (p, J
=6.2,5.6 Hz, 1H), 3.53 — 3.48 (m, 1H), 3.35 (ddd, J= 8.4, 7.2, 5.9 Hz, 1H), 1.58 (tdd, J = 12.4,
7.6, 3.7 Hz, 2H), 1.48 — 1.38 (m, 1H), 1.16 — 1.09 (m, 1H), 0.80 (t, J = 7.1 Hz, 3H). *C NMR
(126 MHz, CDCl3) 6 165.2, 158.9, 138.3, 135.5, 132.8, 132.6, 132.2, 131.2, 130.8, 128.1, 127.9,
127.1, 125.7, 124.3, 124.2, 113.7, 113.3, 67.5, 59.2, 55.1, 48.5, 28.8, 25.1, 13.5. HRMS.
Calculated for C31H32NO4 (M+H"): 482.2326, found: 482.2311.

pMP— N~ _Ph
\ /

PH  CO,Et
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o
HQ Ethyl 1-(furan-2-ylmethyl)-2,4-diphenyl-5-(p-tolyl)-1H-pyrrole-3-carboxylate

pTol Ph
\§_/Z/ 6.41. White solid, 188 mg, 79% yield. '"H NMR (500 MHz, CDCls) & 7.44 (h, J =

Ph CO,Et

4.2 Hz, 5H), 7.26 — 7.19 (m, 5H), 7.17 (d, J = 7.0 Hz, 1H), 7.10 (q, J = 8.2 Hz,
4H), 6.15 (dd, J = 3.2, 1.8 Hz, 1H), 5.53 (d, J = 2.6 Hz, 1H), 4.89 (s, 2H), 3.94 (q, J = 7.1 Hz,
2H), 2.34 (s, 3H), 0.83 (t, J = 7.1 Hz, 3H). 3C NMR (126 MHz, CDCls) § 165.1, 150.4, 141.7,
138.4, 137.5, 135.3, 132.6, 132.4, 131.3, 130.9, 130.7, 128.9, 128.6, 128.3, 127.8, 127.2, 125.8,

124.2, 113.5, 110.2, 107.6, 59.3, 42.1, 21.3, 13.5. HRMS. Calculated for C3;H2sNO3 (M+H"):
462.2064, found: 462.2068.

co,et  Ethyl 1-(4-(ethoxycarbonyl)benzyl)-5-(4-methoxyphenyl)-2,4-diphenyl-
(©/ 1H-pyrrole-3-carboxylate 6.4m. White solid, 238 mg, 85% yield. '"H NMR
"M"ﬁ"“ (500 MHz, CDCl3) & 7.85 (d, J = 8.2 Hz, 2H), 7.35 (s, 5H), 7.27 — 7.14 (m,
P o 5H), 7.01 (d, J = 8.9 Hz, 2H), 6.73 (dd, J = 12.7, 8.5 Hz, 4H), 4.99 (s, 2H),
4.36 (q,J=17.2 Hz, 2H), 3.94 (q, J= 7.2 Hz, 2H), 3.75 (s, 3H), 1.40 (t, J= 7.2 Hz, 3H), 0.82 (t, J
= 7.2 Hz, 3H). C NMR (126 MHz, CDCls) § 166.3, 165.1, 159.1, 143.3, 138.4, 135.2, 132.5,
132.2, 130.7, 130.7, 129.6, 129.3, 128.3, 127.9, 127.2, 125.9, 125.9, 124.6, 123.6, 113.6, 61.0,

59.4, 55.1, 48.2, 14.3, 13.5. HRMS. Calculated for C3¢H34NNaOs (M+H"): 560.2432, found:
560.2423.

~ Ethyl 1-isopropyl-2,4-diphenyl-5-(p-tolyl)-1H-pyrrole-3-carboxylate 6.4n.
pT"'j\i[Ph White solid, 155 mg, 73% yield. 'H NMR (500 MHz, CDCls) § 7.55 — 7.49 (m,

"% M), 7.46 (dd, J=5.0, 2.1 Hz, 3H), 7.23 — 7.13 (m, 6H), 7.14 — 7.08 (m, 3H), 4.34
(p, J = 7.0 Hz, 1H), 3.88 (q, J = 7.2 Hz, 2H), 2.36 (s, 3H), 1.19 (d, J = 7.0 Hz, 6H), 0.77 (t, J =
7.1 Hz, 3H). °C NMR (126 MHz, CDCL3) § 165.2, 137.6, 137.5, 135.6, 133.8, 132.2, 132.0,
131.5, 1313, 130.6, 130.0, 128.6, 128.4, 128.2, 127.8, 127.6, 127.0, 125.5, 124.4, 113.4, 59.1,

49.7,23.5,21.3, 13.5. HRMS. Calculated for C20H30NO2 (M+H"): 424.2271, found: 424.2264.
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B Ethyl 1-benzyl-2,4-diphenyl-5-(thiophen-3-yl)-1H-pyrrole-3-carboxylate

S \l/ " 6.40. White solid, 174 mg, 75% yield. '"H NMR (500 MHz, CDCl3) § 7.35 (m,
PR COEtSH)), 7.30 — 7.19 (m, 9H), 7.14 (dd, J = 5.0, 3.0 Hz, 1H), 6.95 (dd, J = 3.0, 1.1

Hz, 1H), 6.79 — 6.76 (m, 2H), 6.74 (dd, J = 5.0, 1.2 Hz, 1H), 5.01 (s, 2H), 3.94 (q, J = 7.2 Hz,
2H), 0.82 (t, J = 7.1 Hz, 3H). 1*C NMR (126 MHz, CDCl;) & 165.0, 138.9, 138.4, 135.3, 132.2,
131.5, 130.7, 130.6, 129.7, 128.4, 128.3, 127.8, 127.4, 127.3, 127.1, 126.1, 125.9, 125.8, 125.2,
124.9, 113.5, 59.4, 48.6, 13.5. HRMS. Calculated for C30H26NSO2 (M+H"): 464.1652, found:

464.1673.

- E’V'P N Ethyl 1,5-bis(4-methoxyphenyl)-2,4-diphenyl-1H-pyrrole-3-carboxylate 6.4p.
Hoza Pale pink solid, 206 mg, 82% yield. "H NMR (500 MHz, CDCl3) & 7.25 (m, 10H),
6.87 — 6.82 (m, 4H), 6.62 (dd, J = 15.1, 8.9 Hz, 4H), 4.01 (q, J = 7.0 Hz, 2H),

3.72 (s, 3H), 3.71 (s, 3H), 0.89 (t, J = 7.1 Hz, 3H). *C NMR (126 MHz, CDCls) § 165.6, 158.3,
158.3, 137.8, 135.4, 132.6, 132.4, 132.1, 131.0, 130.8, 130.7, 130.0, 127.4, 127.4, 127.4, 125.9,
123.9, 123.6, 113.8, 113.5, 113.1, 59.7, 55.2, 55.0, 13.6. HRMS. Calculated for C33H30NO4

(M+H"): 504.2169, found: 504.2155.

TS, Bn Ethyl 1-benzyl-2,4-diphenyl-5-(1-tosyl-1H-indol-3-yl)-1H-pyrrole-3-
(" carboxylate 6.4q. White solid, 212 mg, 65% yield. 'H NMR (500 MHz,

S CDCLs) 5 7.88 (d, J = 8.7 Hz, 1H), 7.42 (d, J = 8.4 Hz, 2H), 7.38 (m, SH), 7.28
(d, J=4.1 Hz, 2H), 7.27 — 7.21 (m, 3H), 7.18 — 7.10 (m, 9H), 6.62 — 6.47 (m, 2H), 4.89 (s, 2H),
3.96 (q, J = 7.1 Hz, 2H), 2.35 (s, 3H), 0.84 (t, J = 7.1 Hz, 3H). '*C NMR (126 MHz, CDCL)
164.9, 144.8, 139.8, 137.8, 135.1, 134.9, 134.5, 132.1, 131.0, 130.7, 130.2, 129.8, 128.4, 128.3,
127.9, 127.6, 127.21, 127.20, 127.0, 126.6, 126.1, 125.9, 124.8, 123.6, 123.3, 120.3, 113.8,
113.6, 113.5, 59.5, 48.9, 21.6, 13.5. HRMS. Calculated for C4/H3sN2SOs (M+H"Y): 651.2312,
found: 651.22913.
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Bn - Ethyl 1-benzyl-2-(4-fluorophenyl)-4-phenyl-5-(p-tolyl)-1H-pyrrole-3-

\ carboxylate 6.4r. White solid, 208 mg, 85% vyield. 'H NMR (500 MHz,
P GO CDCls) & 7.31 — 7.23 (m, 4H), 7.21 (t, J = 7.2 Hz, 2H), 7.17 (td, J = 4.6, 2.2
Hz, 4H), 7.06 — 6.99 (m, 6H), 6.68 — 6.64 (m, 2H), 4.95 (s, 2H), 3.94 (q, /= 7.0 Hz, 2H), 2.29 (s,
3H), 0.84 (t, J = 7.1 Hz, 3H). 3C NMR (126 MHz, CDCI3) § 165.08, 162.67 (d, J = 247.7 Hz),
138.09, 137.52, 137.33, 135.30, 133.03, 132.61 (d, J = 8.2 Hz), 131.14, 130.73, 130.66, 128.87,
128.67, 128.45, 128.38 (d, J = 3.2 Hz), 128.29, 127.19, 127.05, 126.00, 125.88, 124.37, 114.82
(d, J = 22.0 Hz), 113.74, 59.41, 48.45, 21.23, 13.59. HRMS. Calculated for C33H290FNO;
(M+H"): 490.2177, found: 490.2182.

Bn o Ethyl 1-benzyl-2-(4-chlorophenyl)-4-phenyl-5-(p-tolyl)-1H-pyrrole-3-
PToI~(") carboxylate 6.4s. Off white solid, 232 mg, 84% yield. 'H NMR (500 MHz,

P COE CDCl3) § 7.33 — 7.30 (m, 2H), 7.28 — 7.21 (m, 6H), 7.18 — 7.15 (m, 4H), 7.05
— 6.98 (m, 4H), 6.66 (dd, J = 6.4, 2.7 Hz, 2H), 4.95 (s, 2H), 3.95 (q, J = 7.1 Hz, 2H), 2.29 (s,
3H), 0.85 (t, J = 7.1 Hz, 3H).!3C NMR (126 MHz, CDCls) & 165.0, 138.0, 137.6, 137.1, 135.2,
134.3, 133.2, 132.2, 131.1, 130.9, 130.7, 128.9, 128.4, 128.3, 128.0, 127.2, 127.1, 126.0, 125.9,
124.5, 113.8, 59.5, 48.5, 21.2, 13.6. HRMS. Calculated for C33H20CINO2 (M+H"): 506.1881,
found: 506.1877.

E” sr  Ethyl 1-benzyl-2-(4-bromophenyl)-4-phenyl-5-(p-tolyl)-1H-pyrrole-3-

\ carboxylate 6.4t. White solid, 217 mg, 79% yield. '"H NMR (500 MHz,
"o CDCl3) 6 7.47 (s, 2H), 7.25 — 7.15 (m, 10H), 7.01 (m, 4H), 6.66 (dd, J = 6.6,
2.8 Hz, 2H), 4.95 (s, 2H), 3.95 (q, J = 7.1 Hz, 2H), 2.28 (s, 3H), 0.85 (t, J = 7.1 Hz, 3H). °C
NMR (126 MHz, CDCls3) 165.0, 138.0, 137.6, 137.1, 135.2, 133.3, 132.5, 131.4, 131.1, 131.0,
130.7, 128.9, 128.4, 128.3, 127.2, 127.1, 126.0, 125.9, 124.5, 122.6, 113.8, 59.5, 48.5, 21.2, 13.6.
HRMS. Calculated for C33H20BrNO, (M+H"): 550.1376, found: 550.1382.
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Bn ove Ethyl 1-benzyl-2-(4-methoxyphenyl)-4-phenyl-5-(p-tolyl)-1H-pyrrole-3-
] carboxylate 6.4u. White solid, 231 mg, 92% yield. 'H NMR (500 MHz,

"o CDCl3) 6 7.29 — 7.23 (m, 4H), 7.20 (t, J = 7.3 Hz, 2H), 7.15 (dd, J = 5.0,
1.9 Hz, 4H), 7.00 (d, J = 2.1 Hz, 4H), 6.87 (s, 2H), 6.67 (dd, J = 6.3, 2.7 Hz, 2H), 4.97 (s, 2H),
3.95(q,J = 7.2 Hz, 2H), 3.83 (s, 3H), 2.28 (s, 3H), 0.85 (t, J = 7.1 Hz, 3H). '*C NMR (126 MHz,
CDCl3) 6 165.4, 159.5, 138.5, 138.4, 137.3, 135.6, 132.6, 132.1, 131.2, 130.7, 128.8, 128.7,
128.2, 127.2, 126.9, 126.1, 125.8, 124.5, 124.3, 113.5, 113.3, 59.4, 55.2, 48.4, 21.2, 13.7.
HRMS. Calculated for C34H3,NOs (M+H"): 502.2377, found: 502.2365.

Bn Ethyl 1-benzyl-2-isopropyl-4-phenyl-5-(p-tolyl)-1H-pyrrole-3-carboxylate

pTol \N/ 6.4v. White solid, 162 mg, 74% yield. '"H NMR (500 MHz, CDCl3) § 7.34 (t, J =
P CO:EU 7 4 Hz, 2H), 7.28 (d, J = 7.0 Hz, 1H), 7.20 — 7.10 (m, 5H), 6.96 (dd, J= 8.1, 5.8
Hz, 6H), 5.08 (s, 2H), 4.10 (q, J=7.1 Hz, 2H), 3.18 (p, /= 7.1 Hz, 1H), 2.27 (s, 3H), 1.34 (d, J =
7.0 Hz, 6H), 1.00 (t, J = 7.1 Hz, 3H)."*C NMR (126 MHz, CDCl3) § 166.9, 142.5, 138.6, 137.3,
136.1, 131.1, 130.9, 130.3, 128.9, 128.8, 128.7, 127.2, 127.2, 125.6, 125.4, 123.7, 112.0, 59.8,
48.0, 26.7, 21.2, 21.1, 13.7. HRMS. Calculated for C2oH3oNO, (M+H"): 424.2271, found:

424.2264.

E” Ethyl 1-benzyl-2-cyclohexyl-4-phenyl-5-(p-tolyl)-1H-pyrrole-3-carboxylate
pTO'WO 6.4w. White solid, 150 mg, 63% yield. 'H NMR (500 MHz, CDCls) 5 7.33 (t, J
= 7.4 Hz, 2H), 7.28 (d, J = 6.6 Hz, 1H), 7.20 — 7.10 (m, 5H), 7.01 — 6.95 (m,
6H), 5.09 (s, 2H), 4.11 (q, J = 7.2 Hz, 2H), 2.78 (t, J = 12.2 Hz, 1H), 2.28 (s, 3H), 2.06 (qd, J =
12.7, 3.2 Hz, 2H), 1.75 (d, J= 13.1 Hz, 2H), 1.63 (d, /= 12.1 Hz, 2H), 1.29 (q, J = 13.0 Hz, 2H),
1.13 (q, J = 13.0 Hz, 2H), 1.01 (t, J = 7.2 Hz, 3H). 1*C NMR (126 MHz, CDCl3) § 167.0, 141.5,
138.7, 137.3, 136.2, 131.2, 131.0, 130.2, 129.0, 128.8, 128.6, 127.2, 127.2, 125.7, 125.4, 123.6,
112.4, 59.8, 48.2, 37.6, 30.7, 27.2, 25.7, 21.2, 13.7. HRMS. Calculated for C33H3(NO> (M+H"):
478.2741, found: 478.2734.

PH  CO,Et
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En Ethyl 1-benzyl-2-isobutyl-4-phenyl-5-(p-tolyl)-1H-pyrrole-3-carboxylate

\ 7 6.4x. White solid, 194 mg, 86% yield. '"H NMR (500 MHz, CDCls) & 7.31 (dd, J
"R 7.9, 6.6 Hz, 2H), 7.25 (t, J = 7.2 Hz, 1H), 7.21 — 7.14 (m, 5H), 6.99 — 6.92 (m,
4H), 6.89 (d, J = 7.3 Hz, 2H), 5.11 (s, 2H), 4.13 (q, J = 7.2 Hz, 2H), 2.85 (d, J = 7.3 Hz, 2H),
2.27 (s, 3H), 2.05 (m, 1H), 1.07 (t, J = 7.1 Hz, 3H), 1.02 (d, J = 6.7 Hz, 6H). 3C NMR (126
MHz, CDCl3) & 166.0, 139.3, 138.2, 137.2, 136.3, 132.0, 131.2, 130.8, 128.8, 128.7, 128.7,
127.2, 127.0, 125.6, 125.5, 124.2, 112.1, 59.2, 47.9, 34.3, 29.8, 22.6, 21.2, 13.9. HRMS.
Calculated for C31H3aNO, (M+H"): 452.2584, found: 452.2574.

pTol

Bn o Ethyl 1-benzyl-2-(furan-2-yl)-4-phenyl-5-(p-tolyl)-1H-pyrrole-3-carboxylate
) 6.4y. colorless oil, 175 mg, 76% yield. '"H NMR (500 MHz, CDCls) & 7.52 (dd, J
"o = 1.8, 0.8 Hz, 1H), 7.25 — 7.17 (m, 8H), 7.03 — 6.98 (m, 4H), 6.81 (dd, J = 7.6,
1.8 Hz, 2H), 6.50 (dd, J=3.4, 0.6 Hz, 1H), 6.44 (dd, /= 3.4, 1.8 Hz, 1H), 5.10 (s, 2H), 4.06 (q, J
= 7.1 Hz, 2H), 2.30 (s, 3H), 0.98 (t, J = 7.2 Hz, 3H). 3*C NMR (126 MHz, CDCl3) § 164.9,
144.5, 142.7, 138.1, 137.7, 135.0, 134.2, 131.1, 130.6, 128.9, 128.3, 128.3, 128.2, 127.4, 127.3,
127.1, 126.8, 126.2, 126.0, 124.7, 115.9, 112.3, 110.9, 59.8, 49.1, 21.3, 13.8. HRMS. Calculated
for C31H2sNOs3 (M+H"): 462.2064, found: 462.2060.

Bn s Ethyl 1-benzyl-4-phenyl-2-(thiophen-2-yl)-5-(p-tolyl)-1H-pyrrole-3-

Prel \N ) ~ carboxylate 6.4z. pale yellow solid, 188 mg, 79% yield. 'H NMR (500 MHz,
P B CDCl) § 7.40 (dd, J = 4.4, 2.0 Hz, 1H), 7.30 — 7.15 (m, 8H), 7.01 (d, J = 5.6 Hz,
6H), 6.81 — 6.77 (m, 2H), 5.05 (s, 2H), 4.01 (q, J = 7.2 Hz, 2H), 2.29 (s, 3H), 0.91 (t, J = 7.1 Hz,
3H). 3C NMR (126 MHz, CDCl3) & 165.0, 138.4, 137.6, 135.1, 133.8, 132.1, 131.1, 130.7,
130.0, 129.5, 128.9, 128.4, 128.3, 127.5, 127.2, 127.0, 126.5, 126.0, 126.0, 124.7, 115.9, 59.6,

48.6,21.3, 13.6. HRMS. Calculated for C31H2sNO2S (M+H"): 478.1835, found: 478.1834.

Bn Dimethyl 1-benzyl-2-phenyl-5-(p-tolyl)-1H-pyrrole-3,4-dicarboxylate 6.4aa.

pTol—N<__Ph

S0 White solid, 189 mg, 86% yield. "H NMR (500 MHz, CDCl3) § 7.39 — 7.28 (m,

MeO,C CO,Me
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5H), 7.23 (d, J= 8.1 Hz, 2H), 7.17 (d, J = 7.9 Hz, 2H), 7.14 — 7.10 (m, 3H), 6.60 — 6.57 (m, 2H),
4.94 (s, 2H), 3.71 (s, 3H), 3.68 (s, 3H), 2.37 (s, 3H) . 3C NMR (126 MHz, CDCL3) § 165.5,
165.4, 138.6, 137.4, 137.2, 137.0, 130.7, 130.6, 130.4, 128.9, 128.7, 128.3, 128.1, 127.5, 127.2,
126.1, 114.8, 114.7, 51.6, 51.6, 48.5, 21.4. HRMS. Calculated for CasHyNOs (M+H"):
440.1856, found: 440.1847.

E“ methyl 1-benzyl-2,4-diphenyl-5-(p-tolyl)-1H-pyrrole-3-carboxylate 6.4bb.
pTol Ph
W White solid, 210 mg, 92% yield. '"H NMR (500 MHz, CDCls) 1H NMR (500
Ph CO,Me
MHz, Chloroform-d) & 7.35 (s, 5SH), 7.27 — 7.19 (m, 4H), 7.18 — 7.13 (m, 4H),
7.00 (m, 4H), 6.71 — 6.61 (m, 2H), 4.97 (s, 2H), 3.45 (s, 3H), 2.29 (s, 3H). '*C NMR (126 MHz,
CDCl3) 6 165.7, 138.6, 138.2, 137.4, 135.3, 133.0, 132.3, 131.2, 130.7, 130.6, 128.8, 128.6,
128.2, 127.8, 127.2, 126.9, 126.1, 125.8, 124.3, 113.2, 50.6, 48.5, 21.2. HRMS. Calculated for
C32HsNO, (M+HY): 458.2115, found: 458.2111.

. E” . Ethyl 1-benzyl-2,5-di-p-tolyl-1H-pyrrole-3-carboxylate 6.4cc. colorless oil,
140 mg, 68% yield. 'H NMR (500 MHz, CDCls) § 7.25 (d, J = 8.1 Hz, 2H), 7.20
—7.13 (m, 9H), 6.80 (s, 1H), 6.67 (dd, J = 6.5, 3.0 Hz, 2H), 5.06 (s, 2H), 4.17 (q,
J = 7.2 Hz, 2H), 2.38 (s, 3H), 2.37 (s, 3H), 1.19 (t, J = 7.2 Hz, 3H). '*C NMR (126 MHz,
CDCls) ¢ 164.8, 140.0, 138.4, 138.0, 137.4, 135.0, 130.6, 129.8, 129.2, 129.1, 129.0, 128.5,
128.3, 126.9, 125.9, 114.0, 110.5, 59.4, 48.4, 21.4, 21.2, 14.2. HRMS. Calculated for C2sH2sNO»
(M+H"): 410.2115, found: 410.2115.

EtO,C  H

1-Benzyl-2-phenyl-5-(p-tolyl)-1H-pyrrole 6.4dd. White solid, 116 mg, 72%

pT°'ﬁ/Ph yield. '"H NMR (500 MHz, CDCls) § 7.42 — 7.38 (m, 2H), 7.35 (t, J = 7.4 Hz, 2H),

Hoo" 732728 (m,3H), 7.21 — 7.14 (m, 5H), 6.74 (d, J = 6.6 Hz, 2H), 6.45 — 6.30 (m,

2H), 5.28 (s, 2H), 2.39 (s, 3H). '*C NMR (126 MHz, CDCl3) & 139.4, 136.8, 136.4, 133.8,

130.8, 128.99, 128.98, 129.0, 128.28, 128.27, 128.3, 126.9, 126.7, 125.9, 109.6, 109.4, 48.6,
21.2. HRMS. Calculated for C2sH2oN (M+H"): 324.1747, found: 324.1744.

Bn
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1-Benzyl-2,3-diphenyl-5-(p-tolyl)-1H-pyrrole 6.4ee. White solid, 154 mg, 77%

PTO'\Q/P" yield. 'TH NMR (500 MHz, CDCls) § 7.35 (d, J = 8.1 Hz, 2H), 7.30 — 7.12 (m,

H Ph14H), 7.11 (t,J = 7.3 Hz, 1H), 6.73 — 6.69 (m, 2H), 6.59 (s, 1H), 5.12 (s, 2H), 2.38

(s, 3H). 3C NMR (126 MHz, CDCls) & 139.2, 136.9, 136.3, 135.6, 133.2, 132.0, 131.3, 130.5,

129.1, 129.0, 128.3, 128.2, 128.0, 127.6, 127.6, 126.7, 126.0, 125.1, 123.2, 109.2, 48.4, 21.2.
HRMS. Calculated for C3oH26N (M+H"): 400.2060, found: 400.2050.

Bn

1-Benzyl-2-phenyl-5-(p-tolyl)-1H-pyrrole-3-carbonitrile 6.4ff. Colorless oil,
PT°'WP" 136 mg, 78% yield. '"H NMR (500 MHz, CDCl3) & 7.38 — 7.30 (m, 7H), 7.24 (d, J

H SN =79 Hgz 2H), 7.21 — 7.16 (m, 3H), 6.69 — 6.64 (m, 2H), 6.60 (s, 1H), 5.19 (s, 2H),
2.40 (s, 3H). '*C NMR (126 MHz, CDCl3) & 143.0, 139.2, 137.6, 136.4, 131.7, 129.6, 129.6,
129.4, 129.4, 129.3, 128.6, 128.5, 128.3, 127.4, 126.7, 125.9, 117.4, 112.0, 93.1, 49.1, 21.4.
HRMS. Calculated for C2sH20N2Na (M+Na"): 371.1519, found: 371.1522.
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Chapter 7. Conclusions, Contributions to Original Knowledge, and Suggestion

for Future Work

This chapter briefly summarizes the research presented throughout this thesis and its
contribution to our understanding of palladium and nickel catalyzed carbonylation chemistry.

Areas of future research exploiting the results from this body of work will also be suggested.

7.1. Conclusions and Contributions to Knowledge

As laid out in the introductory chapter of this thesis, transition metal catalyzed
carbonylation reactions, and their use in multicomponent coupling reactions, have proven to be a
very powerful tool in molecular synthesis. As such, large interest in the Arndtsen research group
has been the development of both — transition metal catalyzed carbonylations and
multicomponent reactions. The results presented in this thesis show further developments in the

design and mechanistic understanding of such palladium and nickel catalyzed reactions.

In chapter 2, we described a palladium catalyzed tandem approach to synthesize tetra-
substituted imidazoles by coupling two electronically different imines, aryl-iodides and CO. It
was found that a single palladium catalyst can mediate two catalytic processes at once — aryl
halide carbonylation to generate in situ acid chlorides, as well as cyclocarbonylation of a-
chloroamides into 1,3-dipoles (Miinchnones). The electronic differences between the imines
employed in this transformation allows the selective incorporation of two different imines into
the imidazole product, where more electron deficient N-tosyl imine undergoes selective 1,3-
dipolar cycloaddition to Miinchnones, while a more electron rich imine reacts with acid chloride
to form the Miinchnone. Overall, this provides a modular route to synthesize imidazoles with

control of all four substituents.

In chapter 3, we continued our interest in the carbonylation of aryl halides in the presence
of imines. In contrast to the palladium catalyzed reaction describe above, it was found that by

using nickel (i.e., Ni(COD);) as the catalyst in this transformation, a range of isoindolinones
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could be prepared. This transformation is believed to proceed via a tandem nickel catalyzed
carbonylation to form N-acyl iminium chloride salts, followed by a spontaneous nickel catalyzed
cyclization. This provides an efficient platform to synthesize isoindolinones, as well as a
demonstration of how this slower carbonylation with nickel catalysts relative to palladium can be

exploited to create new products from imines and aryl iodides.

In chapter 4, we described how palladium catalyzed aryl halide carbonylation can be used
as a tool to generate electrophilic aroylating agents for the C-H functionalization of activated
heterocycles. Previous work in our lab has shown that acid chlorides can be generated from the
palladium catalyzed carbonylation of aryl halides in the presence of chloride salts. In this, the use
of P'Bus ligand is critical to facilitate the reductive elimination of acid chlorides from palladium-
aroyl intermediates. The generation of electrophilic species such as acid chlorides from
carbonylation inspired us to explore the combination of this chemistry with trapping by
heterocycles as a new approach to C-H bond functionalization. These led to the discovery of a
general, acid chloride free, method to carbonylatively couple aryl halides with heterocycles to
form ketones. Mechanistic studies showed that in the absence of chloride source a more
electrophilic intermediate, presumably aroyl iodide, is generated during the transformation.
Overall this provides with a general synthetic route to generate aryl-(hetero)aryl ketones using
readily available aryl iodides, heterocycles and CO, and without the typical need of using pre-

metallated heterocycles in carbonylative coupling chemistry.

Chapter 5 provides probes the mechanism of the synthesis of Miinchnones via a
palladium catalyzed carbonylative coupling of imines and acid chlorides. Two catalytic systems
were examined using BusNBr or P(o-Tol); as additives or ligands, respectively. In both cases,
the key catalytic intermediates were synthesized and characterized using NMR spectroscopy and
X-ray structural analysis. Evidence gathered through kinetic and stoichiometric experiments
suggests that utilization of BusNBr in the reaction results in generation of a nanoparticulate
palladium catalyst which undergoes slow, rate determining oxidative addition. Conversely the
use of bulky phosphine ligands such as P(o-Tol); result in a much more active, monomeric Pd(0)
catalyst. The steric bulk of this ligand is critical in catalysis to allow rate limiting CO
coordination and insertion. Overall this study provides insights that can be further used to create

more active catalysts for this reaction.
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In chapter 6, we described how the mechanistic results laid out in chapter 5 can be
applied to create a highly active catalyst for synthesis of Miinchnones. This catalyst exploits the
sterically encumbered and electron donating pyrrole-based phosphine, ‘Bu,P(N-phenylpyrrole),
to create a palladium intermediate that undergoes rapid CO coordination and insertion to form
Miinchnones under more mild reaction conditions, significantly higher rates. The generation of
Miinchnones can be coupled with alkyne and alkene 1,3-dipolar cycloaddition reactions, thus
offering a broadly generalizable route to form polysubstituted pyrroles from simple imines, acid
chlorides and alkynes/alkenes. This approach has been applied to the multicomponent synthesis
of Atorvastatin (i.e., Lipitor) in a highly convergent manner from a commercially available

amine, 4-fluorobenzaldehyde, isobutyroyl chloride and diphenylpropiolamide.

7.1. Suggestions for Future Work

Previous studies in our research group have shown that the bulky P'Bus ligand in the
presence of CO can facilitate the reductive elimination of acid chlorides from palladium aroyl
complexes. In chapter 4, this transformation inspired us to develop an electrophilic approach to
the C-H bond functionalization of heterocycles via palladium catalyzed carbonylation of aryl
halides. Mechanistic analysis showed that this transformation relies on rapid reversible reductive
elimination of aroyl iodides, which are stronger acylating reagents than acid chlorides and allow
functionalization of a range of activated heterocycles. However, our preliminary studies have
shown that aroyl iodides are not sufficiently reactive to directly functionalize less activated

substrates such as thiophene or benzene.

The C-H functionalization of simple arenes in principle would require the development of
a catalytic system that would be able to reductively eliminate even more reactive aroyl
electrophiles. An approach to enhance electrophilicity would be to employ even more ionizable
carboxylic acid derivatives, such as triflates, by intercepting the palladium-aroyl intermediate
with anion exchange. In preliminary studies, I have found that this is possible by adding AgOTf
to the catalytic reaction and offers an approach to perform the C-H bond functionalization of
benzene into ketones (Scheme 7.1). Preliminary data from this study shows that reaction does

278



proceed via the formation of aroyl triflate intermediates that react with benzene. This project is

currently being persued by Garrison Kinney in our laboratory.

a) Generation of Reactive Electrophiles

0]
Ar)J\CI

TBACI
O

0
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PAP(Bu)L, | T AL, AN
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8 OTf 0
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?
b) Preliminary Result 0
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0 v
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Scheme 7.1. Palladium Catalyzed Carbonylative Generation of Electrophiles.

An alternative approach to generate reactive electrophiles such as aroyl triflates would be
to utilize aryl triflates as substrates for carbonylation chemistry. This would provide with an
atom economical approach to generate these reactive electrophiles without the use of silver salts.
As highlighted in the introductory chapter of this thesis, aryl triflates are attractive substrates
since they can be readily derived from phenols. A plausible mechanism for this transformation is
highlighted below. A key challenge to this reaction would be to overcome the relative rate
differences of oxidative addition of the strong aryl triflate bond in the presence of reactive aroyl

triflate generated during catalysis. A plausible solution could be to employ excess amounts of
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electron rich heterocycles, that could undergo C-H bond functionalization at rates high enough to

offset the competitive re-oxidative addition of aroyl triflates.
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Scheme 7.2. Palladium Catalyzed Carbonylation of Aryl Triflates.
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Appendix 1. Preliminary Studies: New Nickel Catalysts for Carbonylative

Coupling Reactions and Carbonylative Decarboxylations

Al.1. Preface

Throughout the course of these studies, several side projects were initiated to explore
wider chemical space on carbonylation reactions. While these studies cannot be summarized as
whole chapters themselves, they could provide with interesting insights and observations for
future projects in the Arndtsen research group. Efforts towards development of new nickel
catalysts for the aminocarbonylation or aryl iodides, the synthesis of Ni(CO)3(PR3) complexes,
as well as efforts towards development of palladium catalyzed carbonylative decarboxylation

reactions are described below.

A1.2. Nickel Catalyzed Aminocarbonylation

In contrast to palladium catalyzed carbonylation reactions of aryl halides, which have
seen significant use in the last several decades, nickel catalyzed carbonylation reactions has
gathered much less interest, presumably due to their lower catalytic activity than palladium and
the formation of toxic Ni(CO)s by-products. This is despite significant developmental work on
nickel catalyst systems up until the 1980s. Considering the vast advances in phosphine ligand
design in the past decade, we sought out to investigate whether new ligand scaffolds could be
beneficial in improving catalytic activity using nickel complexes (See section 1.2.2). In addition,
we were interested if chloride salt additives would be beneficial in nickel catalyzed

aminocarbonylations, through allowing the in sifu generation of acid chlorides.

To probe for potential influence of chloride salts on catalysis, we first carried out a
control experiment using a Ni(CO)3;(P'Bus) catalyst to carbonylate 4-iodotoluene in the presence

of a bulky 2,6-diisopropylaniline. It was found that adding a soluble chloride source (BusNCI)
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led to the formation of amide in 82% yield, compared to 23% in a control experiment where no

additive was added.

Ni(CO)3P'Bus 10 mol%
EtN/Pr, 1.2 eq. (0]
/O/ Additive 1.0 eq. _
CeHg, 4 atm CO, N

24 h, 105°C

Additive: BuyNCI - 82%
No additive: 23%

Scheme Al.1. Chloride Effect on Nickel Catalyzed Aminocarbonylation.

There are several potential roles of chloride could play in catalysis. For example, Cassar
and Foa have previously reported that the build-up of halide ions during catalysis facilitates the
rate of carbonylation via generation of a more active anionic nickel catalyst — [Ni(CO);X]™ for
oxidative addition of the aryl halide.! Alternatively, the increased yield of amide might be
attributed to the in situ generation of acid chlorides, similarly to our palladium system previously
described.?> In order to probe the latter postulate, we set out to catalytically build up acid
chlorides from aryl iodides in the presence of various chloride salt additives, and trap them out
with a nucleophile (benzylamine) (Table Al.1). It was found that after 4 days of heating 4-
iodotoluene in the presence of Ph;BnPCl and Ni(CO)3(P'Bus) catalyst followed by quenching
with benzylamine, we were able to isolate the corresponding amide in 49% yield. These results
suggest the catalytic formation of 4-methylbenzoyl chloride. This was further confirmed via in
situ monitoring of this reaction by 'H NMR in CsDs. 'H NMR analysis shows the generation
signals corresponding to acid chloride (6 7.75 (d, J = 8.4 Hz, 2H), 6.61 (d, J = 8.1 Hz, 2H), 1.77
(s, 3H)) corresponding to 4-methylbenzoyl chloride (34% in situ yield). Upon addition of
benzylamine to the reaction mixture, these aforementioned signals disappear and the N-benzyl-4-

methylbenzamide can be observed.
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Table A1.1. Catalytic Generation of Acid Chlorides using Nickel Catalysis.

0 (0]

I
. ¢ o _Bn
Q/ . Cr source Ni(CO);P'Bus 10 molf cl BnNH, 2.0 eq. m
CgHg, 110°C

4 atm CO,4 days

Entry Chloride source Isolated yield, %
1 TBACI 23 %
2 Ph;BnPCl 49 %
3 PPNCI 0%
4 LiCl 25%
5 CsCl 22 %

Further we investigated the temperature influence on this transformation. High
temperature carbonylation of 4-iodotoluene, in the presence of benzylamine and BusNCI led to
high conversion of the starting material to the desired amide (Table Al.2.). Interestingly,
lowering the reaction temperature to 75°C not only lowered the yield of amide, but also led to the
formation of a doubly carbonylated keto amide product. Further decreasing the reaction
temperature to 55 °C yielded only the double carbonylated product, along with unreacted 4-

1odotoluene.
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Table A1.2. Temperature Influence on Nickel Catalyzed Aminocarbonylation.

O O

| Ni(CO)3(P'Bus) H
Bn N
1 19 - N
+ TBACI + Bn—NH, 0 mol% . NTT Bn
CsHs, 4 atm CO O

Temperature, 24h

Entry | Temperature | Amide yield, % | Keto amide yield, %

1 110°C 88 % 0%
2 75°C 25 % 40 %
3 55°C 0% 42 %

We also explored the effect of various phosphine ligands on the carbonylation of 4-

iodotoluene in the presence of benzylamine without chloride additives (Table A1.3.). It was

found that in the absence of any phosphine ligand, 59% of amide was generated alongside with

4% of the keto amide side product. Addition of small, electron donating phosphine ligands

significantly diminished the yield of amide, while bulky ligands such as P(0-Tol); or P(TMS)3

approached the activity of phosphine free reaction. These observations can be attributed to

the

slower dissociation of CO from a phosphine coordinated nickel catalyst for rate determining

oxidative addition.
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Table A1.3. Ligand Influence on Nickel Catalyzed Aminocarbonylation.

Ni(COD), 10 mol% O Oy
' PR3 10 mol% _Bn N.
+ Bn—NH, N- Bn
CeHe, 4 atm CO H o)
110°C, 48h
Amide Keto amide Amide Keto amide
Entry PR3 Entry PR3
yield, % yield, % yield, % yield, %
1 - 59 % 4% 8 PCys; 30 % 3%
2 PPh; 12 % 13 % 9 P(0-MeOPh); 13 % 0%
3 P(OPh); 33 % 7% 10 P(o-Tol)s 58 % 0%
4 P(OEt); 18 % 7% 11 P(TMS); 66 % 0%
5 P(OCH,CF3); 34 % 8 % 12 P'Bus 39 % 7%
6 | P(OPh)Cathecol | 41 % 4% 13 PPh; (20 mol%) 17 % 10 %
7 Py 22 % 18 % 14 53 % 0%
e ©/0\ (3 () Bup () (V

p-Tol-1 (48 mg, 0.22 mmol), BnNH, (19 mg, 0.18 mmol), Ni(COD), (5 mg, 0.018 eq.), EtN'Pr; (28 mg, 0.22 mmol),
phosphine (0.18 mmol), 0.7 mL of C¢Ds, 4 atm CO, 48h. Yield determined by 'H NMR in respect to BnOBz internal

standard.

A1.3. Synthesis of Nickel Tricarbonyl Phosphine Complexes

During the course of our studies on nickel catalyzed carbonylative coupling reactions, we
initiated a collaboration with researchers at Texas A&M Qatar on the mechanism of these
transformations, and in particular the role of phosphines in inhibiting aryl halide oxidative
addition. These required us to synthesis several Ni(CO)sPR3 complexes for their studies.
Traditionally, these nickel carbonyl complexes are prepared from Ni(CO)s via substitution
reaction. However, Ni(CO)s is extremely toxic and, due to its high volatility, difficult to handle.
As an alternative, we show here how various Ni(CO)3;PR3 complexes can be generated instead

from Ni(COD); via simple displacement of the labile 1,5-cyclooactadiene ligand.
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As shown in Scheme Al.2, the combination of Ni(COD), and phosphine in benzene (5
min), followed by addition of 4 atm CO led to the straightforward generation of various
Ni(CO)3PR3; complexes. Evaporation of solvent and 1,5-cyclooactadiene on a Schlenk line leads
to the generation of pure Ni(CO)3;PR3 which needed no additional purification (NOTE: any
Ni(CO)s collected in the vacuum trap was immediately quenched by precharging the trap
charged with excess PPhs. Upon thawing of the trap, water was then added, as previously

reported by Nolan).> The Ni(CO);PR3 complexes were all isolated in high yields.

1) CO 4 atm

) CgHe, rt., 1h
NiCOD),  + PR3 ayvacium =  Ni(CO)s(PRs)

Ni(CO)3(P'Buz)  Ni(CO)3(PPhs)  Ni(CO)s(P(o-Tol)3)  Ni(CO),(DPPE)

93% 95% 94% 97%

Scheme A1.2. Synthesis of Ni(CO)3(PR3) Complexes.

Al.4. Palladium Catalyzed Decarboxylative Carbonylation Reactions

A potential alternative to palladium catalyzed carbonylation reactions of aryl halides
would be the decarboxylative carbonylation of carboxylic acids or their salts. Unlike aryl halides,
which are the product of petrochemical industry, carboxylic acids are widely available at low
cost, and often are readily obtained from natural sources. In the last decade, several powerful
decarboxylative cross-coupling methodologies have been developed as an alternative to classical
cross-coupling reactions of aryl halides.* Thus we envisioned to develop a palladium catalyzed

decarboxylative carbonylation reaction. This section highlights the preliminary results obtained.

The decarboxylative aminocarbonylation of carboxylic acids would to be of great
interest, considering that it would allow the construction of amides without the need of
stoichiometric activating agents (DCC, EDC, HOBt etc). As a test for this reaction, benzoic acid

was reacted with benzylamine and 4 atm of CO using a catalyst system similar to that reported
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by Goossen for benzoic acid decarbonylation.> This results in the formation of 1,3-dibenzylurea
due to the carbonylative dimerization of the amine, with small amounts of N-benzylacetamide
(Scheme Al.3.a). In order to prevent the generation of the urea product, an ortho-amide
substituted benzoic acid (2-(benzylcarbamoyl)benzoic acid) was employed as both the
decarboxylative unit and as the nucleophile trap. Upon subjecting the starting material to the
reaction conditions we observed the generation of phtalimide in high yield (Scheme A1.3.b).
However, upon on examining the background reaction of the non-carbonylative cyclization of
the starting material we found that the product could be generated also in the absence of CO in

similar yield, suggesting that decarboxylation and carbonylation had not occurred.

As the presence of an amine or amide in the reaction appeared to lead to side reaction, we
next examined the potential decarboxylative carbonylation of benzoic acid derived by
themselves, which could potentially lead to the formation of anhydrides. However, subjecting 2-
methylbenzoic acid to reaction conditions described by Myers® led to no anhydride products. In
retrospect, the anhydride product might have been lost during the aqueous workup of DMSO
prior taking a crude 'H NMR, and only starting material was observed (Scheme A1.3.c).
Employing other highly polar solvents such as NMP, DMF also only led to the recovery of

starting material.

a) Pd(OAc), 10 mol%
0 P'Bug 20 mol% O 0

Bn. J\ _Bn B
OH 4+ Bn—NH, Ag(OAc) 2.0 eq. - N N )J\N’ n

MeCN, 4 atm CO,

T
Irz
T

o Pd(OAc), 10 mol% 0
CSQCO3 2.0 eq.
OH Ag,CO315eq. N—Bn
DMSO, 4 atm CO
HN. 110 °C 48h

Pd(OAc), 10 mol%
0 Cs,C0O3 2.0 eq.
Ag,CO5 1.5 eq.

> N.R.
DMSO, 4 atm CO

110 °C 48h
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Scheme A1.3. Decarboxylative carbonylation of Benzoic Acids.

We also examined the feasibility of a decarboxylative carbonylative Heck-type reaction.
When be subjected 2,6-dimethoxybenzoic acid and styrene in the presence of 4 atm of CO to
catalytic reaction conditions, no carbonylative product was obtained and most of the carboxylic
acid starting material was recovered. This could be the result of CO binding to palladium center

and preventing the decarboxylation step all together.

o O =z

Pd(OAc), 20mol%
Ag,CO3 3.2 eq.
OH | 92003 q X NP
0 DMSO:DMF (1:20)

| 4 atm CO, 125°C, 3 h

Scheme A1.4. Decarboxylative Carbonylative Heck Type Reaction.

A1.5. Synthetic Procedures and Characterization Data

Safety note: Ni(CO), is a potential product generated in nickel-based carbonylations,
and is extremely toxic and volatile. Precautions must be taken to avoid all contact with the
reaction prior to quenching. All manipulations of the catalysis solutions after CO introduction
were therefore rigorously performed in sealed vessels with no contact to air or person. In order
to quench any possible traces of Ni(CO)s, all volatiles from reaction mixtures were removed in
vacuo on a Schlenk line and collected into a solvent trap charged with excess PPhs, followed by

the addition of water, as noted by Nolan.?
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Typical Procedure for the Catalytic Generation of Acid Chlorides using Nickel Catalysis (Table
Al.l)

In a glovebox, 4-iodotoluene (126 mg, 0.58 mmol), tetrabutylammonium chloride (161 mg, 0.58
mmol), Ni(CO)3(P'Bus) (20 mg, 0.0058 mmol) were combined in CsHe (5 mL) and added to a 50
mL sealable pressure vessel. The vessel was closed, removed from the glovebox. The pressure
vessel was connected to a CO gas cylinder via a rubber hose (Figure 2.2). The hose was
evacuated and backfilled with CO 3 times. Afterwards the pressure vessel was opened to the line,
and pressurized to 4 atm of carbon monoxide per the reading on the pressure gauge on the gas
cylinder. The reaction was heated at 110 °C for 4 days. After the reaction was cooled to room
temperature, and all volatiles were removed in vacuo according to the procedure noted above.
The pressure vessel was brought into to the glove box and a solution of benzylamine (124 mg,
1.16 mmol) in C¢Hs (2 mL) was a added to the crude solid. The reaction was allowed to stir at
room temperature for 1 h. Afterwards the solvent was removed, and the crude solid was
redissolved in dichloromethane (50 mL) and extracted with 1M aqueous HCI solution (3x 50
mL). The organic layer was collected, concentrated onto silica and purified by flash column
chromatography (EtOAc : Hexanes, 0 — 25% gradient) affording pure N-benzyl-4-
methylbenzamide in 23 % yield (30 mg).

Procedure for the Determination of Chloride Effect on Nickel Catalyzed Aminocarbonylation

(Scheme Al.1.)

In a glovebox, 4-iodotoluene (126 mg, 0.58 mmol), tetrabutylammonium chloride (161 mg, 0.58
mmol), 2,6-diisopropylaniline (105 mg, 0.58 mmol), Ni(CO)3(P'Bus) (20 mg, 0.058 mmol) were
combined in C¢He (5 mL) and added to a 50 mL sealable pressure vessel. The vessel was closed,
removed from the glovebox. The pressure vessel was connected to a CO gas cylinder via a
rubber hose (Figure 2.2). The hose was evacuated and backfilled with CO 3 times. Afterwards
the pressure vessel was opened to the line, and pressurized to 4 atm of carbon monoxide per the
reading on the pressure gauge on the gas cylinder. The reaction was heated at 110 °C for 24 h.
After the reaction was cooled to room temperature, and all volatiles were removed in vacuo
according to the procedure noted above. Afterwards the solvent was removed, and the crude

solid was redissolved in dichloromethane (50 mL) and extracted with 1M aqueous HCI solution
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(3x 50 mL). The organic layer was collected, concentrated onto silica and purified by flash
column chromatography (EtOAc : Hexanes, 0 — 25 % gradient) affording pure N-(2,6-
diisopropylphenyl)-4-methylbenzamide as a pale white solid in 82 % yield (140 mg). '"H NMR
(400 MHz, CDCls) 6 7.81 (d, J = 8.0 Hz, 2H), 7.40 (s, 1H), 7.33 (d, /= 7.7 Hz, 1H), 7.28 (d, J =
7.9 Hz, 2H), 7.22 (d, J = 7.7 Hz, 2H), 3.14 (hept, J = 6.7 Hz, 2H), 2.44 (s, 3H), 1.21 (d, /= 6.9
Hz, 12H). °C NMR (75 MHz, CDCl5) § 166.8, 146.4, 142.2, 131.7, 131.3, 129.4, 128.4, 127.2,
123.5,28.9, 23.6, 21.5.

General Procedure for Determining Temperature Influence on Nickel Catalyzed

Aminocarbonylation (Table A1.2.)

In a glovebox, 4-iodotoluene (126 mg, 0.58 mmol), tetrabutylammonium chloride (161 mg, 0.58
mmol), benzylamine (62 mg, 0.58 mmol), Ni(CO)3(P'‘Bus) (20 mg, 0.058 mmol) were combined
in C¢He (5 mL) and added to a 50 mL sealable pressure vessel. The vessel was closed, removed
from the glovebox. The pressure vessel was connected to a CO gas cylinder via a rubber hose
(Figure 2.2). The hose was evacuated and backfilled with CO 3 times. Afterwards the pressure
vessel was opened to the line, and pressurized to 4 atm of carbon monoxide per the reading on
the pressure gauge on the gas cylinder. The reaction was heated at temperature indicated in table
A2.2. for 24 h. After the reaction was cooled to room temperature, and all volatiles were
removed in vacuo according to the procedure noted above. Afterwards the solvent was removed,
and the crude solid was redissolved in dichloromethane (50 mL) and extracted with 1M aqueous
HCI solution (3x 50 mL). The organic layer was collected, concentrated onto silica and purified
by flash column chromatography (EtOAc : Hexanes, 0 — 25 % gradient) affording pure N-
benzyl-4-methylbenzamide and N-benzyl-2-oxo-2-(p-tolyl)acetamide in yields as indicated in
table A1.2.

Typical Procedure for Determining Ligand Influence on Nickel Catalyzed Aminocarbonylation

(Table A1.3.)

In a glovebox, 4-iodotoluene (48 mg, 0.22 mmol), benzylamine (1+ mg, 0.18 mmol), Ni(COD),

(5 mg, 0.018 mmol), EtN'Pr, (28 mg, 0.22 mmol), phosphine (0.18 mmol), and benzyl benzoate
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internal standard were combined in CsDs (0.7 mL) and added to a J-Young tube. The tube was
removed from the glovebox, connected to the Schlenk line (Figure 2.1.), the solvent was frozen
in liquid nitrogen, the headspace of the NMR evacuated, and 4 atm carbon monoxide was
condensed into the NMR tube. The reaction was heated at 110 °C and monitored by 'H NMR
spectroscopy. The yield of amide product was determined by '"H NMR analysis relative to the

internal standard.

General procedure for the synthesis of Ni(CO)3(PR3) Complexes (Scheme A1.2)

In a glovebox, Ni(COD); (100 mg, 0.36 mmol), phosphine (0.36 mmol) were combined in C¢He
(3 mL) and added to a 50 mL sealable pressure vessel. The vessel was closed, removed from the
glovebox. The pressure vessel was connected to a CO gas cylinder via a rubber hose (Figure
2.2). The hose was evacuated and backfilled with CO 3 times. Afterwards the pressure vessel
was opened to the line, and pressurized to 4 atm of carbon monoxide per the reading on the
pressure gauge on the gas cylinder. The reaction was allowed to stir at room temperature for 1 h.
Afterwards all the volatiles were removed in vacuo according to the safety procedure noted

above affording pure product.

Ni(CO)3(PPhs). Grey solid, 147 mg, 95% yield. '"H NMR (200 MHz, C¢Ds) & 7.40 (s, 2H), 6.94
(s, 3H). *'P NMR (81 MHz, CsD¢) 6 31.35. FT-IR-ATR (cm™): 2068, 1978 (CO).

Ni(CO)3(P'Bus). White solid, 93% yield. 'H NMR (500 MHz, CsDg) 8 1.12 (d, J = 11.7 Hz,
27H). 3P NMR (202 MHz, CDe) § 90.65.FT-IR-ATR (cm™): 2056, 1961 (CO).

Ni(CO)3(P(o-Tol)3). White solid, 163 mg, 94% yield. '"H NMR (200 MHz, CsD¢) & 7.37 — 6.68
(m, 12H), 2.37 (s, 9H). *'P NMR (81 MHz, C¢Ds) & 18.32. FT-IR-ATR (cm™): 2068, 1979 (CO).

Ni(CO)2(DPPE). Grey solid, 186 mg, 97% yield. '"H NMR (200 MHz, C¢Ds¢) & 7.56 (s, 8H), 6.97
(bs, Hz, 12H), 1.96 (d, J = 15.5 Hz, 4H). 3'P NMR (81 MHz, C¢Ds) & 45.92. FT-IR-ATR (cm™):
1996, 1934 (CO).
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Appendix 2. Spectroscopic Data for Chapter 6
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'H and '*C NMR spectra of 6.6.4c
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'H and '*C NMR spectra of 6.6.4d
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'H and '*C NMR spectra of 6.4g
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'H and '*C NMR spectra of 6.4i
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'H and '*C NMR spectra of 6.4j
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'H and '*C NMR spectra of 6.4k

Ph

PMP

CO,Et

Ph

40000

35000

30000

25000

20000

15000

10000

5000

r-5000

_
T T

1d—PROTON-EDE-

0T
7S0'T
FS0'T
T6L'E

et

=487
89
60
MMO.N

€8T

0.0

0.5

1.5 1.0

2.0

2.5

3.0

3.5

4.5

5.0
f1 (ppm)

5.5

6.0

6.5

7.0

7.5

8.0

8.5

9.0

9.5

10.0

- 35UU

3000

2500
2000
1500
1000
500

SSET —

S0°SC —
LL°8C—

[4K: 10
PT'SS~
ST'65 ~

€5°/9 —

8TETT~.
89€TT
e aTa
bEVTT

19°s21
80°£2T
98°/21
o8z ]
+8°0€T
0z°1€T ]
€T'TET |
$9'2ET
8/°7€T
16°5€T
om.wmi
16’8,

R——

——

61508/

JT-1963.3.fid
Arndtsen

/home tjutri

1d_C13 CDCI3

-10

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

210

303



'H and '*C NMR spectra of 6.41
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'H and '*C NMR spectra of 6.4m
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'H and '*C NMR spectra of 6.4n
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'H and '*C NMR spectra of 6.4p
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'H and '*C NMR spectra of 6.4q
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'H and '*C NMR spectra of 6.4r
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'H and '*C NMR spectra of 6.4s
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'H and '*C NMR spectra of 6.4t
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'H and '*C NMR spectra of 6.4u
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'H and '*C NMR spectra of 6.4v
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'H and '*C NMR spectra of 6.4w
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'H and '*C NMR spectra of 6.4x
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'H and '*C NMR spectra of 6.4y
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'H and '*C NMR spectra of 6.4z
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'H and '*C NMR spectra of 6.4aa
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'H and '*C NMR spectra of 6.4cc
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'H and '*C NMR spectra of 6.4dd
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'H and '*C NMR spectra of 6.4ee
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'H,13C and '°F NMR spectra of 6.1
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'H, 13C and *'P NMR spectra of complex 2-(di-tert-butylphosphanyl)-1-methyl-1H-pyrrole
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