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ABSTRACT:

The first part of this research focuses on developing efficient methods to address
challenging Buchwald —Hartwig amination reactions using Pd-NHC pre-catalysts. Specifically,
we focused on: a) coupling of sterically hindered primary and secondary amines and b) coupling
of 2-aminopyridine derivatives with aryl and heteroaryl halides.

Although several approaches have been developed and proven to be effective for coupling of
sterically hindered amines, they have limited utility and substrate scope. Pd-PEPPSI-1Pent®
(Pyridine Enhanced Pre-catalyst Preparation Stabilization and Initiation) proved to be a very
effective catalyst for coupling hindered primary and secondary amines under mild reaction
conditions (i.e. Na-BHT (BHT = 2,6-Di-tert-butyl hydroxyl toluene), 80 °C, DME) tolerating base
sensitive functional groups such as ester, keto, and nitrile groups.

While the synthesis of 2-aminopyridine derivatives is commonly carried out by metal-catalyzed
coupling of 2-halopyridines with aniline derivatives, the use of 2-aminopyridine as a nucleophilic
partner in Pd catalysis is very difficult as these substrates tend to bind irreversibly to the palladium
center and shut down the catalytic cycle. However, Pd-PEPPSI-IPent® has been found to resist
the binding of 2-aminopyridines, making it a very active catalyst for these couplings. The steric
bulk of the 3-pentyl substituents on the aryl rings of the NHC ligand that drives the cross-coupling
by facilitating reductive elimination also mitigates the poisoning effect of the 2-aminopyridine
functionality in the starting material/and or products. We also found that placing electron-donating
or electron-withdrawing substituents at the 6-position of the 2-aminopyridine ring reduces the

poisoning effect and facilitate the catalytic cycle with mild bases (i.e. Na-BHT).



The second part of this research investigated the formation of benzyne derivatives from
ortho-trimethylsilyl triflates using tetra-n-butylammonium fluoride (TBAF) as the benzyne-
forming trigger in the flow system. The numerous advantages of microfluidic devices enabled the
formation of these species at room temperature which were immediately trapped in Diels-Alder
reactions with five-membered heterocyclic dienes to generate bicyclic alkenes of biological
interest. The yields of Diels-Alder reaction with benzynes follow the order: furans > pyrroles >

thiophene.
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PART I: PALLADIUM PEPPSI- IPENT®; A USEFUL CATALYST FOR
CHALLENGING AMINATION REACTIONS

CHAPTER 1: INTRODUCTION

1.1 Significance of Aniline Derivatives.

Aniline derivatives are structural motifs that are frequently encountered in biologically active
compounds, such as pharmaceuticals and pesticides, as well as in conductive materials, and ligands

for transition metals.
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Figure 1: Selected examples of biologically active aniline derivatives.



. For instance, Enasculin is a coumarin with a phenyl piperazine moiety that has used for the
treatment of dementia.l Serotonin, (5-hydroxytryptamine, or 5-HT)ig, receptor antagonist was

developed for the treatment of certain neural disorders.?

Triarylmethylamines have emerged as a new class of inhibitors to apolipoprotein E (apoE)
production. ApoE is a cholesterol-and-lipid carrier protein that is associated with Alzheimer’s
disease, aging, atherosclerosis, and other lipid disorders.? Imatinib, a 2-phenylamino-pyrimidine
derivative that was developed by Novartis Pharma AG is used to treat patients with chronic
myeloid leukemia (CML).* Sorbitol Dehydrogenase Inhibitor (Figure 1) developed by Pfizer, is
used for treating diabetic patients.> Ombitasvir is an antiviral used for the treatment of Hepatitis C
and this drug was developed by AbbVie in 2014.% Avanafil has been identified as potent and highly

selective phosphodiesterase-5 inhibitors for the treatment of erectile dysfunction.’

The next section will detail the synthetic methods typically used in the formation of anilines

(Scheme 1), including those which are sterically hindered.

R

1
N. X Risy-Re

R, ————— 'Tl

+ Y

Y=H, Cl, OR

Scheme 1: General retrosynthesis of aromatic amines.



1.2 Synthesis of Aniline Derivatives.

The synthesis of aniline and aniline derivatives can be divided into two main categories: (a)
classical and (b) metal-catalyzed methods. The section below will discuss each of these methods

briefly.
1.2.1 Nucleophilic Aromatic Substitution.

One of the oldest methods to prepare aniline derivatives is through nucleophilic aromatic
substitution (SnAr) of haloarenes 1 with amines 2 (Scheme 2). These reactions are usually
conducted at high temperature and/or pressure to ensure full conversion.? The presence of electron-
withdrawing groups on the haloarenes facilitates substitution reactions and results in higher yields
compared to the corresponding reaction conducted using unactivated or electron-rich haloarenes.®
This is due to the enhanced electrophilicity of the leaving group by electron-withdrawing
substituents and heightened stability of the anionic intermediate which is known as a
“Meisenheimer complex”. These reactions are usually carried out in the absence of base but the
presence of weak bases such as carbonate or alkali bases has been shown to enhance conversions

and improve yields.®

R SNAr - R/=
N/ X * RiRoNH —— N\ /) NRiRz

1 2 3
X =F, Cl,Br, |
R; = R, = H, Alkyl, Aryl
R =EWG

Scheme 2: Formation of arylamines through nucleophilic aromatic substitution.



In most cases, the use of metal amides instead of neutral amines in SnA reactions changes the
reaction mechanism and results in the formation of an aryne intermediate (Scheme 3). The
formation of these highly reactive arynes has been confirmed by isotopic labeling,° flash
photolysis experiments, and mass spectrometry.l! Additionally, benzyne has been trapped as a
stable nickel complex.!? For a given metal amide, the rate of aryne formation follows the order of
Br > Cl > F ¥ and, for a given halogen, the elimination process follows a reactivity order of Na >
Li > MgBr.* Since there are two possible sites for nucleophilic attack (a or b, Scheme 3), this
protocol typically results in the formation of regioisomers that are inseparable in many cases,
which is a major drawback of this method. Additionally, the use of such strong bases limits the

substrate scope and makes this procedure incompatible with base-sensitive functional groups.

R R R R
Gx + R{R;NM ———> @f'\a I — @—NRRZ +
7 RR,NM
1 A_b 3a 3b NR{R;
X =F, Cl,Br, |

Ry =R, = H, Alkyl, Aryl

Scheme 3: Formation of arylamines through benzyne intermediate.
1.2.2 Aniline Derivatives from Nitrobenzenes.

Prior to metal-catalyzed sp?C-N bond formation, aniline synthesis was carried out primarily by

nitration of aromatic compounds, followed by reduction (Scheme 4).

R nitration R reduction R
—_— NO, —— NH,

4 5 6

Scheme 4: Arylamines formation through nitration followed by reduction.



Many aromatic compounds undergo nitration with a wide range of nitrating agents, with the most
common conditions utilizing a mixture of concentrated nitric and sulfuric acids. Such harsh
conditions are incompatible with a wide range of functionalities, which limits the use of this
method. Subsequent reduction of the nitro compounds to the corresponding aniline may take place
using a variety of methods such as catalytic hydrogenation or by using reducing agents. The most
common reducing agents being Fe, Zn, or Sn in acid.’® The presence of other reducible functional
groups such as ketones is problematic as a selective reduction of the nitro group can be quite
challenging. This problem was addressed by Imanaka and co-workers, as they reported
deoxygenation of nitro-aromatics with CO as reducing agent in the presence of water (Scheme 5).
Upon screening different catalysts, Rhe(CO)16/ TMPDA demonstrated high chemoselectivity in the
presence of other reducible groups.®

CO(4 atm), H,O (4 mL)

R{— (1.25 mol %)Rhg(CO)1g TMPDA (2 Equiv.) R®_NH2
N/ \Cz .
80 °C, 5-24 hr .
° 74-97%
R= COOR, Br
alkene

I |
TMPDA: _N. _~_N-_

Scheme 5: Chemoselective reduction of NO2 using Rh catalyst in the presence of other reducible
groups.

1.2.3 Aniline from Nitrobenzene and Grignard reagents.

The synthesis of diarylamines using excess aryl Grignard and nitrobenzene has been known for
several years. After multiple mechanistic investigations, it has been agreed that the reaction
proceeds via nucleophilic attack by the aryl Grignard at the nitro group.” This results in the
formation of nitrosobenzene which then reacts with a second equivalent of Grignard reagent,
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followed by reduction to deliver the desired diarylamine (Scheme 6). This reaction is limited to
the use of aryl Grignard reagents, as alkyl derivatives are known to attack the aromatic ring instead

of the nitro group.*®

9
R
@ ij 2
XMgO.
9 AN
reductlon

» »

/ Z A

Ri 12

Scheme 6: Mechanism of aniline synthesis using Grignard reagents and nitrobenzene.

More recently, excellent work has been published by Sapountzis and Knochel for the preparation
of polyfunctional diarylamines using Grignard reagents with excellent yields and wide substrate
scope, including sensitive groups such as ester, nitrile and iodo substituents. In the latter cases, the
addition at the nitro group is faster than the addition to the electron-poor groups like carbonyl and

esters.

Moreover, the reaction is compatible with both electron-donating and electron-withdrawing
substituents on the nitrobenzene. The only major drawback of this method is the necessity to use

two equivalents of Grignard reagents.*®
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Scheme 7: Substrate scope for preparation of polyfunctional diarylamines.

Another metal-free, mild approach to sp?C-N bond formation has been reported by Stuart and co-
workers, who utilized diaryliodonium salts and coupled them with unhindered secondary cyclic
amines (Scheme 8).2° The proposed mechanism for this transformation is demonstrated in Scheme
8. Ligand exchange of the trifluoroacetate for the coordinated amine group yields iodane
intermediate 17. This may be facilitated by mild nucleophilic activation through hydrogen-bonding
of the amine to fluoride anion, trifluoroacetate or excess amine present in the reaction mixture.
Finally, deprotonation and reductive elimination may occur subsequently or in a concerted fashion
to deliver the aryl amine and TMP-I. This reaction accommodates a variety of substrates including
those that currently pose a challenge to the classical metal-free C-N coupling reactions such as
ester and keto groups. However, only cyclic amines have been employed as the nucleophilic

partner suggesting that this process has a significant limitation.
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| H,O (5 Equiv.) |

R// DCE, 70 °C, 24 hr R/ =

13 14 15 46-98%
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Scheme 8: Metal-free amination using aryl(TMP)iodonium trifluoracetate.
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Scheme 9: Substrate scope for the metal-free amination using aryl(TMP)iodonium trifluoracetate.



1.3 Metal-Catalyzed Amination Reactions.

1.3.1 Copper-Mediated C-N Bond formation.

One of the earliest examples of metal-catalyzed C-N bond formation was reported by Ullmann in
1903 (Scheme 10 a),?! and this was followed by Goldberg’s report of amide —N-arylation reactions.
(Scheme 10 b).?? In these reactions, an aryl halide is coupled with an amine or amide in the

presence of a base and a copper salt or copper powder.

| H ;
N Cu, cho3
+
PhNO,,reflux ©/ \©
19 20

21 85%

Br Cu, ch03 7(©
©/ PhN02 reflux

24 50%

Scheme 10: Ullmann and Goldberg copper-mediated amination reactions.

The need for a high reaction temperature and stoichiometric amounts of copper, combined with
the modest yields of products, constitute major drawbacks and limit the application of these
methods. In spite of these limitations, Ullmann and Goldberg reactions represented the state-of-

the-art in copper-mediated C-N coupling reactions for almost a century.?®

In 1998, Chan,?* Evans,?® and Lam?® independently published a new method to conduct

copper-mediated amination reactions.



R—= Cu(OAc), / CH,ClI, R~
\ /) BOH): +HX ——> O*NHF?
Et3N or Pyridine \ 7
2 Equiv. H-X = amine, amide, urea,

sulfonamide,carbamate

25 12

Scheme 11: Chan’s protocol for coupling substrates containing nitrogen.

Chan and co-workers reported a variety of C-N bond forming reactions using arylboronic acids (2
equivalents) in the presence of copper diacetate and a base such as triethylamine or pyridine. A
variety of nitrogen-containing compounds such as amines, anilines, carbamates, sulfonamides, and
urea(s) undergo a coupling reaction to deliver the desired product in moderate to excellent yields
(Scheme 11). Further optimization by Collman and co-workers revealed that catalytic amounts of
copper could affect the transformation.?” The ability to conduct these reactions under mild
conditions, coupled with the wide commercial availability of arylboronic acids made this method
popular for synthetic applications. However, the Chan-Evans-Lam amination does have notable
limitations, such as the significant formation of side-products (i.e reduced product, diaryl ether,
and phenols) and the lack of general reactivity of arylboronic acid pinacol (BPin) esters, especially
with arylamines.?® Aryl BPin are readily accessible by transition-metal catalysis, they are generally
more stable than arylboronic acids, and thefore improving their reactivity is quite desirable. To

address these issues, a more thorough understanding of the exact mechanism was needed.

Stahl’s report on the related etherification provided a solid foundation for understanding these
copper-based oxidative couplings.?® In 2017, Watson and co-workers extended Stahl’s work and

reported a detailed investigation of the Chan-Lam reaction mechanism.*°
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A combination of spectroscopic techniques, computational modeling, and crystallography enabled
a complete mechanistic description of the process including off-cycle resting states, the origin of
oxidation/protodeboronation side reactions and the source of amine and organoboron reactivity
issues. The identification of key mechanistic events has allowed the development of a simple
solution to these problems. By controlling the oxidation of Cu(l) to Cu(ll), and manipulating three
synergistic roles of boronic acid diminished the formation of side-products and made this process
more general, thus overcoming the limitations associated with this valuable transformation.
Despite these advances and the broad substrate scope, the coupling of sterically hindered amines
remained unreported and low yield was obtained with ortho-substituted arylboronic esters (Scheme
12).
Cu(OAc), (20 mol%), B(OH); (2 equiv)

Ar-B(OR), + R{R,NH — » Ar—NRiR;
26 2 MeCN, 4 A MS, 80 °C, O, 27

520

27a 82% 27b 90% 27¢ 77% 27d 71%
o)
el PN
=0 NMe
N 2
jacagicadisagn o,
N
2 v
\ Ph
27¢ 85% 27f 67% 279 74% 27h 81%
H H
N N.
©/ \O NH NBoc /©/ Ph
©/ MeO,C
27i 84% 27j 81% 27k 83%

Scheme 12: Substrate scope using B(OH)3z-Promoted Catalytic Chan-Lam reaction
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1.3.2 Palladium-Catalyzed C-N Bond Formation.

In 2010 a noble price was awarded to Richard Heck, Ei-ichi Negishi and Akira Suzuki for
developing the most practical methods to form C-C bonds. Their tremendous achievement had laid
the foundations of the field of palladium-catalyzed cross-coupling reactions, which now have
become the most versatile and widely used methods in organic synthesis. This discovery
revolutionized the way chemists construct molecules while at the same time provide methods to
improve and overcome the challenges associated with C-C bond forming processes. Coupling
reactions was not only limited to C-C bond formation but was extended to include C- heteroatom

(C-0, C-S and C-N) bonds.

Since the seminal report by Migita et al. demonstrated the Pd-catalyzed C-N bond formation using
aryl bromides and N, N dimethylamino butyl tin (Scheme 13),3! a tremendous progress has been
made in the field of Pd-catalyzed amination reactions. In 1985, Yagupol’skii and co-workers

reported the first free amine in Pd-catalyzed aryl amination.3

SN
Br
PdClI,[(o-tolyl);P
+  BuSnNEY, 2l(o-tolyl)3Pl2 .
toluene, 100 °C
20 28 29 87%

Scheme 13: First Pd-Catalyzed C-N bond formation by Migita and co-workers.

Later, the contributions from the Buchwald and Hartwig research groups have established the
powerful nature of this method by reacting different aryl halides and aryl triflates with anilines in
the presence of a suitable base and ligand. The reaction’s synthetic utility stems primarily from

overcoming the problems associated with methods described above (e.g. SnA.,
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Nitration/Reduction of arenes etc.). With most classical methods suffering from limited substrate
scope and functional group tolerance, the Buchwald-Hartwig amination reactions allow for the
facile synthesis of arylamines under relatively mild conditions while significantly expanding the
repertoire of the possible C-N bond formations. As a result, Buchwald-Hartwig amination has

become an indispensable tool for medicinal and organic chemists (Scheme 14).

R
X i PdL N‘R'
+ RRNH >
Solvent, Base

L = Ligand
X =Cl, Br, I, OMs, OTs, OTf

Scheme 14: Palladium-catalyzed Buchwald-Hartwig amination.

1.3.2.1 Mechanism of Buchwald-Hartwig Amination.

1.3.2.1a Catalyst Activation

The accepted mechanism for Buchwald-Hartwig amination includes four elementary steps
(Scheme 16). The first step is catalyst activation. There are several approaches to generate the
active catalyst in amination reactions and using a Pd® source is the simplest approach. Examples
of Pd species include Pd(PPhs)s, Pd(dba)2, and Pd[(o-tol)sP].. While these catalysts provide Pd°
required for the reaction to commence, the electronic and steric properties of palladium in these
species do not meet the threshold for good catalyst performance with most substrates to deliver
the desired product. Therefore, changing the ancillary ligands is crucial to improving the catalyst
performance.®® Pend and co-workers demonstrated that mixing Pd(dba). with bulky phosphine
ligands is effective for the generation of active catalysts used in amination and sulfonation
reactions.®* Another method for catalyst activation is using Pd(l1) sources with an added ligand.

The most commonly used Pd(I1) reagent is Pd(OAc).. Alkylamines that contain § hydrogens may
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activate the catalyst through B-hydride-elimination.® However, aniline and ammonia do not have
B hydrogens and so cannot activate the catalyst through this path. Although the activation
mechanisms are still not clear, reactions with anilines and ammonia require > 80 °C if Pd(OAc): is
used. In the case of ammonia, an incomplete conversion to products was observed when using
Pd(OAC)2, but the full conversion was achieved upon using Pd(0) complex.®® A general strategy
for catalyst design is the use of Pd(Il) pre-catalyst that is coordinated to an ancillary ligand
responsible for tuning the steric and electronic properties of the metal that help to enhance catalytic
performance. The pre-catalyst may also contain other stabilizing ligands that are displaced during
the reaction or reductively eliminated to generate an active catalyst (Scheme 15). Amines or bases
utilized in the reaction are in most cases responsible for generating Pd(0). However, if the
reduction is not facile, reducing agents such as LiO'Pr or organometallic reagents such as Grignard

is used.%’

2e
-L
PdL, ———» pPq° <—L Pd'-Pre-catalyst
Pd(PPh3),4 ,Pd(dba),
or Pd[(o-t0|)3P] R1I\FCR2R3

beta hydride elimination

Pd(OAc), +NR;CHR,R;

Scheme 15: Different methods for generation of Pd(0) catalyst in Buchwald-Hartwig amination.

1.3.2.1b Catalytic cycle

Once the active catalyst is generated, oxidative addition of Pd(0) into the C-X bond generates
intermediate 31 (Scheme 16). Although the rate of oxidative addition primarily depends on the
catalyst, the steric and the electronic properties of the substrate also affect the reaction rates.
Electron-poor aryl halides or aryl pseudohalide are electrophilic and undergo oxidative addition
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easily, hence they are often referred to as “activated substrates”. Electron-rich and sterically
congested aryl halides are more challenging substrates for oxidative addition, thus they are
“deactivated” substrates. After oxidative addition, amine coordination takes place followed by
deprotonation of the resulting Pd-ammonium complex (32a or 32b) by the external base to furnish

a Pd-amido complex (33a or 33b).%

ArX
Pd (0) Ln
30
Reductive / Elimination Oxidative Addition
Ar
Ln—-Pd-NRR' Ar
33a _ _ I
Amine Coupling Ln—Pd—X
or 31
Ln—I?d—NHR
Ar
33b
Ar
o® |_n_|:|>d_x RR'NH /RNH,
XB ® NHRR'
32a
B: Base or
,?‘r
Ln—FI’d—X
®NH,R
X =Cl, Br, |, OMs, OTs, OTf
R =R'=H, Alkyl or Aryl. 32b

Scheme 16: Proposed catalytic cycle for Pd- catalyzed Buchwald-Hartwig amination.

The rate of amine binding depends on both the catalyst and the amine’s steric and electronic
properties. Electron-rich and sterically unhindered amines bind more readily to the metal species
compared to less basic or more sterically hindered substrates. Bulky amines exhibit weaker

coordination with the catalytic species resulting in a slower overall rate and, typically, low reaction
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yields.*® The subsequent deprotonation of the resulting Pd-ammonium complex depends on the
propensity of the ammonium species to undergo deprotonation i.e, the more acidic the ammonium
species, the more readily the deprotonation step occurs. Alkylamines (pKa ~ 35 in DMSO)
coordinate to the Pd(Il) center readily, but deprotonation of the resulting metal-ammonium
complex (pKa ~ 8~10) step is quite challenging with mild bases, such as carbonate (pKa of HCO3
~ 10.5). Conversely, anilines (pKa ~ 30 in water, 25 in DMSQO) have a lower binding affinity to
the Pd(I1) center but this is compensated by a faster deprotonation, due to the higher acidity of the

anilinium complex (pKa ~ 5) (all pKa values in DMSQ).®

The last step in the catalytic cycle is the reductive elimination of the amido complex (33a, or 33b)
to deliver the desired product. Electron-rich complexes have a lower tendency to reductively
eliminate than do electron-poor ones while increasing the steric bulk around the metal center

enhances the rate of reductive elimination.2®

1.4 Ligand Development in Palladium-Catalyzed Buchwald-Hartwig
Amination

In palladium-catalyzed cross-coupling reactions, ancillary ligands have a profound effect on the
catalytic capacity of the metal, and as a consequence ligand design has become extensively studied.
By implementing different functional groups on the ligand architectures such as electron-donating
groups or electron-withdrawing groups, chemists are now able to improve the catalytic
performance and increase the reaction efficacy and substrate scope of the Buchwald-Hartwig

amination, as well as other cross-coupling reactions.

Catalytic performance can be evaluated based on two quantitative parameters: Turn-Over Number
(TON) and Turn Over Frequency (TOF). TON is defined by the number of catalytic cycles

performed by a catalyst for a given reaction before its decomposition or deactivation. On the other
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hand, turn over Frequency (TOF) is a number of catalytic cycles occurring at the metal center per
unit time. The ultimate goal of ligand engineering is to increase the TON, therefore, increasing the
catalyst stability and to increase TOF, thus reducing the overall reaction time and increase the

overall catalytic productivity.

1.4.1. Phosphine Ligands

1.4.1.1 Quantifying Electronic and Steric Properties of Phosphine Ligands.

Tertiary phosphine ligands have been used extensively in cross-coupling reactions due to their
electron-rich nature and significant steric shielding of the metal’s coordination sphere. The
electronic and the steric properties of these ligands can be tuned by varying the substituents
attached to the phosphorous atom. Quantitative parameters to measure a ligand’s electron donating
strength and its steric bulk around the metal center were developed by Tolman in 1970.%° The
overall donor strength of a ligand to the metal can be determined by measuring the carbonyl
stretching frequencies of their corresponding Ni(CO)sL species, otherwise known as its Tolman
Electronic Parameter (TEP). In these complexes, a reduction in the carbonyl stretching frequency-
wavenumber (v) correlates to a metal center being more electron-rich due to the ligand ’s electron
donation (Figure 3). Given the toxicity of Ni(CO)s, it is more common to determine ligand donicity
experimentally from the carbonyl stretching frequencies of the corresponding Ir(CO).CIL

complexes which Crabtree has correlated directly to TEP values.*
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Figure 2: Backbonding in phosphine-metal-CO complexes.

The steric bulk of phosphine ligands may be quantified by measuring the ligand cone angle known
as the Tolman Cone Angle, which is defined by the angle formed between the metal center and the
outer edge of the ligand’s outermost atoms (Figure 2). The Tolman Cone Angle is based on the

standard distance of Ni-P (2.28 A) and this calculation does not take ligand flexibility into

228 A0 Tolman

Cone

angle
Figure 3: Tolman cone angle.

consideration.*?

1.4.1.2 Phosphine Ligands in Palladium-Catalyzed Amination.

The use of triphenylphosphine as a ligand in Pd-catalyzed cross-coupling reactions is
commonplace due to its commercial availability, ease of handling and low cost. However, the lack

of broad applicability to the synthesis of more challenging and interesting products with this ligand

18



led to the development of tri-o-tolylphosphine which was used in Migita’s amination protocol !
and in the approach to couple simple amines by Buchwald*® and Hartwig*. The original reports
by Buchwald and Hartwig used PdCl, or Pd (dba). with P(o-tolyl)s as a ligand, and a reasonable
range of electron-rich and electron-poor aryl bromides were coupled with a limited number of
secondary amines (Scheme 17).

2 mol % [Pd(dba),],» P(o-tolyl); or
[PACIx{P(o-tolyl)3}-]

R/{— ; t R/—
@—Br + HNR(R, 1.4 Equiv. NaO'Bu .~ Y D—NRR,
65 °C or 100 °C, toluene
34 2 35
MeO OMe
/ / / 0\
Ph N O N Ph N O
Ph Q \_/
35a 88% 35b 78% 35¢ 86%
>—< >—N\ HN—< >—< N—QN
o) Ph 4/_/4 Ph / \—Ph
35d 89% 35e 72% 35f 71%
[ \— o o
N
w X X
o) o)
F,C
359 79% 3~35h 67% MeO 351 819

Scheme 17: Buchwald amination using first-generation phosphine ligand.

Despite the reasonable utility of this method, it had limitations. First, only secondary, non-bulky
amines were good candidates. Primary amines could only be coupled with a limited class of
activated aryl bromides. Second, these methods were incompatible with both aryl chlorides and

aryl iodides as electrophilic coupling partners.
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Scheme 18: First and second-generation phosphine ligands.

The second-generation ligand systems developed were aryl-substituted bisphosphine ligands. The
Buchwald group focused on BINAP 3 while Hartwig and co-workers turned their attention
towards the use of DPPF.*® Buchwald’s interest in bidentate ligands for C-N cross-coupling
stemmed from the fact that previous transition metal complexes bearing bidentate ligands were
shown to slow B-hydride elimination reactions while promoting both oxidative addition and
reductive elimination. During the course of these studies, it was demonstrated that using BINAP
with Pd>dbasz promoted the cross-coupling of primary amines and improved the yields of more

challenging substrates.>®

Hartwig reported that using DPPF not only enabled the coupling of primary amines and aryl
halides that were not possible with P(o-tolyl)s, but he also demonstrated that sterically hindered
phosphine ligands are not necessary to promote the cross-coupling of primary amines. In 1998,
Hartwig described the effects of varying the steric and electronic properties and the bite angle of
various bidentate phosphine ligands on product ratios in the amination of aryl bromides, and the
results obtained showed that catalysts containing electron-rich, modestly hindered phosphine

ligands with small bite angles (~90 °) gave the best selectivity for the desired product versus the
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reduced products, and ligands with small bite angles gave higher monoarylation —to- diarylation

ratios (Table 1).4

Table 1: Effect of bite angle on amination reaction between 36 and 37.

Bu@—Br + H,NBu

5% Pd(dba); 10% Ligand__
NaOBu, toluene , 90 °C

36 37 38 39
Bu
* BUON'
e,
Bu
Entry Ligand Bite % Yield of 39 % Yield of 38 % Yield of
angle 40
1 DPPN 82° 14+1.0 78 +3.8 57+0.7
2 BINAP 92.7° 09+0.2 91+ 20 3.0+0.3
3 DPPF 99.0° 44+ 0.2 52+ 25 22+ 1.0
4 DPPR 101° 36 + 2.0 12+ 1.0 52+34
5 DPPDPE 101 40+ 25 11+1.0 3.6+09
6 DPPX 109 24+ 1.8 47+ 3.0 7.0+ 14
Ph
::; P P,\F:;] ©.\PPh2 AArr/\P . P'\AAr\r Ph’\ it o P:Iz:
0 &~ OO0 Lo
DPPN DPPR Ar = o-tolyl DPPDPE XantPhos

Despite these advances, the cross-coupling of several substrates types remained challenging, such

as acyclic secondary amines,*’ leading to further exploration of alternative ligands. Buchwald
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started investigating Kumada‘s ferrocenyl ligands to promote cross-coupling of secondary acyclic
amines.® Upon screening different ligands, the PPF-OMe (Scheme 19) ligand was found to be
effective in the cross-coupling of unactivated aryl bromides with cyclic and acyclic secondary

amines in generally good yields but was ineffective for coupling unhindered primary anilines.*’

0.25 mol% Pd,(dba);
0.75 mol% PPF-OMe

R : ¢ R~
1.4 Equiv. NaO'B C

@—Br *+ HNR{R, quiv. RalyBu o QNRRz
80 °C toluene

34 2 35
OMe
1 PPh,
F@e
PPF-OMe
® . ®
Bu
35 91% 35k 93% 351 92%
Bu > H
Bu
35m 90% 35n 52% 350 97%
— — ,Bu
Bu
/N—Bu
Bu
35p 49% 35q 60%

Scheme 19: Amination of cyclic and acyclic secondary amines using PPF-OMe ligand.

Despite these developments, cross-coupling of aryl chlorides remained quite challenging. In 1998,
Buchwald published H-NMR studies of amination reactions of aryl bromides using

BINAP/Pd(OAC). and concluded that oxidative addition was the rate-limiting step.*®4° Therefore,
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it was anticipated that the oxidative addition for aryl chlorides will be even more sluggish. To
facilitate this slow step, they focused on preparing electron-rich bidentate phosphine ligands. First,
they prepared the 2,2-bis(dicyclohexylphosphino)-1,1'-binaphthyl ligand, which was effective in
coupling pyrrolidine with 4-chlorotoluene. This important result, along with their experience with
the bidentate monophosphine PPF-OMe, promoted the synthesis of the aminophosphine known as
DavePhos*® (Scheme 20). This ligand demonstrated a high reactivity and coupled with a wide
range of aryl bromides and chlorides employing low catalyst loading and some reactions could be

conducted at room temperature.

0.025-0.5 mol % Pd,(dba); PC
1.5 mol% DavePhos Y2

R{— ; t R{=—
N + 1.4 Equiv. NaO'Bu N
@_X FNRiR: rt, toluene > 7 Nk
35

1 2 Me,N
X=Cl, Br DavePhos
Bu
’ / /~\
—@N\ —@—N\ NC—@—N 0
Bu Ph _/
35r X=Br 96% 35s X =Br 95% 35t X =Cl, 96%
n-Hexyl /\
NH N @]
—/
35u X=Br 88% 35v X=Br, 97%

Scheme 20: Amination of secondary amines at rt using DavePhos.

Although the presence of an amino or methoxy group was part of the design of these ligands,
further studies showed that the nitrogen substituent could inhibit some reactions, thus their
desamino analogs dialkylphosphino-2-biphenyl ligands were prepared and the results confirmed

that these changes led to catalysts that showed wider generality.>
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Several biarylphosphine ligands have been reported including XPhos, SPhos, RuPhos, and
BrettPhos, and these ligands demonstrated remarkable activity. XPhos allows chemoselective
amination, where anilines undergo preferential arylation in the presence of another N-H group

such as indolyl, alkylamino or amides (Scheme 21).°!

1 mol % Pd,dbas
5 mol % XPhos

R&= s o O\ 25Euiv.KCO;  Re= N\ R\ /7 O\
N\ /B "RNH NHR" — \ /N,  NHR"or N NHR'
t-BUOH, 100-110 °C R /2

12-24 hr

34 41 O 42 43
PCy2
iPr O iPr XPhos
iPr
Bu N
o N
/
HoN H HoN
44 88% 45 80% 46 87%

Scheme 21: Chemoselective amination of aniline using Xphos.

The use of BrettPhos promoted the amination of aryl mesylates®? and the monoarylation of primary
amines with aryl chlorides. It is noteworthy that this catalytic system enabled monoarylation of
some traditionally challenging diamine substrates containing two reactive amine sites, for

example, primary and secondary amine (Scheme 22).
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Scheme 22: Selective amination of primary versus secondary amines using BrettPhos.
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Scheme 23: Third-generation phosphine ligands.



Although third-generation ligands (biaryl monodentate phosphines) have clearly demonstrated
their utility in Buchwald-Hartwig amination, the need to further expand the reaction scope and
develop milder reaction conditions is a continuing goal. Second-generation bidentate phosphine
ligands proved to be better at stabilizing late transition metals such as palladium. The increased
steric bulk around the metal center and the presence of two binding sites on the ligand can be
extremely beneficial for the coupling of primary amines which have a high potential for
diarylation. Additionally, bidentate phosphine ligands are less prone to be displaced by
nucleophilic amine substrates. This nucleophilic attack on the metal center can limit the catalyst
lifetime through the formation of inactive species, and this has been reported to occur with pyridine

and ammonia.>®

These deficiencies led to the development of a fourth-generation ligand, “JosiPhos”, that is
bidentate, rigid, electron-rich and sterically hindered. The nature of the ligand backbone of
JosiPhos enhances chelation with the metal, thereby making the complex less susceptible to
catalyst decomposition via ligand displacement by the electron-rich amines or heteroaromatic
substrates. This increases the efficiency of coupling with ammonia, halopyridines, and other

challenging substrates.

P(tBU)z
PCy2

8

Fe

JosiPhos

Scheme 24: Fourth-generation phosphine ligand.
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1.4.1.3. Deficiencies of Phosphine Ligands.

Although phosphine ligands are the most common ligands used in palladium catalysis, they suffer
from several disadvantages. First, even the most strongly donating ligands, such as P'Bus, are
relatively labile and can dissociate readily from the metal, which disrupts the catalytic cycle
significantly. This was demonstrated by Hartwig‘s report that the treating Pd(ll) intermediate
[(P'Bus)Pd(o-tol)Br] with an excess amount of pyridine resulted in the complete substitution of the
phosphine ligand by pyridine (Scheme 25).>* Second, electron-rich phosphine ligands have a high
propensity to oxidize in air, thus special handling in an inert atmosphere is often required. Finally,
the high cost associated with bulky tertiary phosphine ligands has encouraged researchers to

explore alternative catalytic systems.
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Scheme 25: Liability of phosphine ligands in palladium catalysis.

As an alternative to phosphine ligands, N-heterocyclic carbenes (NHCs) have been used
increasingly as ligands in Pd-catalyzed cross-coupling due to the high reactivity of Pd-NHC
complexes. In comparison to phosphine ligands, NHCs are stronger o-donors, rendering oxidative
addition of the aryl halide to palladium more facile.*® In addition, the significant steric bulk brought
by NHC substituents facilitates the reductive elimination step of most catalytic cycles. Finally, the

strong interaction between the carbenic carbon of the imidazole moiety and the metal increases the
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stability of the complex under oxidative conditions and higher temperatures, thereby minimizing

the need for the excess ligand.®®
1.4.2. N-Heterocyclic carbene (NHC) ligands.

NHCs are cyclic neutral compounds containing a divalent carbon atom with six valence electrons
bound to at least one nitrogen atom within the heterocycle. This divalent carbene-type carbon

exists in a singlet state, where both electrons occupy sp? orbital (Figure 4).

ARy
VR,

Figure 4: Singlet state of NHC carbenes.

The induction and resonance effects of the nitrogen atom(s) stabilize the carbene’s singlet state.>’
This is known as the “push-pull” effect. The nitrogen atom(s) is (are) inductively electron
withdrawing yet contribute electron density by resonance. NHC(s) are formed by deprotonation of

their corresponding salts whose pKa values range between 20 and 25 (Scheme 26).

B R
N N
Base
N N
+ \
R R
55 56

Scheme 26: Generation of NHC by deprotonation.

28



A variation of the size of the carbene ring, the presence of additional heteroatoms within the
heterocycle or the substituents bonded to the nitrogen atom(s) lead to an array of different NHCs

with different electronic and steric properties.

In 1943, Ugai and co-workers reported the first reaction using NHC, where they demonstrated
that thiazolium salt can catalyze the self-condensation of benzaldehyde to produce benzoin.®®
Based on this report, Breslow et al. proposed a mechanism for this transformation in which the

active catalytic species is a nucleophilic carbene derived from the thiazolium salt (Scheme 27).%°

63 58b 64

Scheme 27: Mechanism of benzoin condensation proposed by Breslow.

In 1962 Wanzlick synthesized the dimerized form of 1,3-diphenylimidazolidin-2-ylidene
carbene.®® Two decades later, Arduengo et al. reported the isolation of the first stable free carbene

and this discovery is considered a landmark in organic synthesis (Scheme 28).5!
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Scheme 28: Formation of first stable NHC.

In 1995, Herrmann reported the first transformation promoted by a metal-NHC complex. In this
initial report it was demonstrated that palladium NHC complexes are excellent catalysts for a
number of Heck reactions (Scheme 29).5% As the number of available NHCs increased, a great
interest for their use in catalysis began to develop, and they have been employed in a broad range
of fields including organocatalysis for example in Suzuki-Miyarura couplings. More recently,
tremendous efforts have been devoted to understanding the key structural features of the NHC and

how this impacts the catalytic performance of M-NHC complexes.

/ \
L]
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o) . o) CO,Bu
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125°C
67 68 69

Scheme 29: Application of N-heterocyclic carbenes in Heck reaction.
1.4.2.2. Steric Characteristics of NHC ligands.

The steric bulk of metal-NHC ligands is projected towards the metal center, therefore Tolman’s

cone angle analysis is unsuitable for quantifying the steric bulk of these complexes. To address
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this issue, Nolan and Cavallo developed a steric parameter known as the “percent buried volume
(%Veur). The %Veyr is defined as the fraction of the volume of the sphere occupied by the given
ligand (Figure 5).% This value can be determined either from the X-ray crystal structure of the
complex or computed using density functional theory. The standard NHC metal complex initially
used to compute this parameter was Ni(CO)sL, the same metal complex that is used to calculate
the Tolman cone angle of phosphine ligands. However, due to the difficulties in preparing bulkier
NHC complexes, [(NHC)Ir(CO)2CI] complexes were found to be a better alternative for

determining NHC %Vagur, as they accommodate a square planar geometry.

IAd 36.1
I'Bu 35.5
IMes 31.6
IPr 33.6
SIMes 32.7
SIPr 35.7
PPhs 30.5

Figure 5. Percent buried volume (% Vgur) of selected NHC obtained from DFT-Optimized
geometries of [(NHC)Ir(CO).CI] complexes, d = 2.10 A and the radius = 3.5 A.

1.4.2.3 Electronic Parameter of NHC ligands.

Since Tolman’s development of TEP in 1970, the standard method used for probing the electronic
properties of a given metal in complexes is based on the use of IR spectroscopy with a coordinated
trans-ligated carbonyl (CO) group. After the discovery of NHC ligands, a number of researchers

have attempted to expand the application of TEP for these ligands. In 2003, Chianese et al. reported
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the use of [(L)Ir(CO)2Cl] complexes to compare the electron-donating ability of a series of
phosphine and NHCs ligands.®* A linear relationship was obtained by correlating the IR stretching
frequency of the Ir system in [(L)Ir(CO).CI] with TEP in Ni(CO)sL complexes. This discovery
allowed a direct estimation of TEP value without the need for synthesizing the LNi(CO)3z complex

from its toxic precursor Ni(CO)a.

Another milestone made in this field was achieved by Nolan and co-workers, who published a
report that expands the correlation between the TEP and the average CO stretching frequencies of
[(NHC)Ir(CO).CI] complexes of a large library of NHC ligands.®® Based on these results, Nolan
and Crabtree concluded that typical imidazole-2-ylidine NHCs are more electron-donating than
even the most electron-rich phosphine ligands, therefore the metal in these complexes will be more
electron-rich relative to their phosphine counterparts. It was also confirmed that for N-aryl NHC
ligands, the nature of the ortho-alkyl substituents on the phenyl ring had little effect on their
electron-donating ability. For example, the TEP of NHC (IMes) and NHC (IPr) were only different
by 0.8 cm™™. On the other hand, changing the nature of the substituent on the backbone of the NHC
has a profound effect on ligand donicity as shown in the Nolan TEP studies. For example, the
presence of electron-withdrawing chlorine atoms on the NHC backbone rendered the resultant
ligand (i.e. IPrc") significantly less donating than their unmodified counterparts. Surprisingly, for
N-aryl NHCs, the electron-donating ability can be tuned by changing the substituent at the para
position on the aryl ring.%® This is unexpected considering that there is no conjugation between the

orthogonal N-aryl and imidazole rings.
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Figure 6: Nolan and co-worker’s correlation of average vco for[(L)Ir(CO).Cl] complexes with
Tolman electronic parameter.®*

1.4.2.3 Pd-NHC Complexes in Buchwald Amination.

Several NHC ligands have been reported in the literature for Pd-catalyzed C-N bond formation
and a selection of important NHC ligands is summarized in Figure 7. Caddick and co-workers
have designed a variant of (NHC)Pd(R-allyl)ClI catalysts for amine arylation. For example, ligand
70 forms an air-stable, highly active Pd complex that couples a wide range of aryl halides with
primary and secondary alkyl amines at moderate (70 °C) or room temperature.®” Nolan and co-
workers reported the use of IPr ligand (71) in the Pd-catalyzed amination of aryl bromides with

secondary cyclic and acyclic amines providing the desired products in high yields at room
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temperature.®® More sterically hindered NHC ligands have been developed more recently by

Glorius (72a and 72b), Dorta (73a and 73b), Marké (74), and Organ (75).

0. 0
NANN NN NN
e A4 b )n oo

IBiox 6 (n=1)
Caddick Nolan Glorlus IBiox12(n=2)
70 71
R R ™™_Ph phPh
NN N _ N
-~ N7
Ph
Ph
Ph Ph
R R
Dorta 73a: (R = 'Pr) Marko Qrgan
74 ent
73b: (R = Cyclooctyl) 75

Figure 7: NHC pre-catalysts for Buchwald-Hartwig amination.

The pre-catalysts developed by the Organ group are becoming popular NHC-based Pd catalysts.
These NHC-Pd(I1) complexes with a trans-ligated 3-chloropyridine, known as PEPPSI complexes
(Pyridine-Enhanced Pre-Catalyst Preparation, Stabilization and Initiation) have made a significant
impact in many cross-coupling reactions including Suzuki,®® Negishi "° 3" and especially amination

reactions.’*
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Figure 8: Pd-PEPPSI pre-catalysts developed by Organ.

The monoarylation of primary amines was achieved with excellent selectivity using Pd-PEPPSI-
IPent® precatalyst (1 mol% catalyst loading) and Na-BHT as a base.”*¢ A great substrate scope
was reported, including base-sensitive functional groups (ketone, cyano, ester, and acids).
Deactivated anilines were successfully coupled with aryl halides using Pd-PEPPS-1Pent®-o-
Picoline precatalyst using carbonate bases at room temperature.” More recently, the new rationally
designed (DiMelHept®") pre-catalyst with highly branched alkyl chains on the aryl rings has been
shown to be effective in selective ammonia arylations across a range of challenging substrates
including heterocycles and those containing base-sensitive functionality. The less bulky congener
Pd-PEPPSI IPent® was effective in coupling ortho-substituted aryl halides providing the desired
monoarylated product in high yield and selectivity.”® It is also worth mentioning that due to the
wide application of the Pd-PEPPSI-IPent catalyst in various cross-coupling reactions, including
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Suzuki-Miyaura, Negishi, Stille-Migita and Buchwald amination, this catalyst was granted the

“EROS Best Reagent Award” in 2017.72
1.4 Challenges in C-N Bond Formation.

1.5.1 Synthesis of Sterically Hindered Anilines.

Recently, some medicinal chemistry efforts have focused primarily on developing aniline
derivatives possessing highly branched alkyl content such as tert-butyl and adamantyl groups.”
This stems from the fact that introducing such groups in the molecule enhances the lipophilicity
and metabolic stability by protecting the reactive sites from enzymatic degradation. This is well
demonstrated by comparing ferrostatin inhibitor 1 with its analog (Figure 9). Ferrostatin inhibitor-
1 is an alkyl aryl amine with antioxidant properties that are believed to prevent oxidative damage
to lipids in cell membranes.”* Replacing the cyclohexyl and methyl ester substituents in ferrostatin
inhibitor-1 with an adamantyl group and tert-butyl ester, respectively, significantly increases the

drug’s stability in the plasma (t2 > 1.9 min versus 120 min).

0
ho NH o%
N N
Sasy joRSgs
0 H N=

Ferrostatin-1 Ferrostatin-1 Analogue

Inhibit oxidative damage of lipids
in cell membrane

Figure 9: Examples of sterically hindered anilines.
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However, from a synthetic point of view, incorporation of sterically hindered substituents remains
quite challenging. The most commonly used methods to generate sterically hindered amines rely
on N-aryl bond formation using amine derivatives (vide supra). Since these methods suffer from
major drawbacks and limitations, therefore the development of alternative routes is highly

demanded.

In 2015, Buchwald and co-workers developed two ligands P1 and P2, for the Pd-catalyzed
arylation of sterically demanding a-branched secondary amines (Scheme 30). These ligands are
relatively less electron-rich than XPhos or BrettPhos which have been used for promoting Pd-
catalyzed C-N bond formation. A less electron-rich ligand is expected to increase both the rate of
reductive elimination and the rate of transmetalation by rendering the Pd(ll) intermediates more
electrophilic. It is important to mention that the use of NaOtBu as a base in this protocol might be

problematic in tolerating base-sensitive functionality.”
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Scheme 30: Buchwald protocol for the synthesis of sterically hindered anilines derivatives.

Lalic and co-workers published an alternative approach for coupling sterically hindered amines
using a copper-catalyzed amination reaction. Their protocol involves electrophilic amination of
aryl boronic esters using 2.5-5 mol % catalyst derived from copper tert-butoxide with Xantphos
ligand (Scheme 31). The transformation was conducted under mild conditions and a wide range of
functional groups was tolerable. This report was unique in synthesizing some of the most hindered
anilines made to date.”® The proposed mechanism for this transformation is shown in Scheme 3.

The reaction involves transmetalation from boron 28 to copper 86 to generate intermediate 88.
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Subsequent electrophilic amination of aryl copper intermediate generates the desired product along

with intermediate 91. Finally, the reactive copper is regenerated with lithium alkoxide.

XantPhos (2.5 mol%)

o CuO'Bu (2.5 mol%)
\
- - >
><: B=Ar + RoN-OBz " (1.0 Equiv.) ANR,

1.2 Equiv isooctane, 60 °C
83 84 85
93 LiOBz LCu-OR! Ar-B(OR),
86 28
. R'OB(OR)
1 2
92 R'OLi 87
91 LCu-OBz LCu-Ar 88
ArNRRv‘\_/ R;N-OBz
Q 89
\Om g
PN ﬁj T f)
85a 87% Cl 85b 60% 85¢c 95%

PPh, PPh,
20¢

XantPhos

85d 78%

Scheme 31: Lalic’s protocol for the synthesis of sterically hindered aniline derivatives.

1.5.2 Synthesis of 2-aminopyridine derivatives.

2-Aminopyridine derivatives are important compounds that have been used as ligands in

organometallic chemistry, “as fluorescent dyes’® and as therapeutic agents, for example,

compound 94 as an anti-HIV and compound 95 for the treatment of diabetes (Figure 10).”
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Figure 10: Examples of 2-aminopyridine derivatives as therapeutic agents.

The development of synthetic methods to access these compounds is important. Strategies for
selective synthesis of aminopyridine derivatives include SnAr of halopyridine substrates, but these
methods produce an only modest yield of the desired product, require harsh conditions and only a
limited class of substrates can undergo this transformation (vide supra).&° Further, the modification
of commercially available aminopyridines and de novo construction of the pyridine nucleus

incorporating properly disposed amino groups similarly have notable limitations.5!

Another metal-free approach for synthesizing 2-aminopyridine derivatives was reported by
Chupakhin and co-workers in 2015 who utilized a hypervalent iodine reagent as an oxidant. This
approach allows the coupling of arenes with electron-deficient amine derivatives providing a rapid
access to scaffolds of bioactive compounds (Scheme 33). A major drawback of this method is its
incompatibility with highly electron-rich arenes, this is due to the side oxidation reaction of the
electron-rich arene by the idosobenzene diacetate.®? A plausible mechanism for this transformation
is shown below; a nucleophilic attack of the amine to the hypervalent iodine reagent 99 results in

the formation of intermediate 100. A second nucleophilic attack of the arene results in the
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formation of sigma complex 101. Finally, deprotonation and regaining aromaticity deliver the

desired product.
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Scheme 32: Metal-free synthesis of 2-aminopyridines.

Later on, Knochel and co-workers reported a protocol to synthesize functionalized secondary

amines by the addition of functionalized organozinc reagents to nitrosoarenes (Scheme 33).8% The
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nitrosoarenes were prepared by oxidation of the corresponding arylamine using H20> and catalytic
amounts of PhSeSePh. A potential problem that detracts from the utility of this synthetic method
IS in preparing nitrosoarenes. The oxidizing conditions required can result in a decomposition of

the starting arylamine, especially in electron-rich systems.

Rpo =N 103
i \\_/)_NO
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R, R

I I
/ _\> FeCl, (2 Equiv.) / -\>
R1\_ =N NaBH, ( 1 Equiv.) R1\_ —N
@"‘ﬂ EOH, 1t 1600 @_NH
OZnX Y

104 67-96 %, 105

Scheme 33: Knochel protocol for the synthesis of 2-aminopyridine derivatives using organozinc.

Palladium-catalyzed C-N bond formation provides an alternative for the formation of
aminopyridine derivatives (Scheme 34). The first disconnection is more facile since the
halopyridine partner is quite electron-deficient, thus facilitating all three steps of the catalytic cycle
(O.A., deprotonation, and R.E). On the other hand, the second disconnection is more challenging,
as the aminopyridine group is less nucleophilic. Additionally, 2-aminopyridines have been used
extensively as ligands to stabilize early transition metal and lanthanide ions (Scheme 34).2* The
aminopyridine ligands used exhibited a relatively low steric demand, especially in the plane
perpendicular to the pyridine moiety, this results in the formation of relatively stable metal-
complexes.® Such property restricts the chemistry of these metal-complexes in catalysis. For these

reasons disconnection number 2 is less commonly used in the literature.
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However, it will be beneficial if this problem is addressed as it can greatly expand the substrate

scope and give access to these scaffolds more readily.

#2 I;| #1
HoN N\ #2 A-—,ZL'N N\ #1 | N\ X
Ar-X + r Ar-NH, + U
U(}:l [ ) = P
- Amine is less nucleophilic - Amine is more nucleophilic
- Oxidatative addition partner is less - Oxidatative addition partner is more
electron-poor, thus disfavouring OA, electron-poor, thus favouring OA,
amine deprotonation and RE amine deprotonation and RE
/A
¥ \N [M] = Metal
R | =
P

R = Aryl, alkyl or silyl substituents

Scheme 34: Metal-catalyzed amination to form 2-aminopyridine derivatives.

1.6 Plan of Study

1.6.1 Plan of study for the synthesis of sterically hindered aryl amines.

Despite the powerful and well-developed approaches for the synthesis of sterically hindered
amines reported by Buchwald and Lalic, there are major drawbacks in each protocol. The use of
aggressive base NaO'Bu in the Buchwald’s method limits the substrate scope. On the other hand,
the conversion of the amine into its corresponding o-benzoyl-N,N-dialkyl hydroxyamine
derivative and the preparation of boronic acid in Lalic’s method add at least two steps to the
process. These activation steps introduce limitations in the scope of the starting materials involved.
In order to address these deficiencies, we set out to develop a general and more practical strategy
for the synthesis of sterically hindered primary and secondary amines employing a single catalyst

under relatively mild reaction conditions. We were drawn to the use of Na-BHT as a mild base in
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Pd-catalyzed C-N bond formation using a Pd-PEPPSI pre-catalyst. Below, we detail the
development of conditions for the coupling of non-activated hindered primary and secondary

amines with aryl chlorides bearing different functional groups.

1.6.2 Plan of study (I1) synthesis of 2-aminopyridine derivatives.

Due to difficulties associated with the second disconnection mentioned above (i.e. the less
nucleophilic amine and the ligation of 2-aminopyridine to the palladium center to form a relatively
stale complex (Scheme 34), fewer efforts have been devoted in the literature to explore this route.
We envision that, if these challenges were addressed, then we can expand the substrate scope of
2-aminopyridine derivatives and provide an easier means to access these valuable scaffolds. In the
discussion section, we detail the progress made in coupling 2-aminopyridines with a variety of
aryl(heteroaryl) chlorides bearing different functional groups using a single catalyst with different

bases.
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CHAPTER 2: SYNTHESIS OF HINDERED ANILINES

2.1 Reaction optimization:

We initiated our investigation by screening different catalysts and bases to couple N-isopropyl
benzylamine with tert-butyl-4-chlorobenzene using conditions developed in Organ’s lab (i.e. DME
as a solvent at 80 °C Table 2). Using cesium carbonate, the mildest base in this study, Pd-PEPPSI
IPr exhibited no reactivity and the crude NMR spectrum showed only starting materials (Table 2,
entry 1). We have demonstrated earlier that increasing the steric bulk around the metal center
greatly increases catalytic activity, so the same reaction was conducted using Pd-PEPPSI IPent
(Table 2, entry 3) but the conversion remained unsatisfactory (<10 %). It was also established that
chlorinating the backbone of the NHC ligand has a positive effect on catalyst activity, but the
outcomes of running the same reaction with the chlorinated version of IPr and IPent were
unsuccessful (Table 2, entries 2, 4). Based on these results, we decided to try a different base that
is still mild but more soluble. Sodium 2,6-di-tert-butyl-4-methylphenolate (NaBHT) "¢ was an
excellent candidate for the amination reaction. With a pKa of ~11, this base is strong enough to
deprotonate the metal alkyl ammonium complexes which are formed in the catalytic cycle, yet
mild enough to tolerate base-sensitive functional groups. Conducting the reaction with both Pd-
PEPPSI-IPr and Pd-PEPPSI-IPr®, resulted only in aryl chloride reduction (i.e., the formation of
109 Table 2, entries 5, 6). While the major product with Pd-PEPPSI-IPent (Table 2, entry 7) was
again the reduced product tert-butylbenzene, Pd-PEPPSI-IPent® provided primarily the desired
product (Table 2, entry 8). It is noteworthy that the formation of the tert-butylbenzene upon using
Na-BHT base does not originate from the B-hydride elimination of the amine since the control

experiment in Scheme 35 resulted in 67 % conversion of the starting material to 109. Mechanistic
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investigation of this side reaction is ongoing in the Organ lab, and so far, preliminary results have

excluded the solvent as the hydride source.

Table 2: Catalyst and base optimization study.

4 mol% Pd-PEPPSI Catalyst Y
Cl : N
N Base X Equiv.
+ H o +
DME, 80 °C, 24 hr

106 107 108 109
Entry PEPPSI Base (Equiv.) Percent Conversion  Percent conversion

of 106 to 1082 of 106 to 1092
1 IPr Cs2CO3 (3) 0 0
2 IPrc! Cs2C03(3) 0 0
3 IPent Cs2C03(3) <10 0
4 IPent®! Cs2C03(3) <10 0
5 IPr NaBHT (1.5) 0P -d
6 IPrc! NaBHT (1.5) 10°¢ -d
7 IPent NaBHT (1.5) 25¢ -d
8 IPent®! NaBHT (1.5) 80 &¢ 19

*Percent conversion was determined by *H NMR spectroscopy of the crude reaction mixture. ® The only product in
the crude reaction mixture was the reduction product 5109) of oxidative addition partner 106.¢ Reduced product 109
along with starting material accounted for the remainder of the crude reaction mixture. ¢ Determining the percent of
conversion of 106 to 109 was difficult due to peaks overlapping. © The yield of the product following silica gel
chromatography was 80%.
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Na+

o
Cl 4 mol % Pd-PEPPSI-IPent®
:
+ DME, 80 °C, 24 hr
106 109
1 Equiv. 1.5 Equiv. 67%

Scheme 35: Determining the origin of the reduced product 109.

2.2 Substrate Scope with primary amines:

With the optimized conditions in hand, we next examined the substrate scope of the coupling with
hindered primary amines (Table 3). The coupling of adamantyl amine proceeded well, providing
products 110 and 118. Coupling of heteroaryl chloride delivered the desired product in excellent
yield (e.g. 112). Amines containing a-quaternary carbon were also coupled providing products,
112, 113, 115 and 117. Similarly, a steric hindrance at both ortho positions on the oxidative

addition partner posed no problems leading to products 114 and 115.

Notably, the mild nature of NaBHT means that sensitive groups that often lead to poor results in
such couplings using bases such as tert-butoxide could now be tolerated (e.g., 116 and 118). When
we used tert-butoxide in the coupling to provide 117, even though it did not contain a sensitive
functional group, the yield was lower than anticipated due to competing formation of the tert-butyl

phenyl ether, further illustrating the value of NaBHT as a base for amine coupling.
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Table 3: Coupling of primary amines.

ONa
R@ Rip, 4 MOl% PA-PEPPSL-IPent® R =
Cl + 2 -
\_/ . Na-BHT (1.5 Equiv.) @’NHR
1.5 Equiv. pME, 80 °C, 24 hr

sodium 2,6-di-tert-butyl-4-methylphenolate

110 46%2 111 84% 112 95% 113 96%
CN
q oy
NH : N
H
114 74% 115 70% 116 69%
O
N
O Q H
N
X - g aVar. ;
117 48%P°¢ 118 79%

a\When the reaction was performed at 100 'C, the yield increased to 78%. ® When the reaction was performed at 100
'C, the yield increased to 60%. ¢ When the reaction was performed using 1.2 Equiv. NaO'Bu, conversion to 117
decreased due to the formation of the tert-butyl phenyl ether in 29% isolated yield.

2.2 Substrate Scope with secondary amines:

Next, we broadened our investigations to include hindered secondary amines (Table 4). The
transformation demonstrated excellent generality across a wide variety of substrates including
those bearing a base-sensitive functional group (e.g. 122, 128, and 129). It is worth mentioning
that the attempt to prepare tertiary amine 128 using tert-butoxide as a base reduced the yield from

40% (upon using Na-BHT) to 7%.
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Table 4: Coupling of secondary amines.

ONa
R/— . 4 mol% Pd-PEPPSI-IPent® R —
®_Cl + RNAR > NHR
_ Na-BHT (1.5 Equiv) \ 7/
1.5 Equiv. pME, 80 °C, 24 hr

sodium 2,6-di-tert-butyl-4-methylphenolate

119 84% 120 70% 121 80% O 122 66%
/ N\ —Q
N N > < > N
Hir H N > QN )
123 89% 124 88% 125 88% 126 93%

e

127 66% 128 40%° 129 60%" 130 92%

aExperiments were performed in duplicate and yields are following chromatography on silica gel. ® A minor amount
of epimerization was observed, the trans isomer was identified in the pure product. ¢ Upon using tert-butoxide as a
base the yield dropped to 7%.The relative configuration for the stereogenic centers in 127 is unknown.

For compound 122 and 129 a small amount of epimerization was observed (14:1). The
epimerization presumably takes place through B-hydride elimination followed by migratory

insertion before reductive elimination to deliver the other isomer (Scheme 36).

%,
’,

BHT A" M A RE /
LArPd—N — L—Rd-Ng —> L-Pd—N — Ar—N
< H HE
131 132 133 134

Scheme 36: Likely mechanism of epimerization for compound 122 and 129.
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Attempts to couple N-tert butyl benzylamine failed completely (Table 5), even with the more
electrophilic aryl chloride and the strongest base in this study KO'Bu (Scheme 37). In each case,

recovery of the starting materials was observed.

Table 5: Coupling of N-tert-butylbenzylamine.

J< 4 mol % Pd-PEPPSI Catalyst, \t/@
> < > o+ ©/\H Base (X Equiv.) -
DME, 80 °C, 24 hr

106 135 136
Entry PEPPSI  Base (Equiv.)  Temperature in Solvent Percent
°C Conversion of
106 to 1362
1 IPent Cs2COs (3) 80 DME 0
2 IPent®! Cs2C03(3) 80 DME 0
3 IPent Cs2COs(3) 100 DME 0
4 IPent®! Cs2C03(3) 100 DME 0
5 IPent®! Cs2C03(3) 100 Dioxane 0
6 IPent LiOPr (1.2) 80 DME 0
7 IPent®! LiO'Pr (1.2) 80 DME 0
8 IPent®  KO'Bu (1.2) 80 DME 0
9 IPent®  NaBHT (1.5) 80 DME 0

Percent conversion was determined by *H NMR spectroscopy of the crude reaction mixture
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N J< 4 mol % Pd-PEPPS| Catalyst m
= N Base (X Equiv.
DME, 80 °C, 24 hr

137 135 139

Scheme 37: Coupling N-tert-butylbenzylamine with a more electrophilic aryl chloride.

When significantly less hindered secondary amines were employed, excellent yields were obtained
with the mildest base, cesium carbonate (Table 6) demonstrating the exceptional reactivity of Pd-

PEPPSI IPent® pre-catalyst

Table 6: Substrate scope with less hindered amines.

R . 4mol % Pd-PEPPSI-Pent® R/— R
\ )—Cl + RNHR o R
Cs,CO;3 (3.0 Equiv.) \ / -

DME, 80 °C, 24 hr

1.5 Equiv.

YO0 OO (o

140 94% 141 95% 142 80%

Qo Ol O

143 67% 144 98% 145 88%

146 84% 147 91%

Experiments were performed in duplicate and yields are following chromatography on silica gel
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2.4 Conclusion.

In summary, a protocol has been developed for the cross-coupling of hindered primary and
secondary amines with a wide variety of aryl and heteroaryl chlorides including those bearing
base-sensitive functional groups such as enolizable ketones, nitriles, and esters. This new method
utilizes one catalyst: Pd-PEPPSI IPent®, and a very mild and homogenous base (NaBHT) to
facilitate the transformation at a moderate temperature (80°C). However, coupling more sterically

hindered amines such as N-tert-butylbenzylamine, or tetramethylpiperidine was unsuccessful.
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CHAPTER 3: REACTIONS OF 2-AMINOPYRIDINES IN
CROSS-COUPLING

3.1 Catalyst Screening:

We started our investigation by using aryl chloride 106 and 2-aminopyridine 148, and potassium
tert-butoxide as a base. We wanted to evaluate the impact made by changing the bulk around the
Pd center of the catalyst. Increasing the size of the group at the ortho positions on the N-aryl moiety
of the NHC (Table 7, entry 1 vs. 2) was less effective than installing chlorine groups on the NHC

backbone (Table 7, entry 1 vs. 3 and entry 2 vs. 4).

Table 7: Catalyst screening for coupling 2-aminopyridine.

4 mol % Cat. H N
NH2 KO'Bu (1.2 Equiv.) . | D
DME, 24 hr, 80 °C =
148 149
\‘ , R R
% o
Ci= Pd cl CI—I\:’E-CI
|
/ | /N
N Xcl

R= H, Pd-PEPPSI-IPent
R= C|,Pd-PEPPSI-IPent®

Entry Catalyst
1 Pd-PEPPSI-1Pent
2 Pd-PEPPSI-1Hept
3 Pd-PEPPSI-IPent®

R= H,Pd-PEPPSI-IHept
R= Cl,Pd-PEPPSI-IHeptC
% Yield of 149
26
22

55
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4 Pd-PEPPSI-IHept® 41
5 Pd-PEPPSI-IHept® -Picoline 41

Experiments were performed in duplicate and yields are following chromatography on silica gel.

These results are not surprising, since many cross-coupling reactions that have been done with
chlorinated NHC cores led to remarkably higher reactivity than their hydrogen—substituted
counterparts.® It is known that 2-aminopyridines have been used as ligands for Pd,® therefore the
product formed can potentially poison the catalyst, but our results suggest otherwise. It is most
likely that the chlorine atoms on the NHC core push the substituents on the N-aryl rings into the
coordination sphere of the metal, thereby restricting the ability of the Pd to coordinate to the

product.®

To test this hypothesis, we investigated the cross-coupling of methylated 2-aminopyridine with 4-
1-tert-butyl-4-chlorobenzene (106). We envisioned that placing the methyl group at the 6-position
would retard product coordination to Pd, whereas having the methyl group at the 3-position would
slow coupling, but does not interrupt product coordination to the Pd center, and the results obtained
agree with this hypothesis (Table 8). Upon using cesium carbonate, no coupling was observed with
simple unsubstituted 2-aminopyridine (Table 8, entry 1) and no (or poor) conversion was obtained
in all methylated derivatives except for 6-methyl-2-aminopyridine. As mentioned before, the
presence of the methyl group at the 6-position prevents the metal from binding to the starting
material and/or the product, thus avoiding a deleterious resting state which deactivate the catalyst.
As we move progressively to stronger bases, coupling improves and the best yields were obtained
when KO'Bu was used. There is a very clear trend in reactivity as we methylate from the 3-position
to the 6-position. The C-4 and the C-6 methyl are the best comparisons in terms of their relationship

to the amino group and any potential steric impact on the coupling.
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Table 8: Impact of the placement of methyl groups on 2-aminopyridine on the coupling with 106
using Pd-PEPPSI-IPent® precatalyst.?

4 mol % Pd-PEPPSI-IPent®

H
Cl N N
E\Nj/NHZ Base (x Equiv.) . \E A
+ DME, 24 hr, 80 °C A
/ 1 E]
HaC™ HsC
51

106 150 1
N NH N NH
| ] 2 EI 2 | N\ NH2 I N\ NH2 | N\ NH2
= Z = = =
148 150a 150b 150c 150d
Entry 1 2 3 4 5
Cs,CO3
0 0 18 Traces 33
(3 Equiv.)
NaBHT
28 26 43 59 54
(1.5 Equiv.)
KO'Bu
56 28 45 67 76
(1.2 Equiv.)
Product

H H
N

H H
N__N N N__N N__N N
_ ] ] | ]
N \S N S N

149 151a 151b 151c 151d

2 [solated yields and experiments were performed in duplicate and yields are following chromatography on silica gel

ZT
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3.2 Coupling of electron-poor 2-aminopyridines:

Electron-poor fluorinated 2-aminopyridine displayed a similar trend, whereby stronger bases were

required to achieve best results, and positioning of the group at the C-6 position led to best

reactivity (Table 9, entry 4) and placing the substituents at the C-3 position results in no coupling

and recovery of the starting materials.

Table 9: Impact of electron-poor groups on the coupling of 2-aminopyridines using Pd-PEPPSI-

IPent® precatalyst.?

4 mol % Pd-PEPPSI-IPent®

Cl (N\ NH2 Base (x Equiv.) T\J
+ Rl/\)/ DME, 24 hr, 80 °C
106
| N NH2 | NS /ENj/NHz F3C\ENj/NH
CF;
152 153 154 155
Entry 1 2 3 4
Cs,CO3
0 0 0 18
(3 Equiv.)
NaBHT
0 8 45 43
(1.5 Equiv.)
KO'Bu
0 42 59 72
(1.2 Equiv.)

Product R/\[ F\©\K \QX
15(25

H H
F NS NS
158 159

2 |solated yields and experiments were performed in duplicate and yields are following chromatography on silica gel.
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3.3 Impact of the size of the C6-substituent on the catalytic cycle:

As the size of the group at the C6-position increases the reactivity improves (methyl, ethyl, and
methoxy), even with milder bases (Table 10, entry 3). This provides further evidence for the
proposal that it is catalyst poisoning that leads to poor results in these couplings. One might expect
larger groups placed in proximity to the reacting amine site would slow reactivity and lead to
poorer results. While it would be reasonable to propose that these larger groups do in fact slow the
desired coupling, clearly their role in preventing catalyst poisoning is much more impactful on the

success of this coupling.

Tablel10: Impact of the size of the C6-substitutent of 2-aminopyridine derivatives.?

4 mol % Pd-PEPPSI-IPent® H N._R
Cl RN NH2 Base (x Equiv.) . | )
+U DME, 24 hr, 80 °C Z
106
> ® P
150d 160 161
Entry 1 ? ’
Cs,CO3
(3 Equiv.)
NaBHT
| 54 62 .
(1.5 Equiv.)
KO'Bu
: 76 70 .
(1.2 Equiv.)
Product N N
N | Na " | NS N Os
Y Z l Z
151d 162 163

2 |solated yields and experiments were performed in duplicate and yields are following chromatography on silica gel.
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3.4 Coupling of cyano-substituted 2-aminopyridine

Surprisingly, the coupling of 4-cyano-2-aminopyridine completely failed even with the strongest
base KO'Bu (Table 11). Doubling the catalyst loading (4 mol% to 8 mol%) with Na-BHT resulted
in the recovery of the starting materials with no sign of product formation (Table 8, entry 5). Even
upon using a more activated aryl chloride (1-chloro-4-(trifluoromethyl) benzene) a low yield was

obtained (Table 11, entry 6).
Table 11: Coupling 4-cyano-2-aminopyridine.
H
cl Ng_NHz xmol % Pd-PEPPSI-IPent” /©/N | N R
R/©/ + Q DME, 24 hr, 80 °C TR =

CN CN

164 R=%7 165

R=CF; 166

Entry  Base (Equiv.) Catalyst loading Aryl chloride % Yield
1 Cs2COs (3) 4 mol % R=tert-butyl 0
2 Na-BHT (1.5) 4 mol % R=tert-butyl 0
3 KO'Bu (1.2) 4 mol % R=tert-butyl 0
4 Na-OPh (1.5) 4 mol % R= tert-butyl 0
5 Na-BHT (1.5) 8 mol % R=tert-butyl 0
6 KO'Bu (1.2) 4 mol % R=CF; 15%

Based on the results above, we suspect that 4-cyano-2-aminopyridine has stronger poisoning
effect (however, it is not clear how) than the rest of 2-aminopyridines used in this study. In order

to confirm this, we conducted a control experiment shown in Table 12.
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Table 12: Investigating poisoning effect of 4-cyano-2-aminopyridine.

N. _Cl N 4 mol % Pd-PEPPSI-IPent® N ,L\/©
N H CsyCO; (3 Equiv.) | ~
| + > P
Z DME, 24 hr, 80 °C

167 168 169

x loading of |/ 164

CN
Entry Loading of 164 Yield of 169
1 0 mol % 83%
2 4 mol % 53%

In the absence of poisoning reagent 164, the amination reaction delivered the expected product in
excellent yield (Table 12 entry 1), but when just 4 mol % of 164 (equal to catalyst loading) was
added to the reaction mixture, the yield of the reaction dropped drastically (Table 9, entry 2). This

indicates that 4-cyano-2-aminopyridine has a strong negative effect on the catalytic cycle.

3.5 Poisoning effect of the 2-aminopyridine coupled-product on Pd catalyst:

As mentioned before, 2-aminopyridine derivatives are commonly used as a ligand for Pd catalyst,
and to support that, we ran three control experiments where substochiometeric amounts of 149
were added to a different amination reaction that is known to work very well with Pd-PEPPSI
IPent® (Scheme 38). The ratio of 149 to the pre-catalyst was increased gradually from 1:1 to 4:1,
and the effect was clear. With 0 % of 149, the reaction went to 100 % conversion, whereas the

transformation was completely shut down at 12 mol % of 149.
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F
170 17

H
Cl  H,N F 3 mol % Pd-PEPPSI-IPent® N F
Cs,COg3 (3 Equiv.)
~ * N
@) F  DME, 80 °C, 24 hr 0 F
F
172

0 mol % of 149, 100 % conversion
3 mol % of 149, 86 % conversion
6 mol % of 149, 32 % conversion
12 mol % of 149, 0 % conversion

H
N N
A

149 \F

Scheme 38: Impact of N-phenyl-2-aminopyridine on amination reaction of 170 with 171.

In order to confirm the importance of the relationship between the amino group and the nitrogen
atom in the pyridine ring for poisoning the palladium catalyst, we performed the following control
experiments (Table 13). We chose compounds 173 and 174, where the amino group is not in close
proximity to the nitrogen atom and we coupled it with the same aryl chloride (4-tert-butyl
chlorobenzene) and with mild base (Cs2COs). The reaction improved drastically from no
conversion with 2-aminopyridine to full conversion with 3-aminopyridine (Table 13). This clearly

demonstrates that chelating through both nitrogens is critical for the poisoning role.
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Table 13: Impact of moving the primary amine from C2 to C3 on the pyridine nucleophile in the
coupling of 106.

4 mol % Pd-PEPPSI-IPent® H
Cl N ) N R
ﬁ\j\ Base (x Equiv.) .~ \@
+
o ~
R// NH, DME, 24hr, 80 °C N
106
Entry Base (Equiv.) Amine Yield
Cs2C03 (3) N
1 | ° NS
Z NH2 | y
173 b
173a 88%
N\
2 Na-BHT (1.5) | Ny
A (L
173 N
H
173a 87%
N\
3 KO'Bu (1.2) | NS
Z |
NH, Z
173 N
173a 9294
Cs2C03 (3) O | Ny _0 | Ny ©)<
: O
Z NH, 2
174 H 174a

O Ny
5 Na-BHT (1.5) | AN
Z |
NH2 y/
174 N
_O_N
6 KO'Bu (1.2) B O N
NHZ UN

=\
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The last control experiment that was conducted to confirm the poisoning effect of the catalyst by
the product formed is shown in Scheme 39. 4-Methyl-2-aminopyridine was coupled with the same
aryl chloride 106, using the optimized conditions of 4 mol % of Pd-PEPPSI IPent®, 1.2 Equiv.
KO'Bu, DME, at 80 °C. After 16 hr, an additional 2 mol % of the catalyst was added to the reaction
mixture. After 8 hours, the reaction was quenched, and the desired product was isolated in 68%
yield. This increase in the yield from the original protocol (Table 8, entry 3, 45 % to 68 %) indicates
that the product formed during the course of the reaction has a poisoning effect and thus decreases

the catalytic activity.

4 mol % Pd-PEPPSI-IPent® H

Cl N_ _NH N

X 2 KO'Bu (1.2 Equiv.) |3

+ - _

Z DME, 80 °C, 16 hr, then
2 mol % Pd-PEPPSI-IPent® 68%

110 153b 154b

Scheme 39: Variation of the catalyst loading on coupling 106 with 150b.

3.6 Substrate Scope:

Armed with these results, we set out to expand the substrate scope using the mildest reaction
conditions possible. With Na-BHT as a base, the coupling of 2-aminopyridines with aryl and
heteroaryl chlorides proceeded smoothly while tolerating base-sensitive functional groups (esters,
ketones, and nitriles) (Table 14). In some cases, with the more electron-deficient aryl (heteroaryl)
chlorides, the reaction delivered the target compound in excellent yield using carbonate base (e.g.,
177 and 179). The only example where the use of harsher base (KO'Bu) was necessary was for the
coupling of the more electron-rich 1-tert-butoxy-4-chlorobenzene with unsubstituted 2-

aminopyridine to give 180 in 54% vyield.
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Table 14: Substrate Scope for coupling 2-aminopyridine derivatives to various aryl chlorides with the
mild base using Pd-PEPPSI-IPent®'.

4 mol % Pd-PEPPSI-IPent® N
NTNHZ Na-BHT (1.5 Equiv.) Het(Aryl)” | \lR
(AryhHet-cl + || By > Z

ZT

DME, 24 hr, 80 °C

1.5 Equiv.
O 175 66% 176 70% 177 72%P
Bes p SeacaSeas
178 74% 179 86%° 180 54%°
H H H H
N_ _N
N NN N NN CFs - N NNy X D
(JOL. JUTgU T
N F N O N
181 84% 182 70% 183 82% 184 59%

aExperiments were performed in duplicate and yields are following chromatography on silica gel ® Cs,CO3; was used
as a base °KO'Bu was used as a base.

3.7 Conclusion:

Pd-PEPPSI-IPent® pre-catalyst has been shown to be an effective catalyst for coupling (hetero)
aryl chlorides with a variety of 2-aminopyridines under mild conditions using Na-BHT or
carbonate as a base. The steric bulk around the palladium center promotes reductive elimination
within the catalytic cycle and at the same time, it prevents the formation of aminopyridine—Pd
coordinated resting states that retard pre-catalyst activation and/or shut down the catalyst

performance completely.
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Chapter 4: Experimental Procedures

General Experimental:

All experiments were conducted under an atmosphere of dry argon in oven-dried glassware using
standard Schlenk techniques. Reactions were performed in microwave vials (3-5 mL) purchased
from Biotage Inc. All reagents were purchased from Sigma—Aldrich or Alfa Aesar and were used
without further purification unless otherwise noted. Analytical thin-layer chromatography (TLC)
analysis was performed on EMD 60 F254 pre-coated glass plates and spots were visualized with
UV light (254 nm) and potassium permanganate (KMnQOa) stain. Column chromatography
purifications were carried out using the flash technique on EMD silica gel 60 (230400 mesh).®’
'H-NMR and *C-NMR spectra were recorded on Bruker AVANCE 400 MHz, 300 MHz, and 600
MHz spectrometers. *H-NMR spectra recorded in CDCls were referenced to the residual CHCl3
peak (*H NMR & = 7.28 ppm), and 3C-NMR spectra were referenced to the middle resonance of
the carbon triplet of CDCl3 (6 = 77.0 ppm). All chemical shifts are reported in parts per million
(ppm), measured from the center of the signal except in the case of complex multiplets, which are
reported as a range. Coupling constants are expressed in Hz. Splitting patterns of the peaks are
abbreviated as follows: singlet (s), doublet (d), triplet (t), quartet (g), quintet (quint), sextet (sex),
doublet of doublets (dd), triplet of doublet (td), septet (sep) multiplet (m), and broad singlet (bs).
High-resolution mass spectrometry (HRMS) analysis was performed by the Mass Spectrometry
and Proteomics Services Unit at Queen University in Kingston, Ontario. Melting points were

determined using a Fisher-Johns melting point apparatus and are uncorrected.
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Representative Amination Procedure A:

To a conical vial (3-5 mL size) equipped with magnetic stir bar was added NaH (18 mg, 0.75
mmol, 1.5 Equiv.) and BHT (165.2 mg, 0.75 mmol, 1.5 Equiv.) after which the vial was sealed
with a septum and the vial was evacuated and backfilled with Ar (3 times). The flask was then
cooled to 0 °C and Et,O (2 mL) was added. After stirring for 15 min at 0 °C, the solution was
warmed up to rt and allowed to stir for an additional 15 min. Then solvent was then removed under
high vacuum to yield an off-white solid. To this vial, Pd PEPPSI-IPent® 3-chloropyridine (17
mg, 4 mol %) was added and the vial was evacuated and backfilled with argon (2 times). To this,
0.75 mL of DME (SureSeal, Aldrich) was added followed by the addition of aryl halide (0.5 mmaol,
1.0 Equiv.) and the amine (0.75 mmol, 1.5 Equiv.) by syringe (if they are liquids). Alternatively,
if the aryl halide and/or the amine were solids at room temperature, they were added to the vial
with the catalyst prior to evacuation. The vial was placed in an oil bath preheated to 80 °C, and the
reaction stirred at 1150-1200 rpm for 24 h. After cooling the reaction to rt, the reaction mixture
was diluted with diethyl ether, and filtered through a plug of celite. The celite pad was rinsed
thoroughly with diethyl ether and the organic layers were combined. The solvent was removed in

vacuo and the residue was purified using flash chromatography on SiO..

Representative Amination Procedure B:

In a glovebox, a microwave vial (3-5 mL size) equipped with a magnetic stir bar was charged with
Cs2CO3 (488 mg, 1.5 mmol, 3 Equiv.) and then the vial was sealed with a rubber septum prior to
removal from the glovebox. Then, Pd-PEPPSI-IPent® (17 mg, 4 mol %) was added to the vial,
after which the vial was evacuated and backfilled with argon (2 times). To this, 0.75 mL of DME

(SureSeal, Aldrich) was added followed by the addition of aryl halide (0.5 mmol, 1.0 Equiv.) and
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amine (0.75 mmol, 1.5 Equiv.). Alternatively, if the aryl halide and/or amine were solids at room
temperature, they were added to the vial along with Pd-PEPPSI-IPent® prior to evacuation. The
vial was placed in a preheated (80 °C) oil bath and stirred under argon at 11501200 rpm for 24 h.
At that time, the reaction mixture was cooled to rt, diluted with diethyl ether, and filtered through
a plug of celite. The celite pad was rinsed thoroughly with diethyl ether and the organic layers
were combined. The solvent was removed in vacuo and the residue purified using flash

chromatography.

N-Benzyl-4-(tert-butyl)-N-isopropylaniline (108).

h

N\/© Following amination procedure A, 116 mg (83%) of 108 were obtained

following flash chromatography (0% — 5% Et,O/pentane, Rf = 0.87 in
5% Et,O/pentane) as a white solid; m.p.: 43-45 °C; 'H-NMR (400 MHz, CDCls) § 7.40-7.37 (m,
4H), 7.9 (d, J = 8.4 Hz, 3H), 6.75 (d, J = 8.8 Hz, 2H), 4.48 (s, 2H), 4.34 (sep, J = 6.6 Hz, 1H), 1.36
(s, 9H), 1.29 (d, J = 6.6 Hz, 6H); 3C-NMR (100 MHz, CDCl3) § 147.1, 141.2, 138.8, 128.4, 126.3,
126.2, 125.9, 112.7, 48.6, 48.0, 33.7, 31.5, 19.8; HRMS (EI) [M*] (m/2) calcd. for CaoH27N (m/z)

281.2144; found 281.2149.

N-(4-(tert-butyl) phenyl) adamantan-2-amine (110).

ZT

Following amination procedure A, 54 mg (46%) of 110 were obtained
following flash chromatography (0% — 10% Et>O/pentane, Rf= 0.33 in
10% Et,O/pentane) as white solid. When the procedure was carried out at
100 °C, 104 mg of 110 were obtained (78%); m.p.: 76-79 °C; *H-NMR (400 MHz, CDCls3) § 7.19

(d, J = 8.4 Hz, 2H), 6.77 (d, J = 8.4 Hz, 2H), 2.13 (bs, 3H), 1.90 (s, 6H), 1.75-1.67 (m, 6H), 1.31
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(s, 9H); 3C-NMR (100 MHz, CDCl3) § 143.2, 142.0, 125.4, 119.3, 52.1, 43.5, 36.5, 33.9, 31.5,

29.7; HRMS (EI) [M™] calcd. For C2oH29N (m/z) 283.2300; found 238.2311.

4-(tert-Butyl)-N-(3,3-dimethylbutan-2-yl) aniline (111).

<
N
>‘/©/ Following amination procedure A, 98 mg (84%) of 111 were obtained

following flash chromatography (0% — 5% Et>O/pentane, Rf = 0.77 in 5%
Et,O/pentane) as a light-yellow solid; m.p.: 31-33 °C; *H-NMR (400 MHz, CDCl3) § 7.24 (d, J =
8.2 Hz, 2H), 6.61 (J = 8.2 Hz, 2H), 3.35 (bs, 1H), 3.26 (g, J = 6.4 Hz, 1H), 1.34 (s, 9H), 1.15 (d, J
= 6 Hz, 3H), 1.02 (s, 9H); 3C-NMR (100 MHz, CDCl3) § 146.0, 139.2, 126.0, 112.6, 57.3, 34.7,

33.7, 31.6, 26.5, 15.8; HRMS (EI) [M*] calcd. for C1sHzrN (m/z) 233.2144; found 233.2138.

N_ N-(2-Phenylpropan-2-yl) pyridin-3-amine (112).

7
LJ
©><” Following amination procedure A, 100 mg (95%) of 112 were obtained

following flash chromatography (10% — 50% EtOAc/hexanes, Rf = 0.16 in
50% EtOAc/hexanes) as a yellow solid; m.p.: 92-95 “C; *H-NMR (400 MHz, CDCls) & 7.89-7.86
(m, 2H), 7.49 (d, J = 7.6 Hz, 2H), 7.35 (t, J = 7.6 Hz, 2H), 7.28-7.24 (m, 1H), 6.86 (dd, J = 8.4,
4.4 Hz, 1H), 6.48 (d, J=8.0, 2.4 Hz, 1H), 4.20 (bs, 1H), 1.67 (s, 6H); *C-NMR (100 MHz, CDCls)
§ 146.4, 142.1, 138.3, 138.1, 128.7, 126.6, 125.4, 123.0, 120.6, 55.8, 30.4 ; HRMS (EI) [M*] m/z

calcd. for C14H16N2 (m/z) 212.1313; found 212.1317.
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4-(tert-Butyl)-N-(2-phenylpropan-2-yl) aniline (113).
N

Following amination procedure A, 130 mg (97%) of 113 were obtained

following flash chromatography (0 — 5% Et>O/pentane, R = 0.48 in
5% Et,O/pentane) as a yellow solid; m.p.: 66-68 “C (no literature m.p. reported); *H-NMR (400
MHz, CDClz) 6 7.60 (d, J = 7.4 Hz, 2H), 7.39 (dd, J = 8.0,7.2 Hz, 2H), 7.30-7.28 (m, 1H), 7.09
(d, J=8.6 Hz, 2H), 6.34 (d, J = 7.6 Hz, 2H), 3.98 (bs, 1H), 1.69 (s, 6 H), 1.28 (s, 9H); 3C-NMR
(100 MHz, CDCls) 6 147.7, 143.6, 139.7, 128.4, 126.2, 125.6, 125.4, 115.0, 55.7, 33.7, 31.5, 30.7.

The spectral data are consistent with those reported in the literature.®

H N-(3,3-Dimethylbutan-2-yl)-2,6-dimethylaniline (114).
N\H<
Following amination procedure A, 76 mg (74%) of 114 were obtained
following flash chromatography (0 — 5% Et,O/pentane, Rs = 0.85 in 5% Et,O/pentane) as a yellow
oil; 'TH-NMR (400 MHz, CDCls) & 7.01 (d, J = 7.2 Hz, 2H), 6.83-6.77 (m, 1H), 3.19 (g, J = 6.4
Hz, 1H), 2.97 (bs, 1H), 2.31 (s, 6H), 1.10 (s, 9H), 0.92 (d, J = 6.4 Hz, 3H); *C-NMR (75 MHz,

CDCls) & 145.3, 129.0, 128.8, 120.8, 59.8, 34.8, 26.5, 19.3, 15.3; HRMS (EI) [M"] calcd. for

C14H2sN (m/z) 205.1830; found 205.1836.

2,6-Dimethyl-N-(2-phenylpropan-2-yl) aniline (115).
N
Following amination procedure A, 89 mg (70%) of 115 were obtained
following flash chromatography (0 — 5% Et.O/pentane, R = 0.61 in 5% Et,O/pentane) as a white

solid; m.p.: 43-45 °C; H-NMR (300 MHz, CDCls) & 7.70-7.67 (m, 2H), 7.42-7.37 (m, 2H), 7.32-

7.28 (m, 1H), 7.02 (d, J = 7.2 Hz, 2H), 6.93- 6.88 (m, 1H), 3.35 (bs, 1H), 2.09 (s, 6H), 1.58 (s,
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6H); 3C-NMR (75 MHz, CDCls) § 150.6, 144.2, 133.3, 128.5, 127.8, 126.1, 125.5, 122.6, 57.9,

30.8, 20.3; HRMS (EI) [M*] calcd. for C17H21N (m/z) 239.1674; found 239.1679.

4-(2-Phenylpropan-2-ylamino) benzonitrile (116).
N
/©/ Following amination procedure A, 90 mg (69%) of 116 were obtained
NC
following flash chromatography (0% — 40% Et,O/pentane, Rf=0.44 in
40% Et,O/pentane) as a light brown oil; *H-NMR (400 MHz, CDCls) § 7.45 (d, J = 7.6 Hz, 2H),
7.37 (dd, J = 8.0, 7.2 Hz, 2H), 7.30-7.25 (m, 3H), 6.32 (d, J = 8.4 Hz, 2H), 4.70 (bs, 1H), 1.70 (s,

6H); 1*C-NMR (100 MHz, CDCls) § 149.3, 145.7, 133.1, 128.8, 126.8, 125.2, 120.4, 114.5, 98.4,

56.1, 30.4; HRMS (EI) [M*H" ] calcd. for C16H1sN2 (m/z) 237.1386; found 237.1386.

I 4-tert-Butyl-N-tritylaniline (117).

N
H Q following flash chromatography (0% — 5% Et>O/pentane, R¢=0.57 in

O Following amination procedure A, 88 mg (46%) of 117 were obtained

5% Et,O/pentane) as beige solid; When the procedure was carried out
at 100 °C, 115 mg of 117 were obtained (60%); m.p.: 69-71 °C (literature m.p.: 152-153 °C);®° our
additional characterization data were not available when the literature m.p. was reported which
suggests that it is an error; tH-NMR (400 MHz, CDCls) § 7.24 (d, J = 8 Hz, 6H), 7.31 (t, J = 7.2
Hz, 6H), 7.25 (m, 3H), 6.96 (d, J = 8.6 Hz, 2H), 6.33 (d, J = 8.6 Hz, 2H), 4.95 (bs, 1H), 1.23 (s,
9H); 13C-NMR (75 MHz, CDCl3) § 145.6, 143.6, 139.7, 129.2, 127.8, 126.6, 124.9, 115.6, 71.3,

33.7, 31.4; HRMS (EI) [M*H* ] calcd. for CasHzoN (m/z) 391.2300; found 391.23009.
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1-(4-Adamantan-1-ylamino)phenyl)ethanone (118).

ZT

Following amination procedure A, 106 mg (79%) of 118 were isolated
following flash chromatography (10% — 40% Et.O/pentane, R = 0.3 in
40% Et,O/pentane) as a yellow solid; m.p.: 91-94 °C; *H-NMR (400
MHz, CDCl3) § 7.78 (d, J = 8.4 Hz, 2H), 6.69 (d, J = 8.4 Hz, 2H), 4.12 (bs, 1H), 2.50 (s, 3H), 2.16
(bs, 3H), 2.00 (bs, 6H), 1.77-1.70 (m, 6H); 3C-NMR (100 MHz, CDCls) § 196.2, 150.1, 130.4,
126.0, 114.0, 52.0, 42.6, 36.3, 29.5, 25.9; HRMS (EI) [M*] calcd. for C1gH2sNO (m/z) 269.1780;

found 269.1776.

2-(2-Ethylpiperidin-1-yl)-3-methylpyridine (119).

N
A

| P " Following amination procedure A, 87 mg (84%) of 119 were obtained following
flash chromatography (0% — 40% Et,O/pentane, R = 0.84 in 40% Et>O/pentane) as a yellow oil;
IH-NMR (400 MHz, CDCl3) § 8.21 (d, J = 4.4 Hz, 1H), 7.41 (d, J = 7.2 Hz, 1H), 6.85 (dd, J = 7.4,
5.0 Hz, 1H), 3.36-3.31 (m, 1H), 3.12-3.06 (m, 1H), 2.97-2.91 (m, 1H), 2.28 (s, 3H), 1.88-1.63 (m,
4H), 1.56-1.36 (m, 4H), 0.71 (t, J = 7.4 Hz, 3H); *C-NMR (75 MHz, CDCl3) § 162.8, 145.4,
139.0, 127.0, 117.9, 58.0, 48.9, 28.9, 26.3, 23.4, 21.9, 18.0, 10.3; HRMS (EI) [M*] calcd. for

C13H20N2 (m/z) 204.1626; found 204.1633.

2-(2,6-Dimethylpiperidin-1-yl)pyridine (120).

Following amination procedure A, 56 mg (70%) of 120 were obtained following

flash chromatography (0% — 15% Et,O/pentane, Rs = 0.52 in 15% Et.O/pentane) as a yellow oil;
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IH-NMR (300 MHz, CDCls) & 8.23-8.21 (m, 1H), 7.45-7.43 (m, 1H), 6.58 (d, J = 9.0 Hz, 1H),
6.54-6.52 (M, 1H), 4.53 (m, 2H), 1.77-1.58 (m, 6H), 2.00 (d, J = 6.9 Hz, 6H): *C-NMR (100 MHz,
CDCls) & 158.0, 148.1, 137.1, 111.5, 106.9, 45.5, 30.9, 19.0, 14.7; HRMS (EI) [M*H"] calcd. for

C12H18N2 (m/z) 191.15428; found 191.15396.

2-(2-Ethylpiperidin-1-yl)-4-methylquinoline (121).

N.__N
@ (\E Following amination procedure A, 104 mg (80%) of 121 were obtained
=

following flash chromatography (0% — 5% Et.O/pentane, Rs = 0.27 in 5% Et,O/pentane) as a
yellow oil; *H-NMR (300 MHz, CDCls)  7.75 (d, J = 8.4 Hz, 1H), 7.68 (d, J = 8.0 Hz, 1H), 7.53-
7.50 (m, 1H), 7.21 (t, J = 7.6 Hz, 1H), 6.85 (s, 1H), 4.63-4.54 (m, 2H), 3.01 (td, J = 14.4, 2.4 Hz,
1H), 2.60 (s, 3H), 1.81-1.67 (m, 8H), 0.93 (t, J = 7.6 Hz, 3H); *C-NMR (100 MHz, CDCls) §
157.4, 148.2, 144.4, 129.0, 126.8, 123.3, 122.9, 121.3, 110.0, 53.0, 39.2, 27.6, 25.7, 22.0, 19.3,

19.3, 11.3; HRMS (EI) [M*] calcd. for C17H22N2 (m/z) 254.1783; found 254.1779.

Methyl 4-(2, 6-cis-dimethylpiperidin-1-yl) benzoate (122).

N
O\n/©/ Following amination procedure A, 81 mg (66%) of 122 were obtained as
7

o) inseparable isomers (1:0.07) following flash chromatography (0% — 10%
Et,O/pentane, Rr = 0.34 in 10% Et,O/pentane) as a white solid; m.p.: 75-78 “C. Included here are
the spectra of the major isomer only. *H-NMR (600 MHz, CDCls) & 7.23 (d, J = 6.4 Hz, 2H), 6.87
(d, J = 6.0 Hz, 2H), 3.98 (bs, 2H), 3.87 (s, 3H), 1.91-1.53 (m, 6H), 1.13 (d, J = 7.2 Hz, 6H), 3C-
NMR (150 MHz, CDClz) 6 167.3, 152.4, 131.2, 118.5, 114.2, 51.5, 48.5, 31.5, 19.0, 15.8; HRMS

(EI) [M™] calcd. for C15H21NO2 (m/z) 247.1572; found 247.1579.
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1-(4-(tert-Butyl)phenyl)-4-methyl-2-phenylpiperazine (123).

O
N

| | Following amination procedure A, 137 mg (89%) of 123 were obtained
following flash chromatography (30% — 70% EtOAc/hexanes, Rf = 0.31

in 70% EtOAc/hexanes) as an orange oil; *H-NMR (400 MHz, CDCl3) § 7.36 (d, J = 7.2 Hz, 2H),
7.24 (dd, J = 8.0, 7.2 Hz, 2H), 7.19-7.14 (m, 3H), 6.93-6.89 (m, 2H), 4.41 (dd, J = 8.4, 3.2 Hz,
1H), 3.51 (dt, J = 12.4, 3.2 Hz, 1H), 3.20 (td, J = 11, 2.8 Hz, 1H), 2.92-2.88 (m, 1H), 2.81-2.79
(m, 1H), 2.58 (td, J = 10.4, 2.8 Hz, 1H), 2.41 (dd, J = 11.6, 8.4 Hz, 1H), 2.36 (s, 3H), 1.26 (s, 9H);
13C-NMR (100 MHz, CDCls) § 148.6, 144.0, 141.7, 128.1, 127.6, 126.6, 125.4, 120.9, 63.5, 61.6,

55.6, 53.8, 46.0, 33.9, 31.3; HRMS (EI) [M*] calcd. For CaiHasN2 (m/z) 308.2252; found

308.2248.
1-(4-tert-butylphenyl)decahydroquinoline (124).

HY Following amination procedure A, 119 mg (88%) of 124 were obtained

following flash chromatography (0% — 15% Et,O/pentane, R¢ = 0.55 in

15% Et,O/pentane) as an orange oil; *H-NMR (400 MHz, CDCls) & 7.33-7.30 (m, 2H), 7.10-7.07
(m, 2H), 3.10-3.11 (m, 1H), 2.73 (td, J = 12.0, 2.8 Hz, 1H), 2.33 (td, J = 10.0, 2.8 Hz, 1H), 1.87-
1.76 (m, 1H), 1.73-1.65 (m, 6H), 1.49-1.36 (m, 1H), 1.33 (s, 9H), 1.28-1.10 (m, 4H), 1.05-0.96
(m, 1H); 3C-NMR (100 MHz, CDCls) & 149.9, 147.0, 125.4, 125.0, 65.8, 58.0, 42.5, 34.3, 33.1,
32.4, 31.6, 31.5, 26.5, 26.2, 25.5; HRMS (EI) [M*] calcd. For C19H2oN (m/z) 271.2300; found

271.2308.
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2-Methoxy-6-(2-methylpiperidin-1-yl) pyridine (125).

o N
- U? Following amination procedure A, 91 mg (88%) of 125 were obtained

following flash chromatography (0% — 5% EtO/pentane, Rs = 0.6 in 5% EtO/pentane) as a light-
orange oil; "H-NMR (400 MHz, CDCls) 5 7.38 (dd, J = 8.0, 7.8 Hz, 1H), 6.14 (d, J = 8.0 Hz, 1H),
6.01 (d, J = 8.0 Hz, 1H), 4.67 (qt, J = 6.8, 6.4 Hz, 1H), 4.11 (m, 1H), 3.88 (s, 3H), 2.91 (td, J =
12.6, 2.8 Hz, 1H), 1.82-1.46 (m 6H), 1.15 (d, J = 6.8 Hz, 3H); 3 C-NMR (100 MHz, CDCls3) &
163.0, 158.0, 139.9, 98.0, 96.4, 52.8, 46.6, 39.4, 30.5, 25.7, 19.0, 13.6; HRMS (EI) [M™] calcd. for

C12H18N20 (m/z) 206.1419; found 206.1415.

O 1-(2,4-dimethylphenyl)piperidine (126).

N

/@L Following amination procedure B, 87 mg (93%) of 126 were obtained by flash
chromatography (0% — 2% Et,O/pentane, Rs = 0.33 in pentane) as a yellow oil; *H-NMR (400
MHz, CDCls) § 7.01 (s, 1H), 7.04 (d, J = 8 Hz, 1H), 6.99 (d, J = 8 Hz, 1H), 2.88 (t, J = 5.2 Hz,
4H), 2.35 (s, 6H),1.81-1.75 (m, 4H), 1.66-1.62 (m, 2H); 13C-NMR (100 MHz, CDCl3) & 150.5,
132.6,131.9, 131.6, 126.8, 118.8, 53.5, 26.7, 24.4, 20.7, 17.6. The spectral data are consistent with

those reported in the literature.®

/\/D/\N /\(\/\ 4-(tert-butyl)-N,N-bis(2-ethylhexyl)aniline (127).
Following amination procedure A, 123 mg (66%) of 127 were

obtained following flash chromatography (heptane, R¢= 0.6) as

a colorless oil; *H-NMR (300 MHz, CDCls) § 7.24 (d, J = 8.7 Hz, 2H), 6.64 (d, J = 8.7 Hz, 2H),
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3.28-3.09 (m, 4H), 1.81 (bs, 2H), 1.34-1.31 (m, 25H), 0.93-0.89 (m, 12H); 3C-NMR (100 MHz,
CDCl3) & (146.3, 146.3)%, 137.5, 125.7, 112.3, 56.6, (36.8, 36.8),2 33.6, 31.6, 30.7, 30.3, 28.8, 28.7,

23.9, 23.3, 14.1, 10.7, 10.6; HRMS (EI) [M*] calcd. for CasHazN (m/z) 373.3709; found 373.3701.

3peaks coalescence upon obtaining **C-NMR spectrum at 55 “C.

Y Methyl 4-(benzyl (isopropyl) amino) benzoate (128).
N
Op Following amination procedure A, 56 mg (40%) of 128 were obtained
Ve
e} following flash chromatography (0% — 15% Et>O/pentane, R =0.35

in 15% Et,O/pentane) as an orange solid; m.p.:74-77 “C; *H-NMR (400 MHz, CDCls) & 7.86 (d, J
= 9.0 Hz, 2H), 7.33 (dd, J = 7.6, 7.2 Hz, 2H), 7.28-7.24 (m, 3H), 6.68 (d, J = 9.0 Hz, 2H), 4.52 (s,
2H), 4.38 (sep, J = 6.4 Hz, 1H), 3.85 (s, 3H), 1.26 (d, J = 6.4 Hz, 6H); 3C-NMR (100 MHz,
CDClI3) 6 167.3, 152.5, 139.3, 131.3, 128.6, 126.7, 126.0, 117.3, 111.6, 51.5, 48.3, 47.9, 20.0;

HRMS (EI) [M*] calcd. for C1H21NO> (m/z) 283.1572; found 283.1581.

4-(1-Propanyl)-2,6-cis-dimethylpiperidin-1-yl)benzene(129).

N
/\'(©/ Following amination procedure A, 73 mg (60%) of 129 were obtained as

o) inseparable isomers (1:0.07) following flash chromatography (0% —
10% Et,O/pentane, R = 0.20 in 10% Et,O/pentane) as a white solid; m.p.: 72-76 °C. Included
here are the spectra of the major isomer only. *H-NMR (600 MHz, CDCls) § 7.91 (d, J = 9.0 Hz,
2H), 6.86 (d, J = 9.0 Hz, 2H), 4.06 (bs, 2H), 2.94 (g, J = 7.6 Hz, 2H), 1.89-1.55 (m, 7H), 1.23 (t,

J=7.6 Hz, 3H), 1.16 (d, J = 7.2 Hz, 6H); 13C-NMR (150 MHz, CDCls) § 199.1, 152.2, 130.1,

74



126.0, 113.5, 48.1, 31.4, 31.0, 18.9, 15.4, 8.8; HRMS (EI) [M*] calcd. for C16H2sNO (m/z)

245.1780; found 245.1786.

\ 4-(tert-Butyl)-N, N-dibutylaniline (130).

N Following amination procedure A, 120 mg (92%) of 130 were obtained

following flash chromatography (0% — 5% Et,O/pentane, Rs = 0.26 in

pentane) as a yellow oil; tH-NMR (400 MHz, CDCls3) § 7.29 (d, J = 8.8 Hz, 2 H), 6.66 (d, J = 8.8
Hz, 2 H), 3.29 (t, J = 7.6 Hz, 4 H), 1.60 (quint, J = 7.6 Hz, 4 H), 1.41 (sex, J = 7.6 Hz, 4 H), 1.34
(s, 9 H), 1.00 (t, J = 7.6 Hz, 6 H); 3C-NMR (100 MHz, CDCls) § 137.6, 125.9, 111.3, 50.8, 46.0,

33.6, 31.6, 29.5, 20.4, 14.0. The spectral data are consistent with those reported in the literature.®

1-(4-tert-Butylphenyl)-2-methylpyrrolidine (140).

Q
ﬁ Following amination procedure B, 102 mg (94%) of 140 were obtained

following flash chromatography (0% — 10% EtOAc/hexane, Rf = 0.63 in
10% EtOAc/hexane) as a light-yellow oil; *H-NMR (400 MHz, CDCls) § 7.29 (d, J = 8.8 Hz, 2H),
6.58 (d, J = 8.8 Hz, 2H), 3.89-3.85 (m, 1H), 3.48-3.53 (m, 1H), 3.20-3.14 (m, 1H), 2.12-1.95 (m,
3H), 1.73-1.69 (m, 1H), 1.32 (s, 9H), 1.20 (d, J = 6.0 Hz, 3 H); 3C-NMR (100 MHz, CDCls) &
145.1, 137.7, 125.9, 111.3, 53.7, 48.8, 33.7, 33.2, 31.6, 23.4, 19.7; HRMS (EI) [M*] calcd. for

CisHasN (m/z) 217.1830; found 217.1821.
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1-(4-tert-Butylphenyl) piperidine (141).
(J
Following amination procedure B, 103 mg (95%) of 141 were obtained

following flash chromatography (0% — 10% EtOAc/hexane, R = 0.47 in
10% EtOAc/hexane) as a white solid; m.p.: 35-38 °C (lit. m.p.: 36-37 °C); *H-NMR (400 MHz,
CDCls) § 7.33 (d, J = 8.6 Hz, 2H), 6.94 (d, J = 8.6 Hz, 2H), 3.17 (t, J = 6.0 Hz, 4H), 1.79-1.73 (m,
4H), 1.64-1.58 (m, 2H), 1.35 (s, 9H); 13C-NMR (100 MHz, CDCl3) & 149.9, 141.8, 125.7, 116.1,

50.8, 33.8, 31.4, 25.9, 24.2. The spectral data are consistent with those reported in the literature.®?

| \/@ N-Benzyl-4-(tert-butyl)-N-methyl aniline (142).
N

Following amination procedure B, 105 mg (83%) of 142 were obtained
following flash chromatography (0% — 5% EtO/pentane, Rf=0.76 in
5% Et,Olpentane) as a white solid; m.p.: 48-50 ‘C (lit. m.p.: 48-49 °C); *H-NMR (400 MHz,
CDCl3) & 7.39-7.35 (m, 2H), 7.33-7.28 (m, 5H), 6.78 (d, J = 8.8 Hz, 2H), 4.55 (s, 2H), 3.04 (s,
3H); 3C-NMR (100 MHz, CDCls) & 147.7, 139.4, 139.2, 128.5, 126.8, 126.8, 125.9, 112.1, 57.0,

38.5, 33.7, 31.5. The spectral data are consistent with those reported in the literature.*’

p N-Benzyl-N-3-dimethylpyridin-2-amine (143).
- Following amination procedure B, 71 mg (67%) of 143 were obtained following
Z flash chromatography (20% EtOAc/pentane, Rs = 0.68) as a light-yellow oil;

IH-NMR (400 MHz, CDCls) § 8.20 (d, J = 4.6 Hz, 1H), 7.44-7.42 (m, 3H), 7.37 (dd, J = 7.6, 7.2

Hz, 2H), 7.29 (dd, J = 7.6, 6.8 Hz, 1H), 6.86 (dd, J = 7.0, 4.6 Hz, 1H), 4.37 (s, 2H), 2.79 (s, 3H),
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2.36 (s, 3H); *C-NMR (100 MHz, CDCl3) § 162.5, 145.1, 139.4, 139.2, 128.3, 127.8, 126.8, 124.4,

117.3,57.7, 38.9, 18.9. The spectral data are consistent with those reported in the literature.®

(@ N-Benzyl-6-methoxy-N-methylpyridin-2-amine (144).

O NN Following amination procedure B, 111 mg (98%) of 144 were obtained
Z following flash chromatography (10% Et.O/pentane, R¢ = 0.74) as a light-

yellow oil; "H-NMR (400 MHz, CDCls) & 7.43 (t, J = 8.0 Hz, 1H), 7.38-7.34 (m, 2H), 7.31-7.28
(m, 3H), 6.09 (d, J = 8.0 Hz, 2H), 4.86 (s, 2H), 3.90 (s, 3H), 3.07 (s, 3H); *C-NMR (75 MHz,
CDCI3) 6 163.0, 157.7, 140.0, 139.2, 128.4, 127.2, 126.8, 96.7, 96.4, 53.0, 52.9, 36.0. This

compound has been reported in the literature but not fully characterized. %

p N-Benzyl-N-methylpyridin-3-amine (145).

SN Following amination procedure A, 87 mg (88%) of 145 were obtained
N

& following flash chromatography (30% EtOAc/pentane Rt = 0.3) as a yellow oil;

'H-NMR (400 MHz, CDCls) & 8.19 (d, J = 2.8 Hz, 1H),7.98 (d, J = 4.8Hz, 1H), 7.35-7.31 (m, 2H),
7.27 (d, J = 7.6 Hz, 1H), 7.22 (d, J = 7.6 Hz, 2H), 7.11-7.08 (m, 1H), 6.99 (dd, J = 8.4, 2.8 Hz,
1H), 4.56 (s, 2H), 3.07 (s, 3H); 1*C-NMR (100 MHz, CDCls) 5 145.2, 138.0, 137.9, 134.9, 128.7,
127.1, 126.6, 123.4, 118.5, 56.1, 38.3 The spectral data are consistent with those reported in the

literature.®
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p N-Benzyl-N-methylpyridin-2-amine (146).

N N Following amination procedure A, 83 mg (84%) of 146 were obtained following

| = flash chromatography (10% Et>O/pentane, R¢ = 0.39 in 10% Et,O/pentane) as a

yellow o0il; *H-NMR (400 MHz, CDCl3) & 8.25 (d, J = 4.4 Hz, 1H), 7.49-7.45 (m, 1H), 7.37-7.33
(m, 2H), 7.28 (d, J = 7.6 Hz, 3H), 6.62-6.54 (m, 1H), 6.55 (d, J = 8.8 Hz, 1H), 4.85 (s, 2H), 3.11
(s, 3H); 3C-NMR (100 MHz, CDCl3) & 158.8, 147.9, 138.6, 137.2, 126.9, 126.8, 111.7, 105.6,

53.1, 36.0. The spectral data are consistent with those reported in the literature.*

O 2-(piperidin-1-yl)pyrazine (147).
N

N
[Nj Following amination procedure B, 87 mg (91%) of 147 were obtained following
flash chromatography (0% — 55% Et>O/pentane, Rs=0.17 in 40% Et>O/pentane) as a beige solid;
m.p.: 38-39 °C (lit. m.p: 36-37 °C); 'H-NMR (400 MHz, CDCls) & 8.13 (bs, 1H), 8.03 (bs, 1H),
7.76 (d, J = 2.8 Hz, 1H), 3.58 (m, 4H), 1.66 (bs, 6H); *C-NMR (100 MHz, CDCl3) 5 155.1, 141.6,
131.9, 131.1, 455, 25.3, 24.5. The spectral data are consistent with those reported in the

literature.®’
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General Amination procedures for chapter 3:

Amination procedure A: In a glovebox, a microwave vial (3-5 mL size) equipped with a
magnetic stir bar was charged with Cs2CO3s (488 mg, 1.5 mmol, 3 Equiv.) and then the vial was
sealed with a rubber septum prior to removal from the glovebox. Then, Pd-PEPPSI-IPent® (17
mg, 4 mol %) was added to the vial, after which the vial was evacuated and backfilled with argon
(2 times). To this, 0.75 mL of DME (SureSeal, Aldrich) was added followed by the aryl halide
(0.5 mmol, 1.0 Equiv.) and 2-aminopyridine derivative (0.75 mmol, 1.5 Equiv.). Alternatively, if
the aryl halide or 2-aminopyridine derivative were solids at room temperature, they were added to
the vial along with Pd-PEPPSI-1Pent® prior to evacuation. The vial was placed in a preheated (80
°C) oil bath and stirred under argon at 11501200 rpm for 24 hr. At that time the reaction mixture
was cooled to rt, diluted with diethyl ether, and filtered through a plug of celite. The celite pad was
rinsed thoroughly with diethyl ether and the organic layers were combined. The solvent was

removed in vacuo and the residue purified using flash chromatography.

Amination procedure B: In a glovebox, a microwave vial (3—5 mL size) equipped with a magnetic
stir bar was charged with 95% NaH (18 mg, 0.75 mmol, 1.5 Equiv.) and then the vial was sealed
with a rubber septum prior to removal from the glovebox. Then, BHT (165.2 mg, 0.75 mmol, 1.5
Equiv.) were added after which the septum was replaced, and the vial evacuated and backfilled
with Ar (3 times). The flask was then cooled to 0 °C and Et,O (2 mL) was added. After stirring for
15 min at 0 °C, the solution was warmed up to rt and allowed to stir for an additional 15 min. The
solvent was then removed under high vacuum to yield an off-white solid. To this vial Pd PEPPSI-
IPent® (17 mg, 4 mol %) was added and the vial evacuated and backfilled with argon (2 times).
Then 0.75 mL of DME (SureSeal, Aldrich) was added followed by the aryl halide (0.5 mmol, 1.0
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Equiv) and 2-aminopyridine derivative (0.75 mmol, 1.5 Equiv.). Alternatively, if the aryl halide
or 2-aminopyridine derivative were solids at room temperature, they were added to the vial with
Pd-PEPPSI-IPent® prior to evacuation. The vial was placed in a preheated 80 °C oil bath and
stirred under argon at 1150-1200 rpm for 24 hr. Then, the reaction mixture was cooled to rt, diluted
with diethyl ether, and filtered through a plug of celite. The celite pad was rinsed thoroughly with
diethyl ether and the organic layers were combined. The solvent was removed in vacuo and the

residue purified using flash chromatography.

Amination procedure C: In a glovebox, a microwave vial (3-5 mL size) equipped with a
magnetic stir bar was charged with KO'Bu (67 mg, 0.6 mmol, 1.2 Equiv.) and then the vial was
sealed with a rubber septum prior to removal from the glovebox. Then, Pd PEPPSI-IPent® (17
mg, 4 mol %) were added to the vial, after which it was evacuated and backfilled with argon (2
times). Then the aryl halide (0.5 mmol, 1.0 Equiv.) and 2-aminopyridine derivative (0.75 mmol,
1.5 Equiv.) were added by syringe. Alternatively, if the aryl halide or 2-aminopyridine were solids
at room temperature, they were added to the vial with Pd-PEPPSI-IPent® prior to evacuation. The
vial was placed in a preheated (80 °C) oil bath and stirred under argon at 11501200 rpm for 24
hr. At that time, the reaction mixture was cooled to rt, diluted with diethyl ether, filtered through
a plug of celite. The celite pad was rinsed thoroughly with diethyl ether and the organic layers
were combined. The solvent was removed in vacuo and the residue purified using flash

chromatography.
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H N-[4-(tert-Butyl) phenyl]pyridin-2-amine (149).

Following amination procedure C, compound 149 (64 mg, 56%) was
obtained following flash chromatography (5% — 20% Et,O/pentane, R¢ = 0.55) as an off-white
solid; m.p.: 140142 °C (no literature m.p. reported); *H-NMR (400 MHz, CDCl3) § 8.22 (d, J =
4.4 Hz, 1H), 7.51-7.47 (m, 1H), 7.39 (d, J = 8.6 Hz, 2H), 7.28 (d, J = 8.6 Hz, 2H), 7.06 (bs, 1H),
6.90 (d, J = 8.8 Hz, 1H), 6.74-6.71 (m, 1H), 1.36 ppm (s, 9H); 1*C-NMR (100 MHz, CDCls) &
156.4, 148.4, 145.9, 137.7, 137.6, 126.1, 120.6, 114.6, 107.8, 34.3, 31.4. The spectral data are

consistent with those reported in the literature.®®

N-(4-tert-Butylphenyl)-3-methylpyridin-2-amine (151a).

H
NN
I
NS
Following amination procedure C, 34 mg (28%) of 151a were obtained

following flash chromatography (2.5 — 15% Et20/ pentane, R¢ = 0.28 in 15% Et.O/pentane) as a
beige solid; m.p.: 53-55 ‘C; *H-NMR (400 MHz, CDCls) § 8.13 (d, J = 4.4 Hz, 1H), 7.49 (d, J =
8.6 Hz, 2H), 7.37 (d, J = 8.6 Hz, 3H), 6.70 (dd, J = 6.8, 5.2 Hz, 1H), 6.09 (br s, 1H), 2.25 (s, 3H),
1.34 ppm (s, 9H); *C-NMR (100 MHz, CDCl3) & 154.1, 145.4, 144.9, 138.0, 137.7, 125.7, 119.6,
117.7, 114.9, 34.2, 31.4, 17.3; HRMS (El) [M*] calcd for CisH20N2 (m/z) 240.1626; found

240.1622.

N-(4-tert-Butylphenyl)-4-methylpyridin-2-amine (151b).

H
N_N
I
NS
Following amination procedures A, B and C, 24 mg (18 %), 52 mg (43 %),

and 54 mg (45%) of the 151b were obtained, respectively. The product was isolated by flash

chromatography (20% EtOAc/hexanes, R = 0.32) as a light-orange solid; m.p.: 117-119 °C (no
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literature m.p. reported); *H-NMR (400 MHz, CDCls) § 8.09 (d, J = 5.2 Hz, 1H), 7.39 (d, J = 8.6
Hz, 2H), 7.28 (d, J = 8.6 Hz, 2H), 7.24 (bs, 1H), 6.75 (bs, 1H), 6.57 (d, J = 5.2 Hz, 1H), 2.27 (s,
3H), 1.37 ppm (s, 9H); 3C-NMR (100 MHz, CDCls) § 156.7, 148.7, 147.9, 145.6, 137.9, 126.0,
120.6, 116.0, 107.9, 34.2, 31.4, 21.2; HRMS (EI) [M*] calcd for C16H20N2 (m/z) 240.1626; found

240.1629.
H N-(4-tert-Butylphenyl)-5-methylpyridin-2-amine (151c).

Following amination procedures B and C, 71 mg (59%) and 81 mg (67%)
of 151c were obtained, respectively. The product was isolated by flash chromatography (20%
EtOAc/hexanes, Rs = 0.5) as an off-white solid; m.p.: 94-97 °C; *H -NMR (400 MHz, CDCls) §
8.04 (d, J = 1.2 Hz, 1H), 7.36 (m, 2H), 7.33 (dd, J = 8.4, 2.0 Hz, 1H), 7.23 (d, J = 8.8 Hz, 2H),
6.84 (d, J = 8.4 Hz, 1H), 6.66 (bs, 1H), 2.24 (s, 3H), 1.35 ppm (s, 9H); 3C-NMR (100 MHz,
CDCls) 6 154.3, 148.0, 145.3, 138.5, 138.3, 126.0, 123.6, 119.9, 107.7, 34.2, 31.4, 17.5; HRMS

(EI) [M*] calcd for C16H20N2 (m/z) 240.1626; found 240.1615.

Y N-(4-tert-Butylphenyl)-6-methylpyridin-2-amine (151d).

N._N
S | \©\’< Following amination procedures A, B and C, 40 mg (33 %), 65 mg (54

%), and 90 mg (75%) of 151d were obtained, respectively. The product was isolated by flash
chromatography (20% EtOAc/hexanes, Rs = 0.5) as a white solid; m.p.: 86-88 °C; *H-NMR (400
MHz, CDCls) § 7.41-7.36 (m, 3H), 7.25 (d, J = 8.4 Hz, 2H), 6.73 (d, J = 8.4 Hz, 1H), 6.62 (bs,
1H), 6.60 (d, J = 7.2 Hz, 1H), 2.50 (s, 3H), 1.36 ppm (s, 9H); 3C-NMR (100 MHz, CDCl3) &
157.3, 155.8, 145.8, 138.0, 137.9, 126.1, 120.5, 114.1, 104.3, 34.3, 31.4, 24.3; HRMS (EIl) [M"]

calcd for CieH20N2 (m/z) 240.1626; found 240.1616.
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H N-(4-tert-Butylphenyl)-4-(trifluoromethyl)pyridin-2-amine (157).

NN

X | (j\ < : " .

Q Following amination procedure C, 62 mg (42%) of 157 were obtained
CF;

following flash chromatography (2.5 — 15% EtOAc/hexanes, Rt = 0.50 in 15% EtOAc/hexanes)
as a beige solid; m.p.: 119-121 °C; *H-NMR (400 MHz, CDCls) § 8.33 (d, J = 5.2 Hz, 1H), 7.42
(d, 3 = 8.0 Hz, 2H), 7.27 (d, J = 8.0 Hz, 2H), 7.01 (bs, 1H), 6.84 (m, 2H), 1.36 (s, 9H); °F-NMR
(376 MHz, CDCls) 5 -66.18; 3C-NMR (150 MHz, CDCls) § 157.2, 149.7, 147.3, 140.0 (q, 2JcF =
33.0 Hz), 136.6, 126.4, 123.0 (q,2Jcr =271.5 Hz), 121.3, 109.7 (g, *Jcr = 3.0 Hz), 103.4 (q, *Jcr =

4.5 Hz), 34.4, 31.4; HRMS (EI) [M*] calcd for C16H17F3N2 (m/z) 294.1344; found 294.1349.

N-(4-tert-Butylphenyl)-5-fluoropyridin-2-amine (158).

H
NN
I
NS
F Following amination procedures B and C, 55 mg (45%) and 72 mg (59%)

of 158 were obtained, respectively. The product was isolated by flash chromatography (20%
EtOAc/hexanes, Rs = 0.61) as a light orange solid; m.p.: 108110 °C; *H-NMR (400 MHz,CDCls)
§8.07 (d, J = 2.8 Hz, 1H), 7.38 (d, J = 8.4 Hz, 2H), 7.27-7.23 (m, 3H), 6.85 (dd, J = 8.8, 3.6 Hz,
1H), 6.76 (br s, 1H), 1.35 ppm (s, 9H); F-NMR (376 MHz, CDCls) & -140.71 ppm; *C-NMR
(100 MHz, CDCls) & 154.0 (d, YJcr = 243.5 Hz), 153.0, 146.0, 137.9, 135.0 (d, 2Jcr =24.1 Hz),
126.2,125.2 (d, 2Jce = 21.1 Hz), 120.2, 108.5 (d, *Jcr = 4.0 Hz), 34.3, 31.4; HRMS (EI) [M*] calcd

for C1sH17FN2 (m/z) 244.1376; found 244.1382.

N-(4-tert-Butylphenyl)-6-(trifluoromethyl)pyridin-2-amine (159).

H
NN
U \©\’< Following amination procedures A, B, and C, 44 mg (30 %), 109 mg

(74 %), and 122 mg (83%) of 159 were obtained, respectively. The product was isolated by flash

FsC
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chromatography (0% — 10% Et,O/pentane, Rr = 0.23) as a dark-yellow oil; *H-NMR (400 MHz,
CDCls) 6 7.60 (dd, J = 8.2, 7.6 Hz, 1H), 7.41 (d, J = 8.4 Hz, 2H), 7.30 (d, J = 8.4 Hz, 2H), 7.08
(d, J=7.6 Hz, 1H), 6.99 (d, J = 8.2 Hz, 1H), 6.71 (bs, 1H), 1.36 ppm (s, 9H); 1°F-NMR (376 MHz,
CDCls) & -68.59 ppm; 3C- NMR (150 MHz, CDCls) § 156.5, 147.0, 146.8 (q,2Jcr = 34.0 Hz),
138.5,136.7, 126.3, 121.5 (q, "cr = 272.3 Hz), 121.1, 110.7 (g, *Jcr = 3.0 Hz), 34.4, 31.4; HRMS

(EI) [M*] calcd for C16H17F3N2 (m/z) 294.1344; found 294.1349.

H N N-(4-tert-Butylphenyl)-6-ethylpyridin-2-amine (162).
S
| Z Following amination procedures A, B, and C, 32 mg (25 %), 80 mg
(63 %), and 89 mg (70%) of compound 162 were obtained, respectively. The product was isolated
by flash chromatography (5 — 10% EtOAc/hexanes, Rs = 0.38 in 10% EtOAc/hexanes) as a brown
oil; 'H-NMR (400 MHz, CDCls) & 7.42 (dd, J = 8.0, 7.4 Hz, 1H), 7.37 (d, J = 8.2 Hz, 2H), 7.28
(d, J=8.2 Hz, 2H), 6.73 (d, J = 8.0 Hz, 1H), 6.62 (d, J = 7.4 Hz, 1H), 6.52 (br s, 1H), 2.73 (q, J =
7.2 Hz, 2H), 1.35-1.31 ppm (m, 12H); 3C-NMR (100 MHz, CDCl3) 5 162.5, 155.8, 145.6, 138.0,
137.9, 126.0, 120.2, 112.7, 104.7, 34.2, 31.4, 31.2, 13.8; HRMS (EI) [M*] calcd for C17H22N;

(m/z) 254.1783; found 254.1779.

H N-(4-tert-Butylphenyl)-6-methoxypyridin-2-amine (163).
N Ng O~

Z Following amination procedures A and B, 80 mg (63%) and 123 mg

(96%) of 163 were obtained, respectively. The product was isolated by flash chromatography (5
— 20% EtOAc/hexanes, R = 0.66 in 20% EtOAc/hexanes) as a brown oil; *H-NMR (400 MHz,

CDCls) § 7.44-7.33 (m, 5H), 6.40 (d, J = 7.6 Hz, 2H), 6.22 (d, J = 7.6 Hz, 1H), 3.95 (s, 3H), 1.37
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ppm (s, 9H); 3C-NMR (100 MHz, CDCls) § 163.5, 154.7, 145.3, 140.0, 137.9, 125.9, 119.9, 99.6,

99.3, 53.3, 34.2, 31.4; HRMS (EI) [M™] calcd for C16H20N20 (m/z) 256.1576; found 256.1570.

H N 2-(4-(Trifluoromethyl)phenylamino)isonicotinonitrile (166).

S

,:30/@/ | ~ Following amination procedure C, 20 mg (15 %) of 166 were obtained.

N The product was isolated by flash chromatography (5% — 20%
EtOAc/hexanes, Rs = 0.63 in 20% EtOAc/hexanes) as a beige solid m.p.: 181-183 °C (reported
m.p.: 184-186 °C); 'H-NMR (400 MHz, CDCl3) & 8.41 (d, J = 5.2 Hz, 1H), 7.64 (d, J = 8.4 Hz,
2H), 7.55 (d, J = 8.4 Hz, 2H), 7.07 (bs, 1H), 7.03 (J = 5.2 Hz, 1H), 6.83 (bs, 1H); 1°F-NMR (376
MHz, CDCl3) § -61.97; 3C-NMR (100 MHz, CDCls) & 155.2, 149.8, 142.3, 126.7 (g, *Jcr = 3.0
Hz), 125.3 (q,3Jcr = 33 Hz), 124.1 (g, YJcr = 270 Hz) 121.9, 119.4 (g, “Jcr = 3.0 Hz), 116.7, 116.6

111.3 ; HRMS (EI) [M*] calcd for C13HsF3sN3 (m/z) 364.0743; found 264.0735.

N-(4-tert-Butylphenyl)pyridin-3-amine (173a).

>‘/©/ \O Following amination procedures, A, B and C, 103 mg (92 %), 93 mg (82

%), and 104 mg (92%) of 173a were obtained, respectively. The product was isolated by flash
chromatography (60% EtOAc/hexanes R = 0.31 in 50% EtOAc/hexanes) as a pale-yellow solid,;
m.p.: 131134 °C (no literature m.p. reported); *H-NMR (400 MHz, CDCls) § 8.38 (d, J =2.8 Hz,
1H), 8.14 (d, J = 4.8 Hz, 1H), 7.40 (d, J = 7.6 Hz, 1H), 7.35 (d, J = 8.4 Hz, 2H), 7.17-7.14 (m,
1H), 7.07 (d, J = 8.4 Hz, 2H), 6.16 (br s, 1H), 1.35 (s, 9H); *C-NMR (100 MHz, CDCl3) § 145.1,
141.1, 140.5, 139.4, 139.1, 126.2, 123.6, 122.5, 118.5, 34.2, 31.4 ppm. The spectral data are

consistent with those reported in the literature.®
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H N-(4-tert-Butylphenyl)-6-methoxypyridin-3-amine (174a).

/O/

Following amination procedures, A, B and C, 105 mg (82%), 113 mg
(91%), 120 mg (94%) of 174a were obtained respectively. The product was isolated by flash
chromatography (10% EtOAc/hexanes Rs = 0.2 in 10% EtOAc/hexanes) as light-yellow oil; *H-
NMR (400 MHz, CDCls) & 8.00 (d, J = 2.8 Hz, 1H), 7.46 (dd, J = 8.8, 2.4 Hz, 1H), 7.3 (d, J = 8.8
Hz, 2H), 6.87 (d, J = 8.8 Hz, 1H), 6.74 (d, J = 8.8 Hz, 1H), 5.47 (bs, 1H), 3.95 (s, 3H), 1.33 (s,
9H); *C-NMR (100 MHz, CDCls) § 160.0, 143.1, 142.1, 138.9, 133.4, 132.4, 126.2, 115.6, 110.9,

53.43, 31.6, 31.4; HRMS (EI) [M*] calcd for C16H20N20 (m/z) 256.0758; found 256.1604.

H Methyl-4-[(6-methylpyridin-2-yl) amino]benzoate (175).

N
| N
/Oj‘/@/ Z Following amination procedure B, 80 mg (66%) of 175 were

obtained following flash chromatography (20% EtOAc/hexanes, Rs = 0.28) as a beige solid; m.p.:
144-147 °C; *H-NMR (400 MHz, CDCls3) & 7.96 (d, J = 8.4 Hz, 2H), 7.47 (dd, J = 8.0, 7.6 Hz,
1H), 7.42 (d, J = 8.4 Hz, 2H), 6.95 (bs, 1H), 6.78 (d, J = 8.0 Hz, 1H), 6.71 (d, J = 7.6 Hz, 1H),
3.90 (s, 3H), 2.48 (s, 3H); 13C-NMR (100 MHz, CDCl3) § 166.9, 157.4, 153.8, 145.4, 138.1, 131.1,
1225, 116.9, 115.7, 107.0, 51.8, 24.2; HRMS (EI) [M*] calcd for C14H14N202 (m/z) 242.1055;

found 242.1051.

Methyl 4-[(5-fluoropyridin-2-yl) amino]benzoate (176).

H
NN
| N
/Om/©/ ZF Following amination procedure B, 86 mg (70%) of 176 were

obtained. Compound 176 was isolated by flash chromatography (5 — 20% EtOAc/hexanes, Rs =

0.19 in 20% EtOAc/hexanes) as a white solid; m.p.: 156-158 °C; 'H-NMR (400 MHz, CDCls) §
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8.16 (s, 1H), 8.01-7.99 (m, 2H), 7.24-7.34 (m, 3H), 6.94-6.89 (m, 2H), 3.91 (s, 3H); 1*F-NMR
(376 MHz, CDCls) § -137.67 ; 3C-NMR (100 MHz, CDCls) § 166.8, 154.8 (d, Xcr =247.5 Hz),
150.8, 145.2, 135.3 (d, 2Jcr = 25.1 Hz), 131.2, 125.4 (d, 2Jce=21.1 Hz), 122.9, 116.7, 111.1 (d,

*Jcr = 4.0 Hz), 51.8; HRMS (El) [M*] calcd for C13H11FN2O, (m/z) 246.0805; found 246.0810.

1-{4-[(6-Methoxypyridin-2-yl) amino]phenyl} ethanone (177).

| N O~
Z Following amination procedure A, 87 mg (72%) of 177 were obtained

following flash chromatography (0 — 30% EtOAc/Hexanes, R = 0.41 in 30% EtOAc/Hexanes)
as a yellow solid; m.p.: 143—145°C; *H-NMR (400 MHz, CDCls) § 7.95 (d, J = 8.4 Hz, 2H), 7.55—
7.48 (m, 3H), 6.72 (brs, 1H), 6.46 (d, J = 7.6 Hz, 1H), 6.33 (d, J = 8.0 Hz, 1H), 3.96 (s, 3H), 2.59
(s, 3H); 3C-NMR (100 MHz, CDCls) & 196.7, 163.5, 152.7, 145.4, 140.2, 130.2, 130.1, 117.0,

101.9, 101.7, 53.6, 26.2; HRMS (EI) [M*] calcd for C14H14N202 (m/z) 242.1055; found 242.1052.

4-(4-Methylpyridin-2-ylamino)benzonitrile (178).

C’ : Q Following amination procedure B, 77 mg (74%) of 178 were obtained

following flash chromatography (25 — 50% Et,O/pentane, Rs = 0.29) as a yellow solid; m.p.: 172—
175 °C; 'H-NMR (300 MHz, CDCl3) § 8.17 (d, J = 5.1 Hz, 1H), 7.59-7.52 (m, 4H), 7.00 (bs, 1H),
6.75-6.73 (M, 2H), 2.34 (s, 3H); 3C-NMR (150 MHz, CDCls) & 154.2, 149.2,147.9, 145.1, 133.4,
119.6, 118.4, 117.6, 111.2, 103.5, 21.1; HRMS (EI) [M*] calcd for C1sH1:N3 (m/z) 209.0953;

found 209.0959.
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4-[6-(Trifluoromethyl)pyridin-2-ylamino)benzonitrile (179).

N Ny ~CF3
NC/©/ | Z Following amination procedure A, 113 mg (86%) of 179 were
obtained following flash chromatography (30% EtOAc/hexanes, R¢=0.31) as a yellow solid; m.p.:
209-211°C; *H-NMR (400 MHz, CD3COCD3) § 9.25 (br's, 1 H), 8.00 (d, J = 8.8 Hz, 2H), 7.91(dd,
J=8.4,7.8Hz 1H), 7.71 (d, = 8.8 Hz, 2H), 7.34 (d, J =7.8 Hz, 1H), 7.22 (d, J = 8.4 Hz, 1H);
¥F-NMR (376 MHz, CDCls) § -68.57; *C-NMR (150 MHz, CD3s0D) & 156.6, 146.8, 146.7 (q,
2Jcr = 34.5 Hz), 139.8, 134.1, 123.1 (q, WJcr = 271.5 Hz), 120.5, 119.1, 116.1, 113.0 (g, “Jcr = 3.0

Hz), 104.2; HRMS (EI) [M*] calcd for C13HsF3sN3 (m/z) 263.0670; found 263.0677.

N-(4-tert-Butoxyphenyl)pyridin-2-amine (180).

j\ /©/ U Following amination procedure C, 66 mg (54%) of compound 180 were

obtained following flash chromatography (5 — 30% EtOAc/hexanes Rf = 0.56 in 30%
EtOAc/hexanes) as a brown solid; m.p.: 91-94 °C; *H-NMR (300 MHz, CDCl3) § 8.19 (d, J = 6.0
Hz, 1H), 7.51-7.45 (m, 1H), 7.26-7.21 (m, 2H), 7.00-6.97 (m, 2H), 6.79 (d, J = 8.4 Hz, 1H), 6.73—
6.69 (m, 1H), 6.60 (brs, 1H), 1.36 (s, 9H); 3C-NMR (100 MHz, CDCl3) & 156.6, 150.9, 148.3,
137.6, 135.9, 125.1, 121.7, 114.5, 107.7, 78.4, 28.7; HRMS (EI) [M*] calcd for C1sH1sN20 (m/z)

242.1419; found 242.1415.

N-(5-Fluoropyridin-2-yl)pyrazin-2-amine (181).

[ ]/ U\ Following amination procedure B, 80 mg (84%) of 181 were obtained
following flash chromatography (7 — 30% EtOAc/hexanes, Rs = 0.24 in 30% EtOAc/hexanes) as

an off-white solid; m.p.: 164-165 °C; *H-NMR (300 MHz, CDCls) § 8.73 (s, 1H), 8.18 (s, 2H),
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8.12 (d, J = 2.4 Hz,1H), 7.92 (bs, 1H), 7.85-7.81 (m, 1H), 7.45 (m, 1H); °*F-NMR (376 MHz,
CDCls) & 136.03; *.C-NMR (100 MHz, CDCl3) § 155.4 (d,}cr = 248.5 Hz), 150.3, 149.1, 141.4,
136.3, 135.2 (d, 2Jcr = 26.1 Hz), 134.9, 125.3 (d, 2Jcr = 20.1 Hz), 112.5 (d,*Jcr = 4.0 Hz); HRMS

(EI) [M™] calcd for CoH7FN4 (m/z) 190.0655; found 190.0651.

NG H N CF3 N-(Pyridin-2-yl)-6-(trifluoromethyl)pyridin-2-amine (182).
U
u Z Following amination procedure B, 83 mg (70%) of 182 were obtained

following flash chromatography (30% EtOAc/hexanes, Rf = 0.48) as a white solid; m.p.: 91-93
°C; 'H-NMR (400 MHz, CDCl3) & 8.23 (m, 2H), 7.76-7.64 (m, 4H), 7.21 (d, J = 7.2 Hz, 1H), 6.94
(dd, J = 7.2, 6.0 Hz, 1H); °F-NMR (376 MHz, CDCls) & -68.43; 13C-NMR (100 MHz, CDCl3) &
154.0, 153.5, 147.5, 146 (q, Xcr = 34.2 Hz), 138.6, 138.2, 121.5 (q, Wcr = 274.7 Hz), 117.2, 114.6,

112.3, 112.2 ppm; HRMS (EI) [M*] calcd for C11HsF3N3 (m/z) 239.0670; found 239.0677.

N H N N-(6-Methylpyridin-2-yl)pyrazin-2-amine (183).
N N
SR

following flash chromatography (0 — 30% EtOAc/hexanes) as a white solid; m.p.: 99-102 °C; *H-

Following amination procedure B, 76 mg (82%) of 183 were obtained

NMR (400 MHz, CDCls) & 8.96 (s, 1H), 8.18 (s, 1H), 8.10 (d, J = 2.4 Hz, 1H), 7.92 (bs, 1H), 7.54
(dd, J=8.0, 7.6 Hz, 1H), 7.41 (d, J = 8.4 Hz, 1H), 6.79 (d, J = 7.6 Hz, 1H), 2.49 (s, 3H); 3C-NMR
(100 MHz, CDCls) & 157.1, 152.2,150.6, 141.5, 138.3, 136.2, 135.3, 116.7, 108.5, 24.2; HRMS

(EI) [M™] calcd for CoH1oN4 (m/z) 186.0905; found 186.0900.
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6-Methoxy-N-(4-methylpyridin-2-yl)pyridazin-3-amine (184).

~ /(\r p Following amination procedure B, 64 mg (59%) of 184 were obtained

following flash chromatography (30 — 50% EtOAc/hexanes,Rs = 0.15) as a beige solid; m.p.:
191-193 °C; *H-NMR (400 MHz, CDCl3) & 10.08 (s, 1H), 8.37 (d, J = 8.8 Hz, 1H), 8.11 (s, 1H),
7.59 (s, 1H), 6.97 (d, J = 8.8 Hz, 1H), 6.69 (bs, 1H), 4.12 (s, 3H), 2.34 (s, 3H); 3C-NMR (100
MHz, CDClz) 6 160.9, 154.5, 154.3, 148.9, 146.7, 123.0, 119.3, 117.8, 112.9, 54.3, 21.2; HRMS

(EI) [M™] calcd for C11H12N4O (m/z) 216.1011; found 216.1088.
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Part I1: Generation of benzynes in flow reactors followed by
subsequent Diels-Alder reactions

Chapter 5: Chemical Reactions in Flow

5.1 Introduction:

The synthesis of new compounds using traditional methods is a time consuming and labor-
intensive process. In many cases, this is due to poor reaction reproducibility especially upon scale-
up of the reaction, and the considerable manual effort required for monitoring, optimizing and

isolating the product at each stage of the synthesis process.”

With the increasing demand in the pharmaceutical industry to synthesize new biologically active
compounds in less time and at lower cost, the need for new technologies to speed up the progress
of organic synthesis is widely desirable. Continuous flow emerges as a fast, well- established and
accepted technology that has the potential to address these demands and has attracted interest, both

in academia and in industry.'%

Continuous flow chemistry has developed over the past few decades from early demonstrations of
simple chemical transformation in micro-reactors'®! to more complex, multistep synthesis.'? This
evolution in synthetic methods and equipment has been motivated by several advantages of this
relatively new technology over traditional batch-style chemistry that is usually performed in flasks

or vessels.

In the following sections the basics principles of flow chemistry will be introduced briefly and
compared against batch reactor technology, and the major benefits of flow technology will be

highlighted.
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5.1.1 Reaction time in Batch Versus Flow-Reactors:

Generally speaking, reactions are normally started by mixing two or more reactants at appropriate
conditions (i.e. temperature, pressure, concentration, catalyst etc...) and terminated when

maximum conversion of the desired product is reached.

In flow processes, the reagents are infused separately via syringe pumps, where they meet at a
conjunction (T-mixer), mix, react and flow down the reactor at a controlled temperature for a
specific time, which is known as a “residence time”. The residence time is controlled by two
factors: a) the reactor volume and b) the flow rate. At the end of the reactor, the reagents are
quenched in the collection vessel (Figure 1).

Flow rate of reagent A
(mL/s)

containing quenching reagent

V (Flow rate: mL/s) S( Cross-section:cm?) —

A
Y

L (Length: cm)

Figure 1: Chemical Reactions in Flow Setting

Resid time(s) S XL
esidence time(s) = ——————

V(A) +V(B)
Va= Flow rate of reagent A. Vg = Flow rate of reagent B
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In contrast, in batch routine, the reaction time is determined by how long the starting materials
are mixed together in one flask at a given temperature and pressure until the reaction has
progressed to a suitable level of conversion to completion. One of the major challenges that is
encountered by chemists is conducting extremely fast reactions as they are difficult to control in
conventional-style flasks. For example, if a reaction is completed after 0.6 sec and side-product
formation takes place to a significant extent after 1s; the reaction time must be adjusted within
this time frame (i.e. 0.6-1 sec). This kind of adjustment is nearly impossible to achieve using the
traditional batch chemistry. Therefore, the only way to control such reactions in the batch is to
slow down the rate of these reactions.!> The most common way used to decrease the reactions
rate is to lower the reaction temperature and/or by higher dilution method (i. e. decrease the
concentration of the reactants). Fortunately, by using a flow platform, extremely fast reactions can
be carried out without the need to decrease the temperature or the reactants’ concentration. The
precise manipulation of the residence time can minimize side-product formation and therefore
increase the yield of the target compound. This is clearly demonstrated in Yoshida’s work with
lithiation of o-dibromobenzene. It is well-known that lithium-halogen exchange of o-
dibromobenzene generates o-bromophenyllithium which undergoes rapid elimination to form
benzyne even at -78 °C. Conducting this reaction in a microtube at -78 °C with a residence time
of 0.8 sec enabled the formation of o-bromophenyllithium which was subsequently trapped with
an electrophile before benzyne formation takes place (Scheme 1).1% It is noteworthy that for the
same reaction to be conducted in a conventional flask, the temperature must be lowered to -100

°C.
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Scheme 1: Quenching of o-bromophenyllithium with different electrophiles.

As the reaction progresses, the concentration of the reactants decays exponentially with time in
batch setting while the concentration of product increases.!’> However, in a microfluidic device,
the concentration of reactants decreases with distance and the concentration of product increases
and reaches a maximum at the outlet of the reactor (assuming that the reaction is conducted under

optimized conditions) (Figure 2).

Reactant concentration versus time in flask and

distance
0.12
< » Flow reactor
s 01 ®
£ 4
s 0.08 ¢ ° Time in flask = distance in flow reactor
© 0.06 °
€ ®
@ 0.04 °
5 L P
O 0.02 ®e ¢ o o
Flask
0
0 10 20 30 40 50 60 70 80 90
Time [min]

Figure 2: Reactant concentration versus time (flask reactor) or distance (flow reactor) for simple
first-order reaction under well-mixed homogeneous conditions.
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It is important to indicate that the concentration of a reactant and product do not change with the
progress of operating time under a steady state at a specific position within the flow reactor. This
means that there is no possibility of backward or forward mixing. The best way to envision this is
to consider the flow reactor as an infinite series of continuous flask reactors that are separated from

each other (Figure 3).

A
4

Flow reactor

S S b SR h e

Figure 3: Flow reactor as infinite small separated flask reactors.

This is extremely beneficial for scenarios where the product can react with the starting material
present in the reaction mixture. In the flask reactor, this is inevitable since the product is mixed
with the starting material, thus the yield for the target compound decreases. In contrast, the ability
to control both elements of time and space in the flow system, and the rapid mass-to-heat transfer
in microfluidic devices lead to unique reaction outcomes that are not reproducible in the batch
reactors.'% The newly formed product in the flow reactor is isolated by physically removing it
from the reaction stream; this will minimize side-product formation and increase the yield of the

reaction.'?’
5.1.2 Mixing in batch versus flow-reactors:

Mixing - which describes how two solutions or phases come together and become intertwined -
has a profound effect on the selectivity and conversion of a reaction. To achieve high yield and
selectivity of the desired product in an organic reaction, a high degree of mixing and homogeneity

is extremely desirable.!%®
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Batch and flow raections exhibit different mixing mechanisms and the Reynolds number “Re” is
used to predict flow dynamics in fluids. The Reynolds number is a dimensionless mass transfer
coefficient that is dependent on the flow rate, and the viscosity of the fluid. Ranges of Re values

divide mixing into three regimes: turbulent, laminar, and transitional (Figure 4).

v

—> —> —> —» Lami
aminar flow
—> — »
> Ay,

Longitudinal interface

> /1 ¥ > ITransitional flow

‘_> 2 Ny .
Yoy 4 T2
[ o l// ey Turbulent flow

Figure 4: Types of flow

A high Re number corresponds to turbulent flow, whereas low Re values describe laminar flow
which corresponds to a poor mixing (Re <2040). In a batch-size reactor, mixing is transitional or
laminar.'” Transitional mixing results in segregation inside the vessel, with a laminar regime
dominates at the outlying parts and a turbulent regime near the stirring bar. The movement of the

molecules between these regions relies on diffusion.!!” The time needed for molecular diffusion
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(ta) is directly proportional to the square of diffusion path length L and inversely proportional to
the diffusion coefficient D (Equation 1). Therefore, micro-reactors have much smaller diffusion
times and achieve mixing faster than in large conventional flasks. However, mixing is more
complicated than simple diffusion and requires the analysis of what is known as a Damkdhler

number.'!!

The Damkohler number (Da) is defined by the ratio of the reaction’s rate to that of mass transfer
by diffusion. For reactions where Da is less than 1, homogenous mixing is achieved before the
reaction occurs. On the other hand, for reactions where Da is greater than 1, the reaction takes
place before achieving homogeneity in the reaction medium resulting in concentration gradient
within the system. This has a profound effect on competitive, consecutive side reactions, where
A+B — C and B + C —S (side-product). In this case, if Da >1, A and B will react before achieving

homogeneity and form C in close proximity to B resulting in higher quantities of S (Figure 5).

Table 2: Diffusion time is calculated for D (diffusion coefficient) = 1 x 10> cm?/s

Diffusion time ta (s) Size of reactor

0.0005 I um

0.005 10 um

5 100 pm

500 I mm

t(d)= L5 Eq1l
D

k is the Boltzman constant (1.38 x102%JK1), T (K) is the
D=L absolute temperature, 1 (Kg m? s?) the absolute (solute)
6nnr . . . . .
viscosity, and r is the hydrodynamic radius (hm).
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@ ReagentA @ Desired product
o Reagent B o Side-product

Figure 5: Da and side-product formation in reaction mixtures. a) Da<1 achieve homogeneity, b)
Da> 1 more side-product formation

For extremely fast reactions where Da is high, conducting the reaction in flow is extremely
beneficial. In these cases, specialized mixers must be used to achieve a high degree of
homogeneity. These mixers range from simple T or Y-shaped connection units to a more
sophisticated mixer using obstacles within the microstructures to achieve more efficient mixing.
The types of chemistries that benefit from enhanced mixing under flow conditions are referred to

as “flash chemistry”.
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5.1.3 Heat Transfer in Batch versus Flow-Reactors:

In the course of a chemical reaction, heat is transferred between the interior and the exterior of a
reactor via the reactor surface. Therefore, the surface-to-volume ratio is an essential factor for heat
transfer. Microfluidic devices have a surface-to-volume ratios that are several orders of magnitude
larger than those of conventional flasks.!'? For example, a tubular reactor with an internal diameter
of 1 mm has a surface-to-volume ratio 50 times greater than that of a standard 250 mL round
bottom flask.!'® Consequently, heat transfer occurs more rapidly in flow microreactors than in
conventional flasks enabling fast cooling/heating, which results in a more homogenous

temperature profile throughout the reaction mixture (Figure 6).

2950

2830

L [mm]

Figure 6: Temperature profiles in a batch (a) and a flow reactor (b) simulated for an exothermic
model reaction between HCI and NaOH, y is the channel thickness and L is the channel length.!!*

This is beneficial for highly exothermic reactions, the effective heat—exchanging properties of the
continuous flow reactor aids in maintaining a uniform temperature throughout the reaction medium
and reduces side-product formation (Figure 7).!'> Even highly unstable intermediates''® or

explosive reactants can be handled.!!’
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As an example, nitration reactions of aromatic compounds are highly exothermic where hot spots
are more likely to be generated in the reaction medium, causing side-product formation. The rapid
heat transfer in the flow system reduces hot spot formation and results in a better product quality
compared to the batch setting (Table 2).''® The reaction presented below produce two products (2-
nitrophenol and 4-nitrophenol) but also, other by-products such as hydroquinone, dinitro
compounds, and polymeric products. The results of performing this reaction in batch versus flow

are shown in table 2.

N«;
_— Ideal Leads to formation of C

and creates losses of B
CI

A—s C —+C
t* C 4+ C

Gyt Y T e

1 2 depree

N Reaction Coordinates

Figure 7: Temperature distribution profile in batch and in microreactor (MR).!!!
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Table 2: Nitration of phenol in batch and flow conditions.
OH
HNO3
CH3COOH/H20

T (°C) HNO3 (Equiv.) Yield Ratio 4-/2-nitrophenol ~ By-Products

2 2.0 30% 1.2 65%
Batch
20 2.0 21% 0.6 77%
5 1.7 74% 0.9 10%
Flow
20 1.4 77% 1.0 17%

5.1.4 In-line analysis in flow reactors:

Optimizing reaction conditions is a common practice in organic synthesis. Traditionally,
this is done by collecting and analyzing samples from reaction mixtures conducted under different
reaction conditions from which an optimum set of conditions or reagent choice will emerge. As a
result, optimizing a reaction requires a commitment of time and consumption of large quantities of

valuable materials.'!®

Flow chemistry not only allows chemists to perform reactions in a small-scale thus, requiring
smaller amount of the starting materials, but because the process moves, it also enables chemists
to divert flow reaction to monitoring devices such as UV/VIS, IR, NMR, mass spectrometer, and

LC/MS.120
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Recently, our group had reported a second generation MACOS (Microwave Assisted Continuous
Flow Organic Synthesis) system that can run reactions under high temperature and pressure. The
system was shown to provide consistent performance and it can seamlessly deliver a sample to the
analytical unit that is coupled with the MACOS system without any impact of the steady state of

the process (Figure 8).1%

Improve - i| .1 unacceptable
’ J
) N

Product Collection

Synthesis

Figure 8: Second generation MACOS system with in-line analysis.

Additionally, flow chemistry offers a convenient means of preparing larger quantities of
compounds by simply running optimized conditions for a longer period, or in parallel. This concept
is termed “scaling-out” thus, avoiding the challenge of “scaling up” using batch reactions. This
has been clearly demonstrated by a report by Rutjes, van Hest, and coworkers, where they
developed a protocol to produce one gram of benzyl azide per hour in a single flow reactor at room

temperature (Scheme 2).?
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MeOH/DCM (3:10)
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HCI/EtOAc/Acetone

Scheme 2: Scale-up the synthesis of benzyl azide in flow reactors.

Moreover, multistep synthesis can be conducted using sequential micro-reactors where the product
of the first micro-reactor flows directly to the next. The work-up steps are already installed in the

flow setting.

A
C

D
Flow reactor 1 Flow reactor 2 Flow reactor 3 = E
B T T

X Y
Scheme 3: Multistep synthesis in the flow.

This is well exemplified in the total synthesis of (+)-dumetorine. The process entailed five separate
steps with 29% overall yield. The main advantages in performing this synthesis in flow were the
precise control over the reaction conditions, the reduction in the reaction time, and minimize

handling of intermediates (Scheme 4).*23
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Scheme 4: Multistep synthesis of (+)-dumetorine in the flow.

104



Based on all of the advantages listed above, flow reactors are ideal candidates to work with
high-energy, reactive intermediates in a very controlled fashion. Chemists are now able to generate
highly reactive intermediates and react them in subsequent steps before they decompose. This has
been nicely demonstrated by Yoshida and coworkers where they developed a flow microreactor
for three-component coupling based on flash chemistry, where carbolithiation of benzyne
(generated in situ) with functionalized aryllithium took place, followed by reactions with
electrophiles. (Scheme 5). 124

O Qe
x 1 X 17 18

ST

: o

T,°C

Al
-M | —FG

3rd Reactor E P

4th reactor m

Second reactor

T,°C

E+ Electrophile

Scheme 5: Three-component coupling reaction of benzyne.

The utility of this method was demonstrated in the synthesis of boscalid (Scheme 6), an important

fungicide, which belongings to the class of succinate dehydrogenase inhibitors.!?® The set up
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consists of four different reactors. In the first one benzyne was generated by treating o-
bromoiodobenezne with phenyllithium. At the same time, another lithium-halogen exchange
reaction takes place in the second reactor between 4-bromochlorobenzene and n-BuLi to deliver
4-chlorophenyllithium which reacts with the benzyne generated from the first reactor to deliver
25. In the last reactor, 25 was subsequently quenched with TsN3 to give 4-chloro-2-azidobiphenyl
in 60% yield. Reduction with NaBH4 followed by the acylation reaction with 28 furnished boscalid

in 88% vyield. (53% from 1-bromo-2-iodobenzne).

-70 °C

&
S
(@)

Li 15 m residence time 2.69 s

residence time 0.31s

residence fime 0.92 s

ﬁ avay

NaBH, THF/MeOH
50 °C, 1.5 hr

NH,

EtsN, THF, t, 1 h
aTaTE— L Xatac

7
29 N A 27
Boscalid 88% —
Cl (0]

Cl
28

Scheme 6: Synthesis of boscalid in the flow.
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Benzyne is a unique and highly reactive intermediate. Owing to its low-lying unoccupied
molecular orbital (LUMO) and the high strain in its structure, benzyne is extremely reactive even
at low temperature and, therefore, it must be generated in situ. The next section will briefly discuss

the history of benzyne and its application in total synthesis.
5.2 Benzynes:

5.2.1 History and Background:

The first indication for the existence of aryne was reported by Stoermer and Kahlert in 1902.1%
The isolation of 2-ethoxybenzofuran upon treating 3-bromobenzofuran with base suggested the

formation of o-didehydrobenzofuran (31) as an intermediate (Scheme 7).

Br
KOH/EtOH KOH/EtOH
OEt
30 32

Scheme 7: The first indication of the existence of aryne.

After several decades, definitive evidence for the formation of these reactive species was reported
by Roberts®®, Huisgen,*?” and Wittig.*?® In 1953, Roberts found a compelling evidence for benzyne
formation in the reaction of **C-labeled chlorobenzene with sodium amide (Scheme 8). The
reaction produced 1:1 ratio of compounds 35 and 36, confirming the intermediacy of a symmetrical

reactive compound i.e., 34.
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Cl NH,
NaNH2 +NH3 NH2
—_— —_— +
-NaCl
33 34 35 36

Scheme 8: *C-Labeled chlorobenzene with sodium amide.

In 1956, Wittig and Pohmer reported the first Diels-Alder reaction of benzyne with furan, where
the former reacts as a dienophile with the electron-rich diene (furan).*?® The discovery of benzynes

led to a rapid development in organic synthesis, and the research in this field intensified.
5.2.2 Benzyne isomers:

It is important to note that there are two other isomers of benzyne: m-benzyne and p-benzyne

(Scheme 9).

o O ©

ortho-benzyne  meta-benzyne para-benzyne
18 37 38

Scheme 9: Benzyne isomers.

The theoretical and the experimental work on these two isomers is comparatively less than those
done on o-benzyne. However, it is worth mentioning that p-benzyne is particularly important in
the Bergman cyclization of enediyne - compounds able to cleave double-strand DNA - (Scheme
10).13% Hydrogen abstraction by p-benzyne results in the formation of a phenyl radical that causes

irreversible damage to the DNA strand through a second hydrogen abstraction.*3
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Scheme 10: p-Benzyne in Bergman cyclization.

Since this project deals with 0-benzynes, the next sections will be discussing this isomer only.
5.2.3 Structure of 0-Benzyne:

0-Benzyne has three resonance structures (Scheme 11) where an alkyne representation is the most

widely encountered, however, the diradical and the cumulene forms are significant contributors.'32

J Q O

Alkyne Cumulene Biradical
18 43 44

Scheme 11: Resonance structures of 0-benzyne.

Accommodating a triple bond in a six-membered ring is geometrically constrained, therefore it is
anticipated that the overlap of the in-plane p orbitals is reduced compared to alkynes, resulting in

a weaker triple bond.
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180° ﬂ < 180°

Unstrained alkyne

Scheme 12: Geometric strain in accommodating triple bond in six-membered rings.

In 1992, Raszishewski and co-workers assigned the vibrational frequency of a triple bond in o-
benzyne to be 1846 cm™'33 which is lower than the expected vibrational frequency of unstrained
alkynes (~2200 cm™).134 The geometric constraints result in significant lowering of the LUMO
energy for o-benzyne (Scheme 13). However, according to the computational studies reported by

Carreira and co-workers the energy of the HOMO remains roughly unchanged.*3®

LUMO - ..

Significantly
lowered LUMO

Scheme 13: Energy of LUMO in unstrained alkyne versus benzyne.

More recently, Gross et. al. reported an elegant method for deciphering the major resonance
structure of arynes by atomic force microscopy. The results suggest that a cumulene resonance is

the dominant one.%6
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5.2.4 Generation of Benzynes:

Generation of o-arynes requires the presence of two eliminable groups positioned ortho to each
other. Several approaches have been developed for the generation of benzynes. Some include the
use of diazonium carboxylate,**” iodonium triflate,’*® benzotriazole,’*® halotriflate,*4
fluorolithium, and magnesium compounds.'** Perhaps the most common and versatile method to

date is Kobayashi’s mild fluoride-induced benzyne formation protocol (Scheme 14).142

Scheme 14: Different methods for generating o-benzyne.
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5.2.5 Reactions of Benzynes:

Benzyne derivatives have proven useful synthetically as they undergo a wide variety of
transformations that enable a plethora of applications in synthesis including nucleophilic attack by
neutral nucleophiles, [4 + 2] and [2 + 2] cycloadditions, sigma bond insertion, as well as metal-

catalyzed reactions (Scheme 15).14

Nucleophilic [4+2]
additions Cycloaddition
63 JI\ @O 56
BrMg
54 =

Multicomponent BUNG 57 MeQ ome [2+2]
reactions O’ . . ©j Cycloaddition
R——R
62 R 18 o
&
COzMe '%

O Metal-catalyzed
~o-Bond Q reactions
insertions COZMe O Q

60 59

Scheme 15: Different reactions of o-benzyne.

A consequence of this wide application scope is that can be used to introduce multiple benzene
rings in the core structure of the target molecules. Recent examples include the construction of
polyaromatic hydrocarbons,*** the use of pyridynes as building blocks,}* the chemical
transformation of nanotubes,**® and of graphene sheet.'*” Additionally, they have been
incorporated into the natural product synthesis of carbocycles and heterocycles, as well as
promising drug candidates. The former point is exemplified in the total synthesis of domesticine,*4®

thaliporphine, 4° and xylopinine (Scheme 16).1%
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Scheme 16: Benzyne incorporation in natural products.
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5.2.6 Plan of study:

Given the rich chemistry that can be accessed using benzyne and all the advantages of flow
chemistry listed above which makes it ideal to work with high-energy species, we were interested
in generating various benzyne intermediates in flow at room temperature. We envisioned that the
precise control of the reaction time, the efficient mixing, and the rapid mass and heat transfer in
flow would enable us to trap these intermediates in [4 + 2] cycloaddition reactions at room
temperature before they decompose (which is the case in conventional flask at the same
temperature) with five-membered aromatic heterocycles using mild conditions to produce

compounds of biomedical interest in higher yields compared to batch-setting.>*
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CHAPTER 6: Results and Discussion

Initial efforts focused on the preparation of suitable benzyne precursors for [4+2] cycloaddition
reactions. Three benzyne precursors were used in this study (Scheme 17) and while compound
52 is commercially available, benzyne precursors 68 and 69 were prepared following a simple

two-step protocol from their corresponding o- bromohydroxyarenes (Scheme 18).1%2

T™MS T™MS T™S
©/0Tf /©/0Tf OTf
52 68 69

Scheme 17: Benzyne precursors used in this study.

Br Br TMS
OH o THF, reflux, 90 min OSiMe; 1) 1.1 Equiv. n-Buli - oTf
+ Na.o-NaQ.” > >
/SII ?I\ 100% 2) 1.25 Equiv. Tf,0
65%
70 71 72 68
™S
id oTf
OSiMe-, 1) 1.1 Equiv. n-BuLi
OO OH M THE reflux, 90 min_ : ~-C)
* gt 2) 1.25 Equiv. TH,0
i T
73 71 69

Scheme 18: Synthesis of benzyne precursors 68 and 69.
Some of the dienes used in this study were commercially available except for N-Boc pyrrole (76)

and N-propyl pyrrole (77), which were prepared using literature procedures outlined in Scheme

19'153
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Scheme 19: synthesis of 76 and 77.

Using flow setup illustrated in Figure 9, syringe 1 was filled with a tetrahydrofuran (THF) solution
containing the benzyne precursor and diene, while the second syringe was filled with a THF
solution of tetra-n-butylammonium fluoride (TBAF) which was used as a fluoride source. The
contents of these syringes flowed into a tee (T1) where they mixed, and the resultant solution
moved into reactor R1 before flowing into a collection vial where they are quenched in a solution
of water and ether (Figure 9). The residence time in the reactor was optimized by adjusting the

flow rates of syringes 1 and 2.

Syringe 1

Benzyne precursor (1 Equiv.) 0.26 M in THF
Diene (x Equiv.) x M in THF

A T
Reactor R,

O
Syringe 2
TBAF (3 Equiv.) 0.8 M in THF

Collection vial
water & ether

Figure 9: Flow reactor set up for-Diels-Alder reactions of benzyne intermediates.
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In order to find the best optimizing conditions, we started our investigations using unsubstituted

benzyne precursor 52 and furan (55) as the diene.

Table 3: Effect of residence time, diene equivalents and the reaction temperature on the
cycloaddition of benzyne and furan.

TMS

OTf O 3 Equiv. of TBAF
+
E/) >

Temp. Residence time

52 55
Entry T(C) Residence Time (sec)  Equiv. of 55 Con. (%)?(Yield of 56) °
1 24 6 5 43(-)
2 24 12 5 77()
3 24 30 5 91(-)
4 24 60 5 100 (51)
5 0 60 5 100 (53)
6 0 60 10 100 (57)
7 24 60 10 100 (60)

2 Percent conversion was determined by analysis of the crude * H-NMR spectrum. ®Yield was determined on a
product that had been purified by silica gel flash chromatography.

Using a residence time of 6 sec and 5 equivalents of 55, the reaction was first performed at room
temperature resulting in 43% conversion to produce 56 (Table 3, entry 1). Increasing the residence
time in Ry from 6 seconds to 1 minute by decreasing the flow rate led to 100% conversion and the
product (56) was isolated in 51% yield (Table 3, entry 4). In an attempt to improve the yield of
product 56, based on the assumption that the low yield is due to benzyne decompositions, the
temperature was lowered to 0 °C by placing the reactor (R1) in an ice bath. However, this change
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had little impact on the reaction outcome (Table 3, entry 5). Keeping the temperature at 0 °C while
doubling the equivalents of diene 55 led to a slight improvement in yield (Table 3, entry 6).
Optimal results were achieved when 10 equivalents of 55 were used and the reaction was

performed at room temperature (Table 3, entry 7).

Armed with these results, we set out to explore the substrate scope of this method with different

dienes using benzyne precursor 52 (Table 4)

Table 4: Reaction between benzyne precursor 52 and different dienes.?

Entry Diene Product % lsolated Yields
1 Qb ss > 60
80
2 QO 78 59
o sol
: C
QP .

)
g

— Q0
N > :
76

83

a) Reactions were performed using the flow rate step illustrated in Figure 9 and the procedure outlined in Table 3,
entry 7 and the procedure outlined in Table 3, entry 7 (flow rate = 44.48 pL/min, residence time = 1 min and the
reactor volume was 77pL).



The expected cycloadducts were obtained in entries 1, 2 and 5 with furan, 2-methyl furan and N-
Boc pyrrole, respectively. However, in the case of pyrroles 77 and 79 unexpected diarylamine
products were obtained. In these cases, the Diels-Alder cycloadduct reacts nucleophilically with
another molecule of benzyne to deliver the product observed (Scheme 20). This transformation

has precedent in the literature.™>*

(v o
H
| ) SR> =/ OO
X OTf
© ™ Eiimination N
18 84 18 85 81

Scheme 20: Mechanism for the formation of compounds 81.

The dienes used in this study possess varying degrees of aromaticity, which will impact their ability
to undergo cycloaddition. In 2013, Horner and Karadakov illustrated that furans derivatives were
found to be less aromatic than pyrroles. **° Therefore, the nucleophilicity of these dienes will
decrease as the degree of aromaticity increases, in other words, it will be expected that furan and
furan derivatives will react more readily with benzynes than pyrroles, and the results obtained are
in line with this hypothesis. Higher yields were obtained with furan and 2-methyl furan (Table 4,
entry 1, and 2) compared to pyrroles (Table 4, entry 3 and 4). Also, all the attempts to cyclize
benzyne precursor 52 with thiophene, which possesses the highest aromatic character in

comparison to furan and pyrroles completely failed.

Benzyne precursor 68 was investigated next (Table 5). Cycloadduct 86 was obtained by the
reaction of 68 with furan (55) in a good yield. The reaction between 2-methyl furan (78) proceeded
with no regioselectivity giving rise to 87a and 87b in equal amounts (Table 5, entry 2). Upon

reacting benzyne precursor 68 with N-methyl pyrrole, 4 isomers were obtained (2 pairs), and based
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on a number of 2D NMR experiments (2D-TOCSY, COSY, and NOSEY), the ratio of the two
pairs of products (i.e. pair 1: 88a-88b and pair 2 88c-88d) were found to be 1.2:1, and the ratio of
the meta to para within pair 1 (88a: 88b) is (1.3 :1) which is presumably equal to the ratio of the

meta to the para isomer within pair 2.

Table 5: Reaction between benzyne precursor 68 and different dienes.?

Entry Diene Product %lsolated Yields

1:1)
/N\©/ /N\©\
3 E/\N;Q 88a 88b 28°

SeUNeg

89

aReactions were performed using the flow setup illustrated in Figure 9 and the procedure outlined in Table 3, entry 7
(flow rate = 44.5 uL/min, residence time = 1.2 min, and the reactor volume was 76 uL). ® Ratio was determined by
2D ! H-NMR spectroscopic experiments.
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Very good yields were obtained when benzyne precursor 69 was employed (Table 6).
Cycloaddition between furan (55) and the benzyne precursor 69 delivered the expected product 90
in a very good yield (Table 6, entry 1). Upon reacting 69 with 78, two inseparable isomers were

obtained in nearly equal ratio (0.82:1) (Table 6, entry 2).
Table 6: Reaction between benzyne precursor 69 and different dienes.?

Entry Diene Product % lIsolated Yields

1 _ @ 71
s oC

91a 91b

Boc

—
3 CN—BOC ﬁ 66
—
76 OO 92

@ Reactions were performed using the flow setup illustrated in Figure 9 and the procedure outlined in Table 3, entry 7
(flow rate = 44.5 pul/min, residence time = 1.72 min).
b Ratio was determined by 2D *H-NMR spectroscopic experiments.

As shown in Tables 3-6, the expected cycloadducts were formed, however, the yields in some
instances are lower than anticipated, which is attributed to the short half-life of benzyne
intermediates formed during the course of the reaction. To examine this, a series of control
experiments were conducted. In the first experiment, we used the set-up shown in Figure 10. At
room temperature, a solution containing benzyne precursor 52 in THF was met at the first tee (T1)

by a TBAF solution from syringe 2, and the resultant mixture was allowed to react for 1 min.
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which was the optimal residence time to produce the maximum level of cycloadduct. Then a
solution of furan in THF (5 Equiv.) was introduced from syringe 3 into the flow stream at the end
of Ry, and the mixture was allowed to react for 1 min in Rz before quenching in the collection vial
V1. Analysis of the crude reaction mixture showed no sign of product formation, indicating the

benzyne decomposition had taken place before the Diels-Alder reaction could occur.

Syringe 1
Benzyne precursor 52 (1 Equiv.) 0.26 M in THF

T
T1 H— 2
- !
-m Reactor R,
Syringe 2
TBAF (3 Equiv.) 0.8 M in THF
Collection vial V4
(water & ether)
A D
Syringe 3

Furan solution ( 5 Equiv.) 0.67 M in THF

Figure 10: Reactor design used for control experiments to examine benzyne lifetime.

The second control reaction between 52 and furan (55) was performed in a conventional flask

where cesium fluoride (CsF) was used as the fluoride source instead of TBAF (Scheme 21).
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rt, CH3CN, 6 hrs

TMS
OoTf e} :
+ CsF (3 Equiv.)
| -
52 55

56

10 Equiv. 97%
TMS

OTf . O TBAF (3 Equiv.)
| >
rt, 1 min, THF
52 55 56
Batch Settting 55%

Scheme 21: Control experiments conducted in the batch setting.

The batch reaction was performed in acetonitrile as a solvent instead of THF since CsF is more
soluble in the former.'®® The reaction proceeded nicely, providing cycloadduct 56 in 97% yield,
whereas the same reaction performed using TBAF produced almost half the level of product (55%
yield).The TBAF result compares very well to the results obtained when this reaction is run in
flow (Table 3, entry 4, 51% yield). We attribute this to the difference in the benzyne concentration
in each case (i.e. CsF versus TBAF). Due to the low solubility of CsF (0.093 +/- 0.008 mM at rt),*
the concentration of the highly reactive benzyne intermediate will be relatively low, and as a result,
decreases the rate of side reactions of benzyne with itself. However, in the case of TBAF, which
is completely soluble in THF, the consumption of starting material to generate benzyne is much
faster. The higher relative concentration of benzyne in the case of TBAF facilitates the formation
of side-products, especially at the beginning of the reaction when benzyne concentration will be

the highest.

Moving forward, we investigated the ring opening of oxabicyclic alkene 56 with different

organolithiums using a flow system outlined in Figure 9 to produce the corresponding 1, 2-
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dihydronaphthols, as these are important precursors for antibiotic synthesis.’*® The optimized

reaction conditions for ring opening steps are shown in Table 7.

Table 7: Ring Opening of 56 with different organolithiums.

56
OH
R =Bu 93
R =sec-Bu 94
R =tert-Bu 95

Entry RLi (x Equiv.) Residence time (s) Flow rate (uL/min) % Yield
1 n-BuLi (2) 3 20 40
2 Sec-BulLi (1.1) 4 15 72
3 tert-BuLi (1.4) 6 10 83

As we increase the steric bulk of the organolithiums, the yield of the reaction increases (Table 7).
The low yield of 93 (Table 7, entry 1) can be explained by the side reaction of n-BuLi with the
solvent. Ortho lithiation of tetrahydrofuran followed by retro 3+ 2 cycloaddition to produce ethene

and acetaldehyde upon protonation (Scheme 22).!%7

o - (o
D n-BulLi 3 Li — e~ o~
> 60 °C - Z ol t

Scheme 22: side reaction between n-BuLi and THF.

It is noteworthy that the reaction of n-BuL.i and tert BuL.i led to a single product (as observed in the H-
NMR spectra), but the reaction of sec-BuLi with 56, produced two inseparable isomers, syn and anti

products (1:1 ratio based on *H-NMR spectroscopy).
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OH
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H

Scheme 23: Syn and anti products formed in Table 7, entry 2.

With the optimized conditions in hand for both steps (i.e. Diels-Alder reaction and the ring opening
of cycloadduct with different organolithiums), we want to create a more appealing system that

enables us to access 1,2-dihydronaphthols in one reactor. Hence, we set-up the microfluidic device
shown in Figure 11.

Syringe 1

Benzyne precursor (1 Equiv.) 0.26 M in THF
Diene (10 Equiv.) 2.6 M in THF

{ DieIsTAIder .

Syringe 2
TBAF (3 Equiv.) 0.8 M in THF

Syringe 3
Organolithium in hexane

Figure 11: Design reactor used to synthesize 1, 2-dihydronaphthols from benzyne precursors.

This system consists of two reactors, the first one is for Diels-Alder reaction and the second one
is for the ring opening of the oxabicyclic alkene that is expected from the first reactor. The
concentration of the starting materials matches those of the optimized conditions in Figure 6. We
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started our investigation with the simplest benzyne precursor 52 as dienophile, furan (55) as a
diene, TBAF as the fluoride source and n-BuL.i as the organolithium. The results obtained were

summarized in Table 8.

Table 8: Optimization study for the synthesis of 93 directly from 52.

OoTf Eo) 3 Equvi. TBAF n-BuLi in hexane> O‘
+
/ THE.t rt

T™S
OH
52 55 56 93
Entry % Conversion to 56 Equiv. n-BuLi % Conversion to 93*

1 100 | 15

2 100 2 22

3 100 5 50

4 100 12 70

5 100 15 85

6 100 18 100

3 Percent conversion was determined by analysis of the crude * H-NMR spectrum.

The results obtained in Table 8 contradict the optimized conditions for the ring opening step where
only 2 equivalents of the organolithium was needed to drive the reaction to completion. Upon using
1 equivalent of the n —BulLi, the ring opening of oxabicyclic alkene proceeded to only 22%
conversion (Table 8, entry 1). Complete conversion was achieved only when 18 equivalents of n-
BuLi was used (Table 8, entry 6). The need for the vast excess amount of organolithium can be
explained either by the side reaction of the water content in the TBAF (5 wt%) with organolithium
to produce butane or by a hoffman type elimination reaction to produce butane (97) and 1-butene

(98) along with tributylamine (99) (Scheme 24). Butane and 1-butene are gases at room temperature
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(boiling points of -1 °C, -6.3 °C, respectively) so we were unable to observe these by 'H-NMR
spectroscopy, however, this would explain the bubble formation observed in the second reactor.

Another

Scheme 24: Hoffman elimination reaction between organolithium and TBAF.

The same trend was observed upon using 1.7 equivalents of sec-BuLi in the ring opening step
where only 11% conversion (Table 9, entry 1), which was improved to 50 % conversion when 7.3

equivalents of sec-BuLi were employed (Table 9, entry 3).

Table 9: Optimization study for the synthesis of 94 directly from 52.

OTf [O) 3 Equvi. TBAF sec-BuLi in hexa&a ‘
+
/ THE. L rt

TMS
OH
52 55 56 94
Run Equiv. Sec-BuLi % Conversion to 94*
1 1.7 11
2 3 22
3 7.3 50

3 Percent conversion was determined by analysis of the crude * H-NMR spectrum.
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Unfortunately, the use of TBAF and THF is unavoidable since it is important to ensure complete
solubility of all reagents in the reactor (tetramethylammonium fluoride would require a more polar
solvent)!>®. Thus, an excess amount of organolithium is needed to compensate for that lost in side

reactions listed above (Scheme 22 and 24).
Conclusion:

We have developed a protocol for generating benzyne derivatives using flow chemistry. These
highly reactive intermediates were trapped in Diels—Alder reactions with 5-membered heterocycle
dienes to generate in most cases the expected cycloadducts. The yield of cycloadduct is highly
dependent on the rate of the reaction between the highly reactive benzyne intermediate and the
diene. Low vyields were obtained with dienes possessing high aromatic character. Benzyne can
react with itself to give by-products competitively with the desired cycloaddition. This reaction
may be a good candidate for the slow introduction of one of the reactants, TBAF in this case, by
adding it into the flow stream in multiple entry points along the reactor's length, thus, providing
the equivalent of “dropwise addition” for flow. This would slow the rate of benzyne formation

thereby possibly reducing undesired side reactions.

For the multistep synthesis of 1,2-dihydro naphthols derivatives in one reactor, successful results
were obtained for the first reaction ([4+2] cycloaddition) while attempts to drive the ring opening
step to completion failed unless excess amounts of the organolithiums were used. The formation
of bubbles in the second reactor created undesirable back pressure and resulted in inaccurate

residence time.
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Chapter 7: Experimental Procedures

General Experimental:

All flasks and vials were flame-dried under vacuum and purged with Ar (3 times) prior to use. All
reagents were purchased from Sigma-Aldrich or Alfa Aesar and were used without further
purification unless otherwise noted. THF and Et.O were distilled over sodium/benzophenone
under argon atmosphere prior to use. Organolithium reagents were titrated using 1,3-
diphenylacetone p — tosylhydrazone prior to use. Analytical thin layer chromatography TLC was
performed on EMD 60 F254 pre-coated glass plates and spots were visualized with UV light (254
nm) and stained using either potassium permanganate (KMnQOs) or p-anisaldehyde. Column
chromatography purifications were carried out using either the flash technique on EMD silica gel
60 (230 — 400 mesh), basic Al>Os, or neutral Al.O3. Nuclear magnetic resonance (NMR) for *H-
NMR and 3C-NMR spectra were recorded on Bruker AVANCE 400 MHz and 300 MHz
spectrometers. *H-NMR spectra recorded in CDCls were referenced to the CHCI3 peak (*H-NMR
§ = 7.28) while C-NMR spectra were referenced to the middle resonance of the carbon triplet of
CDCl3s (6 = 77.0 ppm). All chemical shifts are reported in parts per million (ppm), measured from
the center of the signal except in the case of multiplets of more than one proton, which are reported
as a range. Coupling constants are expressed in Hz. Splitting patterns of the peaks are abbreviated
as follows: singlet (s), doublet (d), triplet (t), quartet (q), quintet (quint) sextet (sex), doublet of
doublet (dd), multiplet (m), and broad singlet (bs). Resolution Mass Spectrometry (HRMS)
analysis was performed by the Mass Spectrometry and Proteomics Services Unit at Queen
University in Kingston, Ontario. Melting points were determined using a Fisher-Johns melting

point apparatus and are uncorrected. Flow experiments were conducted in (perfluoroalkoxyalkane)
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PFA tubing with 1/16” outer diameter and 0.03” ID (internal diameter). The tubings were
connected to the syringes by ferm lurex, ¥%-28 male polyprop and the reagents were infused via
syringe pumps (New Era, model number: NE_4000). At the point of mixing the starting materials;
Peek-Y connector possessing 0.02” opening and 1.7ul swept volume was used. (See the figure
below). All tubing, connectors, valves, and fittings were purchased from IDEX Health and Science

LLC.

Figure 1 Reactor used in the flow reactions

A: Ferm luerx ¥4-28 male polyprop

B: Valve

C: Flangeless PEEK fittings and PEEK ferrules

D: PFA tubing with 1/16” outer diameter and 0.03” internal diameter
E: PEEK-Y connector

G: Female Luer adapter
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General Set-up for the flowed reaction:

Two solutions were prepared in 4 mL vials equipped with magnetic stirring bars. Into the first vial
were added the benzyne precursor (0.8 mmol, 1 Equiv. x mL) the diene (8mmol, 10 Equiv. x mL)
and enough THF were added to reach a total volume of 3 mL. In a second vial, TBAF (2.4 mmol,
3 Equiv.) was diluted in THF to get 3 mL solution. These two solutions were then loaded into two
3 mL syringes. The two syringes were connected to the reactor and set into New Era syringe
pumps. The pumps start to infuse the reagents through the reactor and a collection vial was placed
at the end of the reactor. The collection vial contained a biphasic mixture of water and ether and
the solution was vigorously stirred as the effluent from the reactor flowed into it to ensure were
thoroughly quenched. Following the reaction, the organic layer was separated, dried over
anhydrous MgSOsa, filtered and concentrated in vacuo. The crude mixture was then purified by
flash chromatography on silica, or alumina (basic or neutral) depending on the product formed,

see details below.
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Syringe 1
e 15t Y-connector 2"Y_connector

AV

V3 Vy
V2
Syringe 2

Syringe 3

=

V1= volume of the tube that connects syringe 1 to the Y connector.

V2= volume of the tube that connects syringe 2 to the Y connector.

Vi=V2

V3= volume of the reactor.

V4= volume of the tube that connects syringe 3 to the 2" Y connector.

The volume of (V1 +V2+ V3) = the volume V4

General Set-up for flowed reaction in Figure 11:

Three solutions were prepared in 4 mL Vials equipped with magnetic stirring bars. In the first vial,
we added the benzyne precursor (0.5 mmol, 1 Equiv. x mL) the diene (8 mmol, 10 Equiv. x mL)
and enough THF were added to get a total volume of 1.5 mL. In the second vial, TBAF (3 Equiv.)
was added and diluted with THF to get a total volume of 1.5 mL. In the last vial, the organolithium
(x Equiv. x mL) were added and diluted with hexanes to get a total volume of 3 mL. The contents

of these vials were loaded into the three syringes 1, 2 and 3 respectively. The three syringes were
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connected to the reactor and set into New Era syringe pumps, and a pressurized collection vial was
placed at the end of V4. The pumps start to infuse the contents of syringes 1 and 2 at the same flow
rate (x pL/min), while the contents of syringe 3 flowed at flow rate = 2x pL/min. The residence
time in the first reactor was equal to 1 minute, while the residence time is the second reactor was

adjusted according to Table 7.
Synthesis of Benzyne precursors:

T™S 4-Methyl-2-(trimethylsilyl) phenyl trifluoromethane sulfonate (68).
oTf

A solution of 2-bromo-4-methylphenol (1.85g, 10 mmol) and HMDS (2.06 mmol,
10 mmol, 1 Equiv.) in 40 mL of THF was heated under reflux for 90 min. At this time, the solvent
was evaporated to remove the excess NH3 and unreacted HMDS. The expected product was
suitable to be used directly in the next step. The crude product was dissolved in 40 mL THF, cooled
down to -80 °C and n-BuLi (4.6 mL, 2.35 M, 11mmol, 1.1 Equiv.) was added drop-wise. After
stirring for 20 min at -80 "C, a freshly distilled EtoO (40 mL) was added followed by drop-wise
addition of TH,0 (2.1mL, 12.5 mmol, 1.2 Equiv.) and the mixture was allowed to stir for 1 hr while
maintaining the temperature at -80 "C. The reaction was then quenched with cold, saturated
NaHCO:s and the two phases were separated. The aqueous layer was extracted with Et,O and the
combined organic layers were dried over anhydrous MgSQOs, filtered and concentrated under
reduced pressure. The crude product was then purified by column chromatography using basic
alumina (pentane, R¢ = 0.46 in pentane); 'H-NMR (CDCl3) §7.32 (s, 1H), 7.24 (s, 2H), 2.41 (s,
3H), 0.45 (s, 9H); '*C-NMR (CDCIl3) § 153.1, 137.2, 136.7, 132.2, 131.7, 119.3, 118.5 (g, J = 320

Hz, CF3), 20.8, -0.8. Spectral data of 68 are in accordance with those reported in the literature.'>
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T™S 1-(Trimethylsilyl)naphthalen-2-yl trifluoromethane sulfonate (69).

OTf
OO Following the same procedure used to prepare 68 with 1-bromonaphthalen-2-

ol, 2.9 g (83 % yield) were obtained as colorless oil following column chromatography (basic
alumina, 1 % EtOAc in hexanes, R¢= 0.6 in 10 % EtOAc/hexane); 'H-NMR (CDCls) § 8.26 (d, J
= 8.4 Hz, 1H), 7.93 (m, 2H), 7.60 (m, 2H), 7.45 (d, J = 9.2 Hz, 1H), 0.64 (s, 9H); *C-NMR
(CDCl3) 6 152.5,137.5, 132.4, 129.3, 129.0, 128.8, 126.7, 126.3,120, 118.7 (q, J = 320 Hz, CF3),

2.2. Spectral data of 69 are in accordance with those reported in the literature. '

Synthesis of Dienes:
@N—/_ N-Propyl-pyrrole (77).

To a 200 mL round bottom flask were added, 18-crown-6 (0.8 g, 3 mmol, 1 % Equiv.) followed
by 50 mL of diethyl ether and, potassium fert-butoxide (3.9 g, 35 mmol, 1.16 Equiv.). After stirring
for 10 min, pyrrole (2 g, 30 mmol) was added in one shot and the mixture further stirred for 15
min. In a separate flask, 1-bromopropane (4.23 g, 35 mmol, 1.16 Equiv.) was dissolved in 20 mL
of diethyl ether and the resultant solution was added dropwise to the pyrrole mixture and the
mixture stirred for 3 hours. At that time, the reaction was quenched with water and the aqueous
layer was washed with Et2O. The combined organic layers were dried over anhydrous MgSOQs,
filtered and concentrated in vacuo. The crude mixture was purified on SiOz, (0— 15%
Et,O/pentane) to afford the desired product as a colorless oil (2.81 g, 86 % yield); 'H-NMR
(CDCl3) 6 6.69 (m, 2H), 6.18 (m, 2H), 3.87 (t, J= 7.2 Hz, 2H), 1.83 (m, 2H), 0.95 (t, /= 7.5 Hz,
3H); 3C-NMR (CDCls) §120.5, 107.7, 51.3, 24.8, 11.3. The spectra data of the product are in

accordance with those reported in the literature. ¢!
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X

0 tert-Butyl 1H-pyrrole-1-carboxylate (76).
e

= To a 100 mL round bottom flask containing pyrrole (2.0 g, 29.8 mmol) in
acetonitrile (30 mL) were added di-fert-butyl dicarbonate ((Boc)20) (7.8 g, 35.7 mmol, 1.2 Equiv.)
and 4-(dimethylamino) pyridine (DMAP) (0.5 g, 4.49 mmol, 0.125 Equiv.) After the mixture was
stirred at rt for 2 h, the solvent was removed in vacuo. The resulting crude product was then
purified on (basic Al2Os3; hexanes, Rr= 0.82 in 20% EtOAc in hexanes) to afford the desired
compound as a colorless oil (4.4 g, 88% yield); 'H-NMR (CDCI3) § 7.27 (m, 2H), 6.24 (m, 2H),
1.63 (s, 9H). *C-NMR (CDCls) & 148.8, 119.8, 111.8, 83.5, 27.9. The spectra data of 76 are in

accordance with those reported in the literature.!?

1, 4-dihydro-1, 4-epoxynaphthalene (56).

Purification was carried out on silica using 10% EtOAc/ hexanes (Rr = 0.34 in 10% EtOAc/
hexanes) to deliver the desired product as a white crystal m.p.: 46-48 °C reported m.p.: 53-54 °C (
69 mg, 60%); 'H-NMR (CDCIl3) § 7.30-7.28 (m, 2H), 7.06 (s, 2H), 7.02-7.00 (m, 2H), 5.75 (s,
2H); 3C-NMR (CDCls) §, 148.9, 143.0, 124.9, 120.2, 82.3. The spectra data of the product are in

accordance with those reported in the literature.'®?

O@ 1-Methyl -1, 4-dihydro-1, 4-epoxynaphthalene (80).

Purification was carried out on silica using 20% EtOAc/hexanes (Rf=0.57 in 20%
EtOAc/hexanes) to deliver the desired product as a light-yellow oil (74 mg, 59%); 'H-NMR

(CDCls) § 7.25 (d, J = 6.4 Hz,1H), 7.20 (d, J = 6.4 Hz,1H), 7.07 (d, J = 5.2 Hz, 1H), 7.01-7.051
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(m, 2 H), 6.81 (d, J = 5.2 Hz,), 5.67 (s, 1 H), 1.97 (s, 3H); *C-NMR (CDCl;) § 151.2, 150.4,
145.5, 144.2, 124.8, 124.6, 119.8, 118.7, 89.3, 81.7, 15.1.The spectra data of the product are in

accordance with those reported in the literature. !¢

N-Methyl-N-phenylnaphthalen-1-amine (81).

_N N-methyl pyrrole was distilled prior to conducting the reaction. Purification of

\© the crude product was carried out on silica using a gradient (100% hexanes
—10% EtOAc/ hexanes, Rr = 0.64 in 10%EtOAc/ hexanes) to produce the desired product as a
light-yellow oil (18 mg, 19% yield);'"H-NMR (CDCl3) § 7.94 (m, 2H), 7.83 (d, J = 8.4 Hz, 1H),
7.56-7.52 (m, 2H), 7.46 (m, 1H), 7.40 (d, /= 7.2 Hz, 1H), 7.20 (dd, J = 7.6, 7.2 Hz, 2H), 6.77 (4,
J=172Hz 1H) 6.66 (d, J=7.6 Hz, 2H), 3.44 (s, 3H); *C-NMR (CDCl;) & 150.1, 145.4, 135.1,
131.3, 128.9, 128.4, 126.6, 126.4, 126.3, 126.2, 125.2, 123.8, 117.2, 113.5, 40.2. The spectra data

of the product are in accordance with those reported in the literature.'>*

N-phenyl-N-propylnaphthalen-1-amine (82).

AN Purification was carried out on silica using a gradient (100% pentane —

\© 10%Et,O/pentane Rr = 0.38 in pentane) to produce the desired product as a
yellow oil (22 mg, 21%); 'H-NMR (CDCls) § 7.95 (d, J = 8.0 Hz, 1H), 7.89-7.84 (m, 2H), 7.56-
7.50 (m, 2H), 7.46-7.41 (m, 2H), 7.16 (dd, J= 8.0, 7.6 Hz, 2H), 6.71 (t, J= 7.2 Hz, 1H), 6.58(d, J
= 8.0 Hz, 2H), 3.74 (t, J = 8.0 Hz, 2H), 1.80 (quint, J = 7.6 Hz, 2H), 0.96 (t, J = 7.6 Hz, 3H); 1*C-

NMR (CDCl3) & 149.50, 143.5, 135.3, 131.7, 129.0, 128.5, 126.8, 126.8, 126.4, 126.3, 126.1,
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124.0, 116.6, 113.1, 54.4, 21.0, 11.4; HRMS (ESI) [M'] cald. for C1oH1oN (m/z) 261.1517; found

261.1511.

em tert-Butyl-1,4-dihydro-1,4-epiminonaphthalene-9-carboxylate (83).

Purification using basic alumina (10% Et>O/pentane, Rs = 0.29, in 10% Et:O/pentane) provided
the desired product as a white solid (105 mg, 59%) m.p.: 64-66 "C, reported m.p.: 70-72 'C; 'H-
NMR (CDCls) § 7.28 (bs, 2H), 6.99-9.97 (m, 4H), 5.52 (bs, 2H), 1.41 (s, 9H); *C-NMR (CDCls)
5 155.0, 148.2, (143.4, 142.3)",124.8, (120.9, 102.4)" 80.4, (66.7, 66.0)", 28.0; *C-NMR (CDCl3)
at 55°C § 155.0, 148.4, 142.0 (bs), 124.8, 120.6 (bs), 80.4, 66.50 (bs), 28.1. The spectra data of

the product are in accordance with those reported in the literature.'?

* Peaks coalesce upon increasing the temperature.

6-Methyl-1, 4-dihydro-1, 4-epoxynaphthalene (86).

Purification was carried out on silica neutralized with EtsN using a gradient 10% — 20%
Et;O/pentane, Rr= 0.33 in 10% Et;O/pentane to deliver the desired product as a colorless oil (85
mg, 68%); 'H-NMR (CDCl3) § 7.17 (d, J = 7.2 Hz, 1H), 7.14 (s, 1H), 7.10 (m, 2H), 6.81 (d, J =
6.8 Hz, 1H), 5.72 (d,J= 5.2 Hz, 2H), 2.34 (s, 3H); *C-NMR (CDCl3) 5 149.4, 146.0, 143.3, 142.8,
134.7, 125.0, 121.6, 120.0, 82.3, 82.2, 21.30. The spectra data of the product are in accordance

with those reported in the literature.'®?
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1,7-Dimethyl-1, 4-dihydro-1, 4-epoxynaphthalene (87 a) &

O@ O@ 1,6- dimethyl-1, 4-dihydro-1, 4-epoxynaphthalene (87 b):
Purification was carried out on silica using (10% Et.O/pentane,

Rr=0.38 in 10% Et,O/pentane) to deliver the desired cycloadducts as inseparable isomers (ratio
of 87a to 87b is 1:1 ) as yellow oil (80 mg, 59%); 'H-NMR (CDCl3) § 7.11 (d, J = 7.2 Hz, 1H),
7.07 (s, 1H), 7.05-7.03 (m, 4H), 6.82-6.76 (m, 4H), 5.62-5.60 (m, 2H), 2.33 (s, 3H), 2.32 (s, 3H),
1.93 (s, 6H); *C-NMR (CDCl3) § 151.6, 150.9, 148.4, 147.6, 145.7, 145.3, 144.50, 144.0, 134.7,
134.4,124.8, 124.6, 121.2, 120.2, 119.6, 118.4, 89.3, 89.2, 81.7, 81.6, 21.3, 21.2, 15.2, 15.2. The

spectra data of the two products are in accordance with those reported in the literature.'®?

””,‘”

N,7-Dimethyl-N-(m-tolyl)naphthalen-1-amine (88 a), N,7-dimethyl-N-(p-tolyl)naphthalen-1-
amine (88 b) N,6-dimethyl-N-(m-tolyl)naphthalen-1-amine (88 c), N,6-dimethyl-N-(p-
tolyl)naphthalen-1-amine (88 d). Purification was carried out on silica using toluene (Rf=10.9 in
toluene) to deliver the desired product as inseparable isomers (30 mg, 28% yield); The spectral
data reported are for the four isomers 88a, 88b, 88c and 88d. The ratio of pair 1 (i.e. 88a and 88b)
to that of pair 2 (i.e. 88c and 88d) is (1.2: 1) and the ratio of 88a to 88b is (1.3:1), and the ratio of
88c to 88d is presumably the same (i.e. 1.3:1); *H-NMR (CDCls) & 7.85-7.81 (m), 7.80-7.76 (m),
7.73-7.71 (m), 7.48-7.40 (m), 7.38-7.29 (m), 7.10-6.98 (m), 6.59-6.55 (m,), 6.49-6.43 (m ), 3.38

(s), 3.37 (s), 3.37 (), 2.53 (), 2.48 (5), 2.27 (s):*C-NMR (CDCls) & 150.2, 150.2, 148.2, 148.1,
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145.7, 145.4, 145.3, 145.0, 138.6, 136.1, 136.1, 135.9, 135.8, 135.4, 134.9, 133.4, 133.3, 131.7,
131.7, 129.6, 129.5, 129.4, 128.7, 128.7, 128.6, 128.6, 128.5, 128.5, 128.3, 127.4, 126.5, 126.4,
126.3, 126.3, 126.1, 125.9, 125.6, 125.5, 125.0, 124.3, 123.8, 123.8, 122.6, 122.5,118.1, 118.0,
114.1,114.0, 113.9, 113.7, 110.8, 110.7, 40.4, 40.2, 40.2, 40.1, 29.7, 22.0, 21.8, 21.6, 20.3; HRMS

(ESI) [M™] cald. for C1gH19N (m/z) 261.1517; found 261.1522.

tert-Butyl- 6 - methyl -1,4-dihydro-1,4-epiminonaphthalene-9-carboxylate

(89).

Purification was carried out on basic alumina using (10% — 20% Et>O/pentane, R = 0.31 in 10%
Et,O/pentane) to deliver the desired product as a colorless oil (100 mg, 49% yield); *H-NMR
(CDCl3) & 7.14 (m, 2H), 6.98 (bs, 2H), 6.78 (d, J = 9.2 Hz, 1H), 5.84 (bs, 2H), 2.31 (s, 3H), 1.42
(s, 9H); 3C-NMR (CDCls) § 155.1, 148.5, 145.2, (143.8, 143.2, 142.6, 142.2)", 134.6, 124.9,
(122.4, 121.9,)" (120.7, 120.3)", 80.5, (66.6,66.1)", 28.2, 21.3. While the 'H-NMR spectrum
showed good agreement with the literature, a number of signals are reported here in the 3C-NMR
spectrum are not reported in the literature report, although some of their reported peaks do appear

to be coincident with those listed above.6?

*Peaks coalesce upon increasing the temperature.

@ 1,4-Dihydro-1,4-epoxyphenanthrene (90).

OO Purification was carried out on basic alumina (1% EtOAc/hexanes, Rf= 0.16 in
5%EtoAc/hexanes.) to deliver the desired product as a white crystals (107 mg, 71%) m.p.: 83-85

°C, reported m.p.: 86 °C; *H-NMR (CDCls) § 7.85 (m, 2H), 7.61 (d, J = 8.0 Hz, 1H), 7.56 (d, J =
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8.0 Hz, 1H), 7.49 (dd, J = 7.6, 7.2 Hz, 1H), 7.40 (dd, J = 7.6, 7.2 Hz, 1H), 7.23 (bs, 2H), 6.29 (bs,
1H), 5.96 (bs, 1H); 3C-NMR (CDCls) & 148.3, 147.8, 144.9, 143.4, 131.7, 128.7, 127.6, 126.2,
125.3,125.1, 122.6, 119.3, 83.4, 81.2. The spectra data of the product are in accordance with those

reported in the literature.®*

@ @ 4-Methyl-1,4-dihydro-1,4-epoxyphenathrene (91a) & 1-

OO OO methyl-1,4-dihydro-1,4-epoxyphenathrene (91b).

Purification was carried out on basic alumina (5% EtOAc/ hexanes, Rt = 0.56 in 20%
EtOAc/hexanes) to deliver the desired product as inseparable isomers, (ratio of 91a to 91b is
(0.82:1) ) as a pale yellow oil (130 mg, 76%); *H-NMR (CDCls) § 8.09 (d, J = 8.4 Hz, 1H), 7.90-
7.87 (M, 2H), 7.84(d, J = 8.4 Hz, 1H), 7.64-7.61 ( m, 2H), 7.54-7.48 (m), 7.43-7.38 (m, 2H), 7.25
(d, J = 5.2 Hz, 1H), 7.22 (m, 1H), 7.05 (d, J = 5.6 Hz, 1H), 6.99 (d, J = 5.2 Hz, 1H), 6.22 (s, 1H),
5.84 (s, 1H), 2.38 (s, 3H), 2.10 (s, 3H); *C-NMR (CDCl3) & 150.6, 150.1, 149.1, 148.1, 147.3,
146.8, 145.9, 144.7, 132.3, 131.5, 129.2, 128.7, 128.0, 127.3, 126.1, 126.0, 125.8, 125.3, 125.0,
124.5, 122.6, 122.3, 118.9, 117.9, 91.5, 90.5, 82.2, 80.5, 18.7, 15.4; HRMS (ESI) [M*] cald. for

Ci1sH120 (m/z) 208.0888; found 208.0881.

Boc tert-Butyl-1,4-dihydro-1,4-epiminophenathrene-11-carboxylate (92).

OO o2 Purification was carried out on basic alumina using 5% EtOAc/ hexanes (R¢=
0.58 in 20% EtOAc/hexanes) to deliver the desired product as white crystals (154 mg, 66%); m.p.:
120-122 °C; '"H-NMR (CDCl5) & 7.92 (d, J = 8.4 Hz, 1H), 7.85 (d, J = 8.4 Hz, 1H), 7.58 ( bs, 2H),
7.50 (t, J = 7.6 Hz, 1H), 7.41 (t, J = 7.2 Hz, 1H), 7.21 (bs, 1H), 7.15 (bs, 1H), (6.14, 6.06)" (bs,

1H), (5.76, 5.73)" (bs, 1H), (1.43,1.40)" (s, 9H); 3*C-NMR (CDCl3) § 155.0, (147.5, 147.3)", 146.7,
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145.2, (144.1, 144.0)", 142.6, 131.5, 128.6, (127.9, 127.8)", 126.2, 125.0, (122.8, 122.5)", 120.1,
119.5, 80.60, (67.9, 67.3)", 28.1; HRMS (ESI) [M*] cald. for CioHisN (m/z) 293.1416; found

293.1425.

*Peaks coalesce upon increasing the temperature.

2-propyl-1, 2-dihydronaphthalen-1-ol (93).

OH Purification was carried out on silica using 10% EtOAc/hexanes, Rf=0.35
in 10% EtOAc/hexanes to deliver the desired compound (34 mg, 40%) as a white solid; m.p.: 61-
63 °C (Lit. m.p.: 66-67 °C); 'H-NMR (CDCl3) § 7.36 (d, J= 7.2 Hz, 1 H), 7.33-7.24 (m, 2H), 7.15
(d, J=17.2 Hz, 1H), 6.56 (m, 1H), 5.86 (m, 1H), 4.62 (bs, 1H), 2.51-2.47 (m, 1H), 1.88-1.79 (m,
1H), 1.59-1.39 (m, 4H), 0.97 (t, J= 7.6 Hz, 3H); *C-NMR (CDCls) § 136.6, 132.6, 131.2, 128.4,
127.5, 126.6, 126.4, 70.2, 40.3, 29.3, 29.0, 28.7, 22.8, 14.1. The spectral data are consistent with

those reported in the literature. !¢

RN

hexanes (Rr= 0.45 in 10% Et>0 in hexanes) to deliver the desired product as inseparable isomers

2-sec-Butyl-1, 2-dihydronaphthalen-1-ol (94).

Purification was carried out on silica using 10% Et,0 in

as colorless oil (70 mg, 72%); '"H-NMR (CDCls) & 7.26-7.24 (m, 6 H), 7.16 (t, J = 6.6 Hz, 2H),
6.63 (dd, J=9.6, 2.8 Hz, 2H), 6.01-5.97 (m, 2H), 2.36-2.33 (m, 1H), 2.27-2.24 (m, 1H), 1.94-1.66
(m, 6H), 1.47-1.30 (m, 2H), 1.20 (d, /= 6.4 Hz, 3H), 1.06 (d, J = 6.4 Hz, 3H), 1.02-0.97 (m, 6H);

BC-NMR (CDCl3) 6 137.1, 136.9, 132.6, 129.6, 129.3, 128.7, 128.5, 127.9, 127.6, 127.3, 127.1,
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126.4, 126.4, 69.7, 69.4,45.1,45.0, 33.4, 33.3,26.9, 26.5, 16.9, 16.5, 11.1, 11.0. The spectral data

of one product (syn) are consistent with those reported in the literature.'®®

O‘ 2-tert-butyl-1, 2-dihydronaphthalen-1-ol (95).

OH Purification was carried out on silica using 10% Et>O in hexanes (Rf= 0.6 in
10% Et,O in hexanes) to deliver the desired product as a colorless oil (84 mg, 83%); 'H-NMR
(CDCl3) 6 7.34-7.24 (m, 3H), 7.22-7.16 (m, 1H), 6.76 (dd, J=9.9, 3 Hz, 1H), 6.08 (m, 1H), 4.79
(bs, 1H), 2.25 (m, 1H), 1.48 (m, 1H), 1.21 (s, 9H); '*C-NMR (CDCl3) § 137.2, 132.3, 128.9, 128.6,
127.7, 127.6, 127.4, 126.4, 70.2, 50.3, 32.3, 28.6. The spectral data are consistent with those

reported in the literature.'®’
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