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Abstract

Nitrogen-containing heterocycles are important structures in organic chemistry. This
feature is driven in part by their broad presence in pharmaceuticals. The majority of therapeutic
drugs currently in the market contains at least one nitrogen-heterocycle. An example of these are
fused ring nitrogen heterocycles. These products are commonly synthesized through
intramolecular cyclization or annulation reactions, and as such face challenges related to the build
up of the appropriately substituted precursor for cyclization, which can limit their accessibility.
One avenue to address this issue is to employ 1,3-dipolar cycloaddition reactions with benzyne.
Chapter 1 provides a brief overview of routes to prepare benzyne and its usefulness in 1,3-dipolar

cycloadditions.

Chapter 2 describes our development of a new method to synthesize pyrido[2,1-
aJisoindoles, a 6:5:6 fused heterocyclic ring system, via the palladium-catalyzed carbonylative
coupling of imines, 2-bromopyridines, and o-trimethylsilylaryl triflates. Mechanistic insights
suggest the reaction proceeds via the in situ formation of 2-pyridyl acyl chloride electrophiles,
which react with the imines to produce mesoionic pyridine-based 1,3-dipoles. Subsequent
cycloaddition of in sifu generated arynes results in the formation of pyrido[2,1-a]isoindoles.
Overall, this transformation offers a one-pot, mild, and modular approach to synthesize highly

functionalized pyrido[2,1-a]isoindoles.



Résumé

Les hétérocycles azotés jouent un role central dans I’industrie pharmaceutique et se
retrouvent dans la majorité des médicaments thérapeutiques actuellement disponibles. Parmi ceux-
ci, on y retrouve les hétérocycles azotés a cycles fusionnés. Ils sont habituellement synthétisés par
cyclisations intramoléculaires ou réactions d’annulation, des méthodes a usage limité puisque la
syntheése des précurseurs est souvent fastidieuse et requiert plusieurs étapes de préparation. Une
approche alternative pour surmonter ces défis réside dans I'utilisation des cycloadditions 1,3-
dipolaires avec le benzyne. Le premier chapitre présente une introduction concise sur les méthodes

de génération du benzyne et de son utilité dans les cycloadditions 1,3-dipolaires.

Le deuxiéme chapitre démontre le développement d’une nouvelle méthode de synthése de
pyrido[2,1-a]isoindoles, un systetme de cycles fusionnés (6:5:6), réalisée via un couplage
carbonylatif catalysé¢ au palladium entre des imines, des 2-bromopyridines, et des triflates de o-
triméthylsilylaryles. L’analyse mécanistique suggere que la réaction passe par la formation in situ
d’¢lectrophiles de type chlorure de 2-pyridylacyle, qui réagissent ensuite avec les imines pour
produire des 1,3-dipdles mésoioniques a base de pyridine. La cycloaddition qui s’ensuit avec les
intermédiaires de benzyne générés in situ permet la formation de pyrido[2,1-a]isoindoles. Cette
transformation constitue ainsi une approche en une étape qui est modulaire pour la synthése de

pyrido[2,1-a]isoindoles hautement fonctionnalisés.
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Chapter 1 — Introduction
1.1 Perspective

Dating back to the late nineteenth century, 1,3-dipolar cycloadditions offer one of the most
versatile strategies for the synthesis of 5-membered heterocycles.!> The term “1,3-dipole” refers
to a compound with a zwitterionic resonance structure across three atoms, i.e. a-b-c, where atom
a has an incomplete octet and is positively charged, atom b is neutral, and atom ¢ has a lone pair
and is negatively charged. Mesoionic 1,3-dipoles are a specific class of 1,3-dipole that incorporate
the zwitterionic structure into an often aromatic ring with multiple resonance structures. A
dipolarophile, D-E, is a double or triple bond-containing molecule that is the other component in
these reactions. A 1,3-dipolar cycloaddition is defined as the combination of a 1,3-dipole and a
dipolarophile to form a neutral 5-membered ring.>* In the case of mesoionic 1,3-dipoles,
cycloaddition with the dipolarophile often forms a neutral 5-membered heterocycle via the
elimination of a small molecule, d-e-f, through cycloreversion after the initial cycloadduct is

formed (Scheme 1.1.1).>°

Acyclic dipoles:

a, c, f = heteroatom or carbon
®_b b, d = heteroatom
a” \C@ e, D, E = carbon
allyl type
C/D\
or + D=E _— tl) O/E
/C \a
# ©
propargyl-allenyl type
Mesoionic dipoles:
b
—d N cycloreversion _D
(@e—© + D= — D e=d — ‘OFE
b\a/ E—3~¢ b=
A\ _e a
f d7 7

Scheme 1.1.1. Cycloaddition of acyclic and mesoionic 1,3-dipoles with dipolarophiles to form

neutral 5-membered heterocycles.

The interaction between a 1,3-dipole and dipolarophile is classified based on HOMO-
LUMO orbital energies of the two components as a way to understand influences on cycloaddition

reaction rates (Scheme 1.1.2).” Type 1 interactions occur between the high-lying filled orbital
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(HOMO: highest occupied molecular orbital) of electron-rich 1,3-dipoles and the low-lying empty
orbital (LUMO: lowest unoccupied molecular orbital) of electron-deficient dipolarophiles.
Decreasing the difference in HOMO-LUMO energies between the two cycloaddition partners,
such as with substituents, accelerate the reaction. Type 2 interactions occur between 1,3-dipoles
and dipolarophiles of similar orbital energies that would favour the concurrent interaction of the
HOMO and LUMO of the 1,3-dipole with the LUMO and HOMO of the dipolarophile,
respectfully. Type 3 interactions are the opposite of Type 1 in that the fastest reactions occur

between electron-deficient 1,3-dipoles and electron-rich dipolarophiles.

A
TYPE 1 TYPE 2 TYPE 3
LUMO LUMO™, " LUMO ,«'LUMO
E v LUMO LUMO\\\{
HOMO HOMO HOMO HOMO
HOMO 8 8
HOMO
1,3-dipole dipolarophile 1,3-dipole dipolarophile 1,3-dipole dipolarophile

Scheme 1.1.2. Classification of 1,3-dipolar cycloadditions based on HOMO-LUMO interactions
between the 1,3-dipole and dipolarophile.

1,3-Dipolar cycloaddition reactions with nitrogen-containing 1,3-dipoles provide a
convergent method to prepare N-containing heterocycles. Heterocycles are fundamental structures
in several fields in chemistry, most notably in pharmaceuticals.® Therapeutic drugs containing
heterocycles have been on the rise for several decades. Many of these are nitrogen-based
heterocycles. Over the last decade, 82% of FDA-approved small drug molecules contained at least
one nitrogen heterocycle, an increase of 23% since the 1930s.”!° Nearly half of these drugs contain
a 5-membered ring, and among these, fused-ring nitrogen heterocyclic systems have seen a

substantial increase in use over time (Scheme 1.1.3).
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0 .
NH, \ P
_0
3 o C
N .
N\ F . 0 .
NH o
HN \ /
Niraparib Voxelotor Lemborexant
(ovarian cancer) (sickle cell) (insomnia)

Br

o OH
Osimertinib Binimetinib Flutemetamol-F18
(myelofibrosis) (melanoma/NSCLC) (diagnostic/Alzheimers)

Scheme 1.1.3. FDA-approved small drug molecules with nitrogen-based heterocycles.

Fused heterocyclic systems are synthesized through different approaches including the

intramolecular cyclization of linear precursors, annulation reactions, and cycloadditions.!"!> One

useful route to these molecules is via 1,3-dipolar cycloadditions with benzyne. Since their

discovery, benzynes have evolved into a key building block in organic chemistry with applicatio

ns

in a wide range of reactions, including nucleophilic additions, pericyclic reactions, transition

metal-catalyzed reactions, and c-bond insertions.!*"!*> The utility of benzyne in the synthesis

of

fused heterocycles has been thoroughly demonstrated through numerous examples of 1,3-dipolar

cycloadditions involving both acyclic (also conventionally referred to as “linear”) and cyclic 1,

3.

dipoles.'>!1>1 Examples of these fused systems include the synthesis of benzotriazoles,

benzisoxazolines, indazoles, isoindoles, and benzo[c]thiophenes, as depicted in Scheme 1.1.4.
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Scheme 1.1.4. Examples of 1,3-dipolar cycloaddition with benzyne with acyclic (left)

and mesoionic (right) 1,3-dipoles to form fused heterocyclic systems.

This chapter covers an overview of benzyne, its methods of generation (Section 1.2) and

its use in 1,3-dipolar cycloadditions as a route to form fused heterocycles (Section 1.3).

1.2 Benzyne Generation

The first reported generation of an aryne can be traced to 1864 in the work of Fittig on the
reaction of bromobenzene and sodium, which formed biphenyl (Scheme 1.2.1a).2° The concept of
a triple bond within an aromatic system was not suspected until 1902 when Stoermer and Kahlert
proposed the possibility of an aryne intermediate in their analogous reaction between 3-
bromobenzofuran and sodium ethoxide (Scheme 1.2.1b).>! The existence of arynes, specifically
benzyne, was confirmed in 1953 by Roberts through his pioneering work using *C-labelling
experiments. The reaction of chlorobenzene with potassium amide in liquid ammonia produced an
equal mixture of two aniline products — one with *C on the a-carbon and the other on the B-carbon,
demonstrating functionalization on either triple bond carbon of the in situ generated benzyne

intermediate (Scheme 1.2.2).2>%*
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a. Fittig (1864)
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b. Stoermer and Kahlert (1902)
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Scheme 1.2.1. Earliest evidence of aryne intermediates via dehydrohalogenation of haloarenes.
T @ @
NH3 NH,
43% (

Scheme 1.2.2. Isotope-labelling experiment confirming the existence of a benzyne intermediate.

Building on this early strategy of dehydrohalogenating haloarenes with strong bases to
form benzyne, others reported the metal-halogen exchange-elimination of o-dihaloarenes or o-
haloaryl triflates/tosylates using metals like magnesium, lithium, lithium-mercury amalgam, or
organometallic reagents (Scheme 1.2.3).27?° The use of strong bases often makes this approach
incompatible with reactive functional groups. However, undesired nucleophilic addition can be
avoided in part with sterically encumbered bases such as lithium 2,2,6,6-tetramethylpiperidide

(LiTMP) and lithium diadamantylamide (LDAM).3%3!
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©:X Mg, Li, Li-Hg, or R-M
Y

X = halogen
Y = halogen, OTf, OTs

)

Scheme 1.2.3. Benzyne generation via metal-halogen exchange-elimination.

Benzyne generation through thermal decomposition of precursors was later developed,
including the decomposition of benzenediazonium-2-carboxylate, which releases N> and CO,.3>*
Although the temperatures required for decomposition are relatively low (40 — 60°C), a significant
drawback of this method is the explosive nature of the diazonium precursor. An alternative
precursor with the same disadvantage is benzo[d][1,2,3]thiadiazole 1,1-dioxide, which
decomposes at lower temperatures to release N, and SO,.** Similarly, diphenyliodonium-2-
carboxylate can serve as a precursor, but it requires thermolysis at 160°C to over 200°C (Scheme
1.2.4)3%% Soon after, another approach was reported involving the oxidation of 1-

aminobenzotriazole with lead tetraacetate or nickel peroxide.’’>® Other oxidants, such as N-

halosuccinimides, have also been employed (Scheme 1.2.5).%

® ®
N A (40 - 60°C) A (160 - 200°C) IPh
C) | -~ )
CO, ~—Np-CO, — Phl, - CO, co,
A (10 - 60°C)
~N,, - SO,
N\
\/N
S
0,

Scheme 1.2.4. Benzyne generation via thermal decomposition.

Pb(OAc),, NiO,,

N, NBS or NIS
N |
N — 2N,

Scheme 1.2.5. Benzyne generation via oxidation.
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Up until the early 1980s, methods for generating benzyne typically relied on strong bases,
explosive precursors, and oxidative conditions, all of which restricted their compatibility with
reactive functional groups. It was not until 1983 that Kobayashi developed a milder method using
o-trimethylsilylphenyl triflate, which undergoes a fluoride-induced removal of the silyl group
followed by the elimination of the triflate leaving group under ambient conditions (Scheme
1.2.6).*° In addition to the mild reaction conditions, an attractive aspect of this approach stems
from the slow and controlled rate in which the benzyne intermediate is formed. The solubility of
the fluoride source in the chosen solvent system can help maintain a low concentration of benzyne
throughout the reaction, which can be useful for enhancing reaction selectivity in many systems.
Interestingly, Kobayashi’s work went largely unrecognized by the chemistry community for nearly
15 years. However, based on the more recent recognition of this approach, publications on benzyne
have increased substantially over the past two decades, enabling chemists to explore and expand
the range of transformations that benzyne can partake in — demonstrating this method’s significant

impact on modern aryne chemistry,!3:1741743

@TMS Me,NF [ ©|]
OTf  HMPA, RT, 2.5 hr

— TMS-F, - [Me,NJ*[OTf]

Scheme 1.2.6. Benzyne generation via fluoride-induced 1,2-elimination.

1.3 Benzyne 1,3-Dipolar Cycloadditions in Heterocycle Synthesis

1,3-Dipolar cycloadditions with benzyne can provide access to a wide range of benzo-fused
heterocycles. The first use of benzyne as a dipolarophile was reported in 1961 by Huisgen and
Knorr involving the reaction of benzyne, generated from the thermal decomposition of
benzenediazonium-2-carboxylate, with diazoacetic ester to form the 1H-indazole product in 75%
yield (Scheme 1.3.1).** Subsequent studies have demonstrated that many 1,3-dipoles can
participate in cycloadditions with benzyne such as azides, nitrones, azomethine ylides, azomethine
imines, nitrile imines, nitrile oxides, and pyridinium ylides (Scheme 1.3.2). In addition to acyclic
1,3-dipoles, cyclic mesoionic 1,3-dipoles have also been employed in benzyne cycloaddition.

Examples of these latter are highlighted in the sections below.
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Scheme 1.3.1. The first reported use of an aryne as a dipolarophile in the 1,3-dipolar

cycloaddition of benzyne with diazoacetic ester.

R
1
N\
//N
N benzotriazoles
H © R
R ® ¢ | AMR o Rl 1
///N/@\R N’/ '2® R R2
N N azides R
N diazo compounds nitrones /N—R3
N\ (@)
indazoles H | 5 benzisoxazolines
1 1
\)
©j</N - N—H
N 2 3
indazoles R? © Fﬁ isoindoline R2R
® 0 R! _N 3
//N ~ 2 ~ rd
R /C/ 9 ® N R1
R H@® H
\ nitrile oxides \r azomethine imines
N N N—R?2
(e | N N’
\
benzisoxazoles = indazoles R3
pyridinium ylides

) pyrido[2,1-a]isoindoles

Scheme 1.3.2. 1,3-Dipolar cycloaddition of benzyne with acyclic 1,3-dipoles to form various

heterocycles.
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1.3.1 Cycloaddition of Benzyne with Cyclic 1,3-Dipoles
1.3.1.1 Reactions with Sydnones (1,2,3-Oxadiazolium-5-Olates)

Sydnones (1,2,3-oxadiazolium-5-olates) were first synthesized by Earl and Mackey in
1935 through the cyclodehydration of N-nitrosoglycine derivatives (Scheme 1.3.3).*> This
approach continues to be the most widely used method for the synthesis of these dipoles.***’ Since
their discovery, these sometimes crystalline and stable molecules have been found to serve as
components in medicinal compounds and, more commonly, exploited in cycloadditions for
heterocycle synthesis.**>! An example of the latter is its cycloaddition with benzyne, first noted
by Gotthardt, Huisgen, and Knorr, which leads to spontaneous cycloreversion to eliminate CO>
and form indazoles (Scheme 1.3.4). The reaction employs benzenediazonium-2-carboxylate as
benzyne precursor, which undergoes thermal CO> and N loss in the presence of N-
phenylsydnone.>*> As noted above, a non-isolable bicyclic cycloadduct is initially formed and

undergoes cycloreversion to release CO, forming 2-phenyl-indazole in 49% yield.

1 1
R" O NaNO, R" O Ac,0 N-O. O
_N _ > _N - > Ul / (@]
H OH N OH N
R? O R? RT® L,

R' R? = alkyl, aryl

Scheme 1.3.3. Conventional synthesis of Sydnones.

)

N2 N’O @ _—
@ o W S
- £-BuOH
Cco, Ph"® o N

40°C, 12hr

49%

\\ Ph
- CO, [3+2] N - CO,
L |G| B RN N

g

Scheme 1.3.4. The first example of a 1,3-dipolar cycloaddition of benzyne and a Sydnone.

This reaction was later studied by Kato who obtained a greater yield of the same 2-phenyl-

indazole using 1-aminobenzotriazole as the benzyne precursor.>* This reaction generates benzyne
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under oxidative conditions with Pb(OAc)4 via the elimination of 2 equivalents of N», and was used

to form various 2,3-disubstituted indazoles (Scheme 1.3.5a).

a.
N R’
©: N }@ OAC)4 = , R'=Ph R?=H;73%
/ + N—R 1_ 2 — Ph-
N ~ R' = Bn, R% = Ph; 68%
1 c He, RT
NHZ R ® 6716 N R' = Ph, R? = Me; 64%
S (O
- 2N; - CO,
b.
R2
R3 o R®
X TMS 'ﬂ 8 BusNF XN = 1
| t N ———— [ NR
Z o7t R ® Lo THF, RT N
63 - 98%

42 examples

o=

- TMS-F ~Co,

— [BusNJ*[OTH]
R" = alkyl, Ar

R2=H, I, alkyl, vinyl, Ar, HetAr, alkynyl
R =H, CH3, OCH,3

Scheme 1.3.5. Synthesis of 2,3-disubstituted indazoles from a) 1-aminobenzotriazole and b) o-

trimethylsilylaryl triflates.

Larock and Shi showed how o-trimethylsilylaryl triflates can also serve as benzyne
precursors in this chemistry.>>>® Benzyne can be generated under mild conditions via this approach
and was used to form a wide range of mono and polysubstituted indazoles in generally good to
excellent yields (Scheme 1.3.5b). However, unsymmetrical benzyne precursors offered low
regioselectivity despite attempts to create steric and electronic bias (Scheme 1.3.6). Studies on the
frontier molecular orbitals (FMOs) of Sydnones suggest that either N2 or C4 can participate as the
nucleophile in cycloadditions.’’° Hence, Sydnone cycloadditions with unsymmetrical alkynes

typically do not afford high regioselectivity (vide infia).®

23



R R’
-0
TMS N g Bu,NF =
+ /N / B —— — N \ ,
R? ® THF, RT N

OTf
~ TMS-F 0.7 - 1
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33 - 98%
-0
RIS Vo i ¢ S TN @
oTf R?® THE RT R' N
- TMS-F >0.8 : 1
R' = Me, OMe — [BuyNJ*[OTH]" 2 examples
R2 = Ph, p-Tol 93 - 99%

Scheme 1.3.6. Low regioselectivity in cycloaddition of unsymmetrical benzynes with Sydnones.

Melo has shown how benzyne cycloaddition can be combined with other subsequent 1,3-
dipolar cycloaddition reactions. This exploits a thiazolidine-based Sydnone, where after benzyne
cycloaddition, oxidation of the thiazolidine results in SO, deletion to form a zwitterionic
benzodiazafulvenium methide. As such, the thiazolidine participated as a masked 1,3-dipole

precursor for subsequent [3+2] cycloaddition with a maleimide (Scheme 1.3.7).%!

TMS
R @ /, 2 N/N\ R2 N/N\
Q)\ OTf j/ _ McPBA TN A or MW
S 0,8 T en
1 CsF, CH4CN, 1 DCM, RT, N, 1 SOz
1 80°C, N R! R R1 R
2
N ©| RS
|
R3 R3 R3
| | \ (e}
o N0 o N0 o N
sz_\(; RZH N
N N rRZ N
8 - 45% /]
16 | 1
examples o i R! " R R
H H

Scheme 1.3.7. Thiazolidine-based Sydnone functioning as a masked 1,3-dipole for subsequent

[3+2] cycloaddition.
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As noted above, regioselectivity can often be a challenge in benzyne-Sydnone
cycloaddition, where presumably, in addition to the high benzyne reactivity, a mixture of both
regioisomers is often observed with unsymmetrical benzyne precursors. However, Ikawa and Akai
showed that regioselectivity in Sydnone-aryne cycloaddition can be obtained with a large trialkyl
silyl group ortho to the aryne triple bond (Scheme 1.3.8). The reaction with p-methoxyphenyl 4-
substituted N-phenyl Sydnone favours the less sterically hindered, distal product where the silyl
group is furthest away from the p-methoxyphenyl group over the more hindered, proximal product.

Interestingly, the more sterically encumbered Si(+-Bu)Me; gave lower selectivity than the SiMes

group.6263
R SiMe;
OSiMe,
SiMe;
TBAT, NfF,
THF, 60°C SiMes
- TMS-F Distal product
N-OL © — [BuyNJ*[ONTT P
N_y/ © R = H: 82% (98 : 2)
Ph’® R = SiMes; 82% (98 : 2)
OMe
SiMeg
OMe O
TfO oTf
Si(t-Bu)Me, _
> _ N—Ph
CsF, TfO N
CH4CN, RT, 30 min Si(tBu)Me
- 2
- TMSF Distal product
_ CsOTS istal produc

49% (85 : 15)

Scheme 1.3.8. Regioselective, silyl group-controlled benzyne cycloaddition with a 3,4-

disubstituted Sydnone.

In addition to reaction development, benzyne cycloaddition with Sydnones has also been
used in several applications. For example, helicenes possess chiroptical properties that make them
attractive molecules in materials science.’*® The optoelectronic features of these molecules can

be tuned by replacing carbon with heteroatoms in the core structure.®®%” Audisio et al. developed
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an efficient synthesis of pyrazole-containing helicenes via the [3+2] cycloaddition of polyaromatic
Sydnones with 1,2-naphthalene- and 3,4-phenanthrene-derived arynes (Scheme 1.3.9).5%¢
Interesting selectivity was observed in the reaction, where the more sterically hindered, helical C-
shaped product was favoured over the less hindered S-shaped isomer. DFT calculations revealed
that two key factors contributed to the reaction favouring the formation of the helical, C-shaped
isomer over the S-shaped isomer. It was found that the transition state (TS) that played the most
important role in these reactions was at the initial cycloaddition step, during which aromatic
stabilization took place. This included edge-to-face C—H--w interactions between an aromatic C—
H bond of the aryne and the © system of the Sydnone as well as face-to-face n—n interactions, both
contributing to the lowering of the activation barrier towards the C-shaped isomer. Primary orbital
interactions also explain the regioselectivity. The FMOs involved in this system show that the
larger coefficient in the HOMO of the Sydnone is on N2 and the larger coefficient in the LUMO
of the aryne is on the “external” carbon of the triple bond. DFT-generated TS structures in the
formation of the C-shaped isomer possessed near ideal primary orbital interactions i.e. the four
bond-forming atoms are coplanar (0° dihedral angle), as opposed to distortions from coplanarity

observed in the TS to form the S-isomer.

larger coefficient in

LUMO -
N
1
,A\\\ﬁl NP
\V///) TBAF
~ + _ > +
\ 7 0 THF, RT, 30 min
N
Ol ~TMS-F
) — [BuyNJ*[OTH C.-shaped S-shaped
isomer isomer
larger coefficient in o, N )
HOMO Selectivity* and yields** of C- and S-shaped heterohelicenes:
Naphthalyne i1 1.7:1
44% 30% 38% 28%
Phenanthryne 9:1 241
*lsomer ratios measured by 79% 6% 62% 4%
"H NMR of crude mixture
Tricyclic Tetracyclic
**|solated yields sydnone sydnone

Scheme 1.3.9. Cycloaddition of polyaromatic Sydnones with arynes to form pyrazole-containing

helicenes.
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Although aryne-Sydnone 1,3-dipolar cycloadditions are useful in fused heterocycle
synthesis, they are not often employed in pharmaceutical design. As an exception, the Li group
reported a novel method of aryne generation using the Grob fragmentation of benzocyclobutenols
(Scheme 1.3.10).7° The reaction proceeds via the initial generation of a triflate substituted aryne
for [2+2] cycloaddition with a ketene silyl acetal. Subsequent attack of the OTBS group by a
fluoride anion, followed by ring opening directed by both the leaving ability and electron
withdrawing character of the OTf group, forms the corresponding 2,3-aryne intermediate for [3+2]
cycloaddition with an N-aryl substituted Sydnone. This was applied to the preparation of Niraparib,
a poly-ADP ribose polymerase (PARP) inhibitor useful in halting cancer cell repair.”"’?> The
cycloaddition did not proceed with an appreciable regioselectivity, forming the desired

cycloadduct in 42% yield. Conversion to the benzamide afforded a racemic mixture of Niraparib.

Synthesis of benzocyclobutenol aryne precursor: ...,

oTf 9T ores
| OTBS BnMgBr | OMe !
+ MeO__~ —_— :
OMe Et,O ! OMe
OoTf OMe -30°C ! OMe |
\ OTf /
- Bnl
— Mg(OTf)Br ©| [2+2]
Grob fragmentation of benzocyclobutenol in the synthesis of Niraparib:
JTTTTTTTTT Ty . OMe
- G™ Gres oo
: 4\ OMe E N’O @ CSF MeO O - N_ArBOC
| Lt ll\/)*O st _ <\
: OMe . /lc:_l) N_ArBOC +
: OMe i ArBe <\ MeO .
SRR 50% MeO 42%
OMe
N O
— TBS-F 1) TFA/H,0, 60°C
~ CsOTf OMe [3+2] 65% | 2) Cuy0, O,

NH3/H,0, 120°C

~ N-A
—Ar
B — — — /
ArBoc = Ar = N

NBoc NH

Scheme 1.3.10. Sydnone-benzyne cycloaddition to form Niraparib.

Niraparib
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1.3.1.2 Reactions with 1,2,4-Triazolium-3-Olates

1,2,4-Triazolium-3-olates are another class of mesoionic 1,3-dipoles that were first
synthesized by Busch in 1903.7>7* Two general pathways have been developed to access these
structures: one via the reaction of semicarbazides and formic acid that on heating, undergoes ring
closure to form 1,2,4-triazolium-3-olates (Scheme 1.3.11a), and a second involves the reaction of
iminyl chlorides and hydrazines to generate iminohydrazines, followed by reaction with phosgene

and intramolecular cyclization (Scheme 1.3.11b).

a R2
v HCO,H R0 ON
N )J\ ’Rz —2> H N. )J\ /Rz —A> I//N S
R NTON UNTON )—0
I I I I —H,O N~
H H O H H 2 R’
0 2
b R
2 H _R? 1@
R | NI CI)J\CI RGN ©
+ ~INS —_— —_—
A R3” NH, 1J\N,NHZ /N\N/>_O
R1 Cl éS R3

Scheme 1.3.11. The first synthetic methods to prepare substituted 1,2,4-triazolium-3-olates.

Kato later found that 1,2,4-triazolium-3-olates can also be prepared from the reaction of
Sydnones, demonstrating an early example of the interchangeability of mesoionic ring systems.”
The 1,3-dipolar addition reaction of 3-phenylsydnone with phenyl isocyanate releases carbon
dioxide to form the corresponding 1,4-diphenyl substituted dipole (Scheme 1.3.12). Other cyclic
1,3-dipoles have also been used to access 1,2,4-triazolium-3-olates. For example, 1,2,4-triazolium-
3-thiolates react with aryl isocyanate (Scheme 1.3.13).7® Thiol derivatives of 1,2,4-triazolium-3-
olates can also be synthesized by treating 5-thioxo-1,2,4-triazolin-3-ones with alkyl iodide and
sodium methoxide.”’ Pyridine-based 1,2,4-triazolium-3-olates can be prepared in excellent yield

via a base-catalyzed rearrangement of 1,3,4-oxadiazol-2-imines.’®
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Scheme 1.3.12. The synthesis of 1,4-diphenyl-1,2,4-triazol-3-one via the 1,3-dipolar
cycloaddition of N-phenylsydnone with phenyl isocyanate.
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Scheme 1.3.13. Synthesis of 1,2,4-triazolium-3-olates from other mesoionic 1,3-dipoles.

Similar to Sydnones, the 1,3-dipolar cycloaddition of 1,2,4-triazolium-3-olates with
benzynes also yield indazoles. This reaction was initially conducted by Kato, who found that 1,4-
diphenyl-1,2,4-triazolium-3-olate yielded no reaction with benzyne generated from 1-amino-
benzotriazole, but gave 2-phenylindazole in 34% yield using diphenyliodonium-2-carboxylate as

the benzyne precursor (Scheme 1.3.14).5*7 Similarly, Lwowski reported that the electron rich
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dimethylamino-substituted 1,2,4-triazolium-3-olate reacts with benzyne generated from 1-amino-

benzotriazole to form the corresponding indazole in 31% yield (Scheme 1.3.15).8°

NH,

No reaction
yd Pb(OAc),

~2N,
=N © ®
[~ )—0 IPh

!,
-
@002 @:N_Ph

A N

-CO, 0
- Phl 34%

Scheme 1.3.14. 1,3-Dipolar cycloaddition of 1,4-diphenyl-1,2,4-triazolium-3-olate with different

benzyne precursors.

® i-Pr N(CH3),
N, (HiCN_ O\ o -
+ - >—O N—i-Pr
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Scheme 1.3.15. 1,3-Dipolar cycloaddition of electron-rich amine-substituted 1,2,4-triazolium-3-

olate with benzyne.

1.3.1.3 Reactions with 1,2,3,4-Tetrazolium-5-Thiolates

1,2,3,4-Tetrazolium-5-thiolates, also referred to as ‘“dehydrodithizones”, were first
synthesized by Fischer and Besthorn in 1882 via the oxidation of diphenylthiocarbazone with
manganese dioxide.®! In later years oxidation continued to be a reliable method to access 2,3-

diaryltetrazolium-5-olates. Irving employed this approach to form 2,3-diaryltetrazolium-5-olates
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in good yields using potassium hexacyanoferrate(IIl) but low yields with other oxidants.?>%3 More
recently, Jian described a mild oxidation of diarylthiocarbazones with hydrogen peroxide and air
to give excellent yields of the corresponding mesoionic compounds.®* Alternatively, Motoki
treated diphenylthiocarbazone with dialkoxydisulfide to yield 2,3-diaryltetrazolium-5-thiolates in
good to excellent yields.®> The reaction proceeds through a nucleophilic substitution of the alkoxy
group by the secondary amine of the thiocarbazone and subsequent elimination of the disulfide

group forms a diazinyl intermediate that undergoes an intramolecular cyclization (Scheme 1.3.16).

~S.o-OR S H
w Ao e e TSR T
A" NT N A ,{,\\N\ S Ar”NT N A
H Ar® H
Fischer and Besthorn (1882): Motoki (1979):
MnO,: not isolated 73 - 94%
Irving (1969, 1980): 3 examples

KsFe(CN)g: 64 - 67%,
KMnOQOy: 20%,
I>: 40%

Jian (2005):
H50,: 95 - 98% (3 examples)
Air: 95 - 96% (2 examples)

Scheme 1.3.16. Synthesis of 2,3-diaryltetrazolium-5-thiolates from diarylthiocarbazones.

1,2,3,4-Tetrazolium-5-thiolates differ from the other mesoionic 1,3-dipoles discussed in
this chapter in that they do not contain a 1,3-dipole fragment in the cyclic core. There are referred
to as Type B mesoionic rings, as opposed to Type A such as Sydnones and Miinchnones.
Classification of these two types of mesoionic compounds have been extensively described in
several reviews.%¢ % These structural differences in Type B rings result in cycloadditions that differ
from the classical 1,3-dipolar cycloaddition mechanism observed with Type A rings. As illustrated
in Scheme 1.3.17, atoms d and f of the Type B mesoionic ring react with the dipolarophile, D-E,
in which the exocyclic heteroatom fparticipates in the reaction. The bicyclic product can be stable

or undergo subsequent ring opening at the c-d bond.

D=E
D
g ) q —E  a, d = heteroatom or carbon
®c="y _© " re—f | b c f=heteroatom
b\é/ b\é/ e, D, E = carbon

Scheme 1.3.17. 1,3-Dipolar cycloaddition of dipolarophiles with Type B mesoionic rings.
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Ph.

Lindley, Potts, and colleagues showed that cycloaddition of 1,2,3,4-tetrazolium-5-thiolates
with benzyne generates an unstable antiaromatic tetrazoline ring that opens to a 1,5-dipolar azo-
imide. Subsequent loss of phenylnitrene as the dimeric azobenzene gives 2-
phenylazobenzothiazole isolated in 11% yield (Scheme 1.3.18).3!
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Scheme 1.3.18. 1,3-Dipolar cycloaddition of 1,2,3,4-tetrazolium-5-thiolates with benzyne to

form 2-phenylazobenzothiazole.

1.3.1.4 Reactions with Miinchnones (1,3-Oxazolium-5-Olates)

Miinchnones (1,3-oxazolium-5-olates) were first synthesized in 1959 by Lawson and Miles
through the cyclodehydration of 2-pyridine-N-acetic acid with acetic anhydride to form a pyridine-
based Miinchnone derivative.”> The related cyclodehydration of simple N-acylamino acids has
since become the most widely used and reliable method to prepare Miinchnones. Other alternative
methods to form Miinchnones have been developed (Scheme 1.3.19). As examples, Hershenson
and Tepe independently described the N-alkylation of azalactones with reactive alkylating agents
(e.g. organic triflates and tetrafluoroborates®® or silylated by silyl Lewis acids’**°) can generate
substituted Miinchnone derivatives. More recent methods for synthesizing these dipoles have been
developed with carbon monoxide. Merlic employed acylamino chromium carbene complexes that
undergo CO insertion to form ketene intermediates that cyclize to the corresponding Miinchnone.”®
Additionally, our group has conducted extensive research on palladium-catalyzed multicomponent
reactions with imines, acid chlorides, and carbon monoxide, leading to the formation of various
heterocycles by trapping in situ generated Miinchnones.’’!% The majority of these Miinchnones

are unstable, and reactions involving them often involve their in situ formation and trapping.'®*
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Scheme 1.3.19. Advances in synthetic methods to form Miinchnones.

Huisgen et al. were the first to explore the cycloaddition reactivity of Miinchnones to form
heterocycles such as pyrrolines and pyrroles via 1,3-dipolar cycloaddition reactions with alkenes
and alkynes, respectively.!!% Over time, Miinchnones have served as key synthetic

5,107,108

intermediates in the synthesis of natural products and pharmaceutically relevant drugs

including most notably atorvastatin (Lipitor).'%

Kato reported the first benzyne cycloaddition between a Miinchnone and benzyne. In this,
I-aminobenzotriazole served as the benzyne precursor that upon cycloaddition, forms a bicyclic
intermediate that releases CO2 upon a cycloreversion to give trace amounts (2%) of isoindole. Side
products in the reaction include epiminoanthracene and biphenylene in 4% and 7% yields,

respectively (Scheme 1.3.20).”
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Scheme 1.3.20. First example of the synthesis of isoindoles and epiminoanthracenes through

Miinchnone [3+2] cycloaddition with 1-aminobenzotriazole.

33



These studies suggest that the oxidative conditions required to fragment the 1-
aminobenzotriazole to form the benzyne intermediate are unsuitable for Miinchnones, which are
much less stable than Sydnones. In addition, the product of aryne cycloaddition is itself more
reactive than Miinchnones toward aryne cycloaddition and forms Diels-Alder products. To address
these challenges, two groups independently described the [3+2] cycloaddition of Miinchnones with
o-trimethylsilylaryl triflates to form isoindoles and epiminoanthracenes. Larock and Shi used
electron poor acyl-substituted Miinchnones, which are crystalline and relatively stable, to form

epiminoanthracenes in good to excellent yields (Scheme 1.3.21).!1°

When the Miinchnone was
used as the limiting reagent and the aryne precursor was in excess along with a soluble fluoride
source, an equal mixture of isoindole and epiminoanthracene, the cycloadduct formed from
isoindole and benzyne, were obtained. Selectivity towards the isoindole could be achieved by
varying the ratio of the Miinchnone and aryne precursor. This was demonstrated by Gribble who

employed the aryne precursors as the limiting reagent and CsF, a less soluble fluoride source to

synthesize isoindoles in good to excellent yields (Scheme 1.3.22).!!!
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Scheme 1.3.21. Miinchnone-benzyne [3+2] cycloaddition to form isoindoles and

epiminoanthracenes.
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Scheme 1.3.22. Miinchnone-benzyne [3+2] cycloaddition to selectively form isoindoles.

1.3.1.5 Reactions with Thioisomiinchnones (1,3-Thiazolium-4-Olates)

Thioisomiinchnones, 1,3-thiazolium-4-olates, are sulfur derivatives of isomiinchnones that
contain a thiocarbonyl ylide unit. Over the last few decades, the pioneering works of Potts and
Robert were especially valuable for developing synthetic methods to generate these dipoles and
studying their reactivity. Early methods to prepare thioisomiinchnones involved the dehydration
reaction of carboxymethylmercapto precursors with acetic anhydride and triethylamine (Scheme
1.3.23).112113 These mesoionic 1,3-dipoles can also be synthesized from the reaction of gem-
dicyano epoxides with thioamides, resulting in the loss of hydrogen cyanide.''* Polycyclic
derivatives have been accessed through the condensation of cyclic thioureas or dithiocarbamates
with o-bromoacyl chlorides.!'>"!'7 More recently, the rhodium catalyzed decomposition of a-

diazoamides has been used for the in-situ generation of thioisomiinchnones.'!¥ 12!
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Scheme 1.3.23. Synthesis of thioisomiinchnones and polycyclic derivatives.

Thioisomiinchnones exhibit distinct reactivity in cycloadditions with alkenes and alkynes,
compared to most other mesoionic 1,3-dipoles. Unlike cycloadducts derived from other mesoionic
systems, which are often transient, many of those formed from thioisomiinchnones are stable
enough for isolation. In addition, depending on the substituents on the thioisomiinchnone and
reaction conditions, two possible pathways are possible to selectively yield pyridones or
thiophenes.!??"12° Potts probed this selectivity in the reaction of di- and tri-phenyl substituted
thioisomiinchnones with dimethyl acetylenedicarboxylate (DMAD).!*? They found that when
there was hydrogen at the C5-position of the 1,3-dipole, elimination of sulphur was favoured,
resulting in the formation of the corresponding pyridone product in 70% yield. In contrast, when
a phenyl group was present at C5, the cycloadduct undergoes fragmentation favouring the release
of phenyl isocyanate to give the thiophene product in 90% yield (Scheme 1.3.24). The latter

pathway aligns with typical mesoionic 1,3-dipolar cycloadditions.
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Scheme 1.3.24. Effect of C5-substituent on the regiospecificity of the 1,3-dipolar cycloaddition
of thioisomiinchnones with DMAD.

Palacios found that the selectivity to form the pyridone or thiophene product can also be
influenced by the nature of the substituent at the endocyclic nitrogen of the thioisomiinchnone and
its ability to stabilize either a concerted, cheletropic transition state or, in the case of a stepwise

mechanism, a dipolar intermediate (Scheme 1.3.25).!2¢
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Scheme 1.3.25. Effect of N3-substituent on the regiospecificity of the 1,3-dipolar cycloaddition

of thioisomiinchnones with methyl propiolate.

Kato reported the cycloaddition of thioisomiinchnones with benzyne.’*” Product
selectivity was found to be influenced by the reaction conditions. Thus, refluxing the primary
cycloadduct, which in this case was found to be isolable, formed from triphenyl-substituted
thioisomiinchnone, and benzyne resulted in the release of phenylisocyanate to form the
corresponding benzo-fused thiophene in 67% yield. Alternatively, under UV photochemical
irradiation of the same cycloadduct favoured the release of sulfur to form an isoquinolone in 60%

yield (Scheme 1.3.26).
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Scheme 1.3.26. 1,3-Dipolar cycloaddition of thioisomiinchnone with benzyne under thermal and

photochemical conditions.

1.3.1.6 Reactions with 1,3-Dithiolium-4-Olates

1,3-Dithiolium-4-olates, another class of mesoionic 1,3-dipoles, were synthesized by
Gotthardt and Potts who independently reported that the cyclodehydration of substituted
carboxylic acids using acetic anhydride and triethylamine under low temperatures can be used to
form a range of alkyl and aryl disubstituted 1,3-dithiolium-4-olates (Scheme 1.3.27).13%-134

Alternatively, these dipoles can be made through the condensation of dithiobenzoic acids with a-

haloacyl halides.!3*
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Scheme 1.3.27. Synthetic methods to form 1,3-dithiolium-4-olates.
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A number of reports have shown that 1,3-dithiolium-4-olates undergo cycloaddition with
alkynes to form thiophenes after elimination of carbonyl sulfide. Similarly, Kato reported the
cycloaddition of these cyclic dipoles with benzyne. The reaction of 1-aminobenzotriazole as the
benzyne precursor with diphenyl-1,3-dithiolium-4-olate gave 1,3-diphenylbenzo[c]thiophene in
low yield (Scheme 1.3.28).547°
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Scheme 1.3.28. Synthesis of diphenylbenzo|[c]thiophene via benzyne 1,3-dipolar cycloaddition
with a 1,3-dithiolium-4-olate.

More recently, fused thiophene derivatives with potential applications in materials science
were prepared by Audisio and Taran using polyaromatic o-trimethylsilylaryl triflates and aromatic
substituted 1,3-dithiolium-4-olates (Scheme 1.3.29).!%¢ They successfully prepared a wide range
of' benzo[c]thiophene derivatives in generally good yields and mild conditions, offering an efficient

and direct approach to access polysubstituted thiophenes.
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Scheme 1.3.29. Formation of polyaromatic benzo[c]thiophenes from 1,3-dipolar cycloaddition

of o-trimethylsilylaryl triflates and 1,3-dithiolium-4-olates.
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1.4 Overview of the Thesis

1,3-Dipolar cycloadditions have long served as an efficient strategy for the synthesis of 5-
membered heterocycles. As highlighted above, these reactions typically involve the cycloaddition
of a zwitterionic, 1,3-dipole with a multiple-bonded dipolarophile, resulting in the formation of a
neutral bicyclic intermediate that undergoes cycloreversion to generate a five-membered ring.
Unlike other methods for heterocycle synthesis, the versatility of 1,3-dipolar cycloadditions,
enabled by the broad range of accessible 1,3-dipoles, allows synthetic chemists to prepare a range
of heterocycles, many of which hold significant pharmaceutical relevance. Among the many
heterocycle-containing drug molecules are those with fused heterocycles, which can be prepared
via 1,3-dipolar cycloaddition with benzyne. This offers a convergent alternative to conventional
methods involving intramolecular cyclization and annulations, which are often limited by the need
to build up an appropriate precursor for cyclization. As discussed in Section 1.2, the reactive
benzyne intermediate can be generated in sifu under a variety of conditions. Notably, the
Kobayashi method, which involves a mild, fluoride-induced elimination of o-trimethylsilylphenyl
triflate, has contributed substantially to advancing research in modern aryne chemistry. This
reactive intermediate can then undergo 1,3-dipolar cycloaddition with acyclic and cyclic 1,3-

dipoles to yield a range of benzo-fused heterocyclic products.

Chapter 2 describes an application of this approach to the synthesis of pyrido[2,1-
aJisoindoles through a palladium-catalyzed carbonylative coupling of imines, 2-bromopyridines,
and o-trimethylsilylaryl triflates which is believed to proceed via the initial formation of 2-pyridyl
acyl chloride that reacts with the imine to form a pyridine-based 1,3-dipole analogous to
Miinchnones. This intermediate then undergoes cycloaddition with the in sifu generated benzyne
leading to the formation of the corresponding pyrido[2,1-a]isoindole. Overall, this one pot,
multicomponent reaction employs readily available or easily synthesized substrates, offering a

modular and streamlined route to new variants of substituted pyrido[2,1-a]isoindoles.
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Chapter 2 — Design of a Modular, Palladium-Catalyzed Carbonylative Synthesis of
Pyrido|[2,1-a]isoindoles via Benzyne 1,3-Dipolar Cycloaddition

2.1 Preface

As outlined in Chapter 1, 1,3-dipolar cycloadditions with arynes can efficiently synthesize
a range of fused heterocycles. Among these are pyrido[2,1-a]isoindoles, a tricyclic 6:5:6 system,
that is commonly formed via intramolecular cyclization or annulation reactions, both of which
require the preparation of substituted precursors. The challenge of accessing substituted
derivatives of pyrido[2,1-aJisoindoles can be addressed with multicomponent reactions using
simple and easily modifiable building blocks. Our research group has previously reported a
palladium-catalyzed carbonylative formation of pyridine-based 1,3-dipoles from the combination
of imines and bromopyridines. Coupling this palladium-catalyzed carbonylative synthesis of
pyridine-based 1,3-dipoles with in situ benzyne cycloaddition offers an efficient and modular route
to form polysubstituted pyrido[2,1-a]isoindoles. The following chapter is a published manuscript
(Chem. Comm., 2025, DOI: 10.1039/D4CC06483F) detailing this research.

All experiments described in this chapter were performed by me.

2.2 Introduction

The development of modular and efficient approaches to assemble heterocyclic products
has become an important thrust in synthetic chemistry. One common approach to this goal is via
multicomponent coupling reactions.! Unlike more classical multistep synthetic procedures,
multicomponent reactions provide an avenue to couple three or more starting materials in a single
reaction. This can not only create a more streamlined synthesis, but, due to their modularity, can
be readily diversified to change product structures, making them attractive as well for product
design. Nevertheless, a challenge in the design of multicomponent coupling reactions is accessing
the reactive building blocks needed to drive the consecutive formation of multiple bonds in a single
reaction. These can themselves often require a multistep synthesis and thus detracts from the

efficiency benefits of employing multicomponent reactions.

A useful approach to address this challenge is to exploit metal catalysis with energetic

building blocks such as carbon monoxide. Carbon monoxide is a broadly available feedstock
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chemical, which has helped make metal catalyzed carbonylation reactions among the most heavily
employed transformations in chemical synthesis.* In addition, an underexploited feature of carbon
monoxide is its energetics. The conversion of carbon monoxide to a carboxylic acid derivative is
often highly exergonic. We and others have shown that this feature can be exploited to drive the

catalytic build-up of a range of reactive products,’ !>

such as the modular assembly of 1,3-dipoles
as a route into multicomponent heterocycle synthesis.!* ! An example of this chemistry is the
formation of pyridine-based 1,3-dipole 1, which, following cycloaddition with electron deficient

alkynes offers a multicomponent synthesis of indolizines (Figure 2.2.1a).!”

a. Pd-catalyzed carbonylative formation of pyridine-based 1,3-dipoles
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Figure 2.2.1. Carbonylative formation of 1,3-dipoles and benzyne cycloaddition routes to

pyrido[2,1-a]isoindole synthesis.
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In considering the reactivity of 1, we questioned if this 1,3-dipolar cycloaddition manifold
might be directed toward other products. For example, benzynes have attracted significant research
attention due to the reactivity of their strained triple bond, including their use in nucleophilic
additions, pericyclic chemistry, and related transformations.'®!° This synthetic utility is facilitated
in part by the low lying LUMO energy of the triple bond in benzynes, which imparts similar
reactivity to electron deficient alkynes.?*?! The latter suggests that benzyne cycloaddition might
be employed in this sequence with 1 to access, in this case, fused ring pyrido[2,1-a]isoindoles.
Although less extensively studied as indolizines, pyrido[2,1-a]isoindoles have found use in
pharmaceutically relevant products, and their delocalized 14n-electron aromatic system has led to
their application in electronic materials and dyes (Figure 2.2.1b).222* Additionally, reduced forms
of pyrido[2,1-a]isoindoles are found in various alkaloids and therapeutic agents.?>2® Pyrido[2,1-
a]isoindoles are most commonly prepared via cyclization reactions. While effective, these
typically require the multistep build-up of the appropriately substituted precursor.?*? Benzyne
cycloaddition to pyridinium ylides can also access these structures (Figure 2.2.1c), although these
are limited to forming products with strong electron withdrawing C-acyl units to access the dipole
itself.3* As an alternative, we describe here how pyrido[2,1-a]isoindoles can be generated in a
modular fashion via palladium-catalyzed carbonylation reactions. This involves the cycloaddition
of benzyne derivatives to in situ generated 1 and provides a method to assemble these structures
in one pot, with minimal waste, and where each of the imine, bromopyridine, and benzyne units

can be systematically modified to access a range of new variants of these structures (Figure 2.2.1d).

2.3 Results and Discussion

There are a number of methods available to generate arynes.*>*® One of the most versatile
is the fluoride induced 1,2-elimination from o-trimethylsilylphenyl triflates developed by
Kobayashi.’’*® Considering the mild conditions of this reaction and the stability of o-
trimethylsilylphenyl triflates, our initial studies explored if this approach could allow benzyne
generation to be compatible with the formation of 1,3-dipole 1. The palladium-catalyzed
carbonylative coupling of the imine p-tolyl(H)C=NBn, 2-bromopyridine, and o-
trimethylsilylphenyl triflate in the presence of CsF as an activating agent in acetonitrile does lead

to the formation of 6-(p-tolyl)pyrido[2,1-a]isoindole 2a, but does so in very low yield (9%, Table
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2.3.1, entry 1). Examination of the reaction mixture by 'H NMR analysis shows significant
amounts of unreacted imine and 2-bromopyridine. Increasing the amount of benzyne precursor
completely inhibits the reaction (entry 2). Similar results were observed with other palladium

catalysts (entries 3-7, see Table 2.5.1 for full development).

Table 2.3.1. Development of a palladium-catalyzed synthesis of pyrido[2,1-a]isoindoles.
2.5% Pd,(dba)s-CHCl3,

5% ligand,
Nl i-ProNEt, BuyNCl,
| N\ Br 80 °C, solvent, time

gyt + CO

= TMS
@E CsF

OTf

Procedures

A: Reaction of all reagents, 24 hr

B: Benzyne precursor / CsF in CH3;CN
added after catalysis, RT, 24 hr.

Entry Procedure Ligand Solvent %2a
1 A Xantphos CH3;CN 9%
28 A Xantphos CH3CN 0%
3bf A DPEphos CgHs 5%
4bt A dppe CsHg 0%
5bf A P(t-Bu); CsHg 6%
6>7 A P(Ph); CsHg 0%
7bf A JohnPhos CsHg 2%
8¢ B Xantphos CsHe 53%
9b B Xantphos CsHg 65% (60%)°
100f A Xantphos CsHs 57%
sosNoWe
PPh, PPh, PPh, PPh, P(t-Bu),
Xantphos DPEphos JohnPhos

Procedure A: p-tolyl(H)C=NBn (34 mg, 0.16 mmol); 2-bromopyridine (38 mg, 0.24 mmol); o-
trimethylsilylphenyltriflate (48 mg, 0.16 mmol); CsF (109 mg, 0.72 mmol); i-ProNEt (25 mg, 0.19
mmol); Pdy(dba);-CHCI; (4.1 mg, 0.004 mmol); ligand (0.008 mmol bidentate, 0.016 mmol
monodentate); BuyNCI (67 mg, 0.24 mmol); 3.2 mL solvent, 5 atm CO; 80 °C. Procedure B: All
reagents except benzyne precursor/CsF in CgHg, 80°C, 4 hr, then o-trimethylsilylphenyl triflate
(33 mg, 0.11 mmol); CsF (75 mg, 0.50 mmol). 3 mL CH4CN, RT, 24 hr. (¢ 0.35 mmol, ? 0.11
mmol, or ¢ 0.16 mmol o-trimethylsilylphenyl triflate). ¢ "H NMR vyield. © Isolated yield. 7 48 hr.
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Our previous results have shown that 1,3-dipole 1a is generated in high yield with these
substrates,!” suggesting the presence of benzyne inhibiting catalysis. As such, a straightforward
solution is to add o-trimethylsilylphenyl triflate and CsF to the catalytically generated 1,3-dipole,
which results in cycloaddition to afford 2a in 53% yield (entry §). We observe the formation of
side products in this reaction that may arise from the cycloaddition of benzyne to the product 2a.*
This can be minimized by employing benzyne as the limiting reagent and leads to the formation

).40 Under these conditions in benzene solvent,

of 2a in slightly enhanced yield of 65% (entry 9
benzyne generation can be carried out during the palladium catalyzed reaction in somewhat lower

yield (57%, entry 10).

A useful feature of this transformation is its modularity, where systematic changes to the
imine, bromopyridine, and benzyne reagents can be employed to readily access a range of new
variants of pyrido[2,1-a]isoindoles. For example, as shown in Table 2.3.2, a number of substituted
C-aryl imines can be incorporated into the reaction. The reaction conditions for the build-up of the
1,3-dipole are influenced by the imine, with more nucleophilic imines accelerating the reaction
(2a-d), while those with electron-withdrawing substituents (2f, 2h) requiring more pressing
conditions or longer reaction times (see SI for details). Regardless of the reaction rate, imines with
both electron donating and electron withdrawing C-aryl substituents form the corresponding
pyrido[2,1-a] isoindole in good overall yield (2a-e, 2h). Heterocycles such as pyridine (2f) and
thiophene (2g) can also be incorporated into the product from the appropriate imine. The use of
polyaromatic substituted imines lead to the corresponding pyrido[2,1-a]isoindoles (2i-j), as does
the more sterically hindered o-tolyl imine (2e). C-aliphatic imines were also viable substrates and
form cycloaddition products in reasonable yields. In the case of 2k-l, the formation of the 1,3-
dipole must be performed in the more polar solvent, which presumably enhances the ability of this

imine to trap an in sifu generated acid chloride (vide infra).
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Table 2.3.2. Modulation of imines, bromopyridines, and arynes in pyrido[2,1-a]isoindole

synthesis.

a) 2.5 mol% Pd,(dba);-CHCls,
5 mol% Xantphos,

N e N B BuNCl, i-ProNEt, CgHg, 80°C
J|\ + ]l/ + cO 7 -
~ = R

R" °H - >
R3/ b) 2 T TMS
" |/ CsF
et OTf

CH3;CN, RT, 24 hr

P

2a 60% 2b 68% 2c 70%

2j79% 2k 64%° 21 53%°
MeOzC
Me Me

2p 70%°

2s 60% 2t 32% 2u 66% (~

a) Imine (0.16 mmol); 2-Bromopyridine (0.24 mmol); Pdy(dba);-CHCI3 (4.1 mg, 0.004 mmol); Xantphos (4.6 mg,
0.008 mmol); BusNCI (67 mg, 0.24 mmol); i-ProNEt (25 mg, 0.19 mmol); CO (5 atm); CgHg (3.2 mL), 80°C, 4 hr, see
Sl for reaction time variations. b) o-Trimethylsilylaryltriflate (0.11 mmol); CsF (75 mg, 0.50 mmol); CH3CN (3.2 mL).
Step a) 2 24 hr. ® 120°C, Bu,NCI (0.48 mmol), 5% Pd,(dba);-CHCI3, 10% Xantphos. ¢ In CH;CN.
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The 2-bromopyridine unit can also be modulated. As examples, electron donating and
withdrawing groups on the pyridine component are well tolerated (2m-0), as are substituents closer
to the pyrrole unit (e.g. 2p). The 2-bromopyridine unit can be replaced with 2-bromoquinoline to
form more extended conjugated products (2q-r). Finally, the benzyne precursor can also be tuned.
In the case of 4,5-dimethyl substituted trimethylsilyl aryl triflate, the product 2s is formed in good
overall yield, as is the fused ring product 2t. However, unsymmetrical arynes form a mixture of
cycloaddition products (2u). The latter contrasts with results using substituted alkynes,!” and
presumably arises from the high aryne reactivity and the moderate electronic influence of the

remote 4-methoxy substituent on selectivity.*!

Pyrido[2,1-a]isoindoles are often sensitive to oxidation.*> Nevertheless, we have found that
the products here are indefinitely stable when stored under an inert atmosphere. Under these
conditions, crystals of 2¢ can be obtained from diethyl ether/acetonitrile, and its structure
confirmed by X-ray crystallography. As shown in Figure 2.3.1, 2¢ has a relatively planar n-
conjugated core (dihedral angle: C5—C6—C7—C12: 0.3°). The C—C bonds in the pyridine ring are
shortened relative to those in the pyrrole (e.g. C2—C3: 1.354(4) A vs. C8—C13: 1.395(3) A),
suggesting a higher degree of aromaticity in the pyridine. The aromatic substituent on C13 is
twisted out of the plane of the pyrido[2,1-a]isoindole presumably due to steric clashes between the
ortho-arene hydrogens and the heterocyclic core (N1-C13—C14—C19: 49.8°). The crystal does not
exhibit a m-stacking system between pyrido[2,1-a]isoindoles; however, there are C-H n-

interactions between C12—H and a second pyrido[2,1-a]isoindole (see SI for details).
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Figure. 2.3.1. Crystal structure of 2¢. Select bond lengths [A]: N1-C13 1.385(3), N1- C2
1.396(3), N1-C6 1.415(3), C6—C7 1.403(3), C7-C8 1.418(3), C8C13 1.395(3), C2-C3
1.354(4). Bond angles (°): C13—N1-C6 110.08(18), N1-C13—-C8 106.47(19), C13—-C8-C7
109.65(18), C6—C7—C8 106.87(19). Dihedral angles (°): C5-C6—C7-C12 0.3, C2-N1-C13-C8
176.4, N1-C13—-C8-C9 177.6.

Our preliminary postulate for the mechanism of this multicomponent reaction is shown in
Figure 2.3.2. The oxidative addition of aryl bromides to Pd(0) is well-established and would form
here a Pd(II)-(2-pyridyl) complex 3 that can undergo CO insertion to form the Pd-acyl complex 4.
In the presence of chloride, anionic exchange can occur to form the chloride complex 5. As we
have previously noted,® chloride significantly enhances the rate of 1,3-dipole 1 formation by
allowing the reductive elimination of an electrophilic acid chloride, which offers a lower barrier
pathway to incorporate the weakly nucleophilic imine than direct reaction with complex 4 for
subsequent cyclization to 1,3-dipole 1. The rigid, large bite-angle Xantphos ligand presumably
also facilitates this step by creating a sterically encumbered palladium to drive the disfavored
reductive elimination of acid chloride.!” In analogy to reports of benzyne addition to mesoionic
1,3-dipoles such as Miinchnones,**** the in situ generation of aryne after 1,3-dipole formation
leads to its rapid cycloaddition followed by cycloreversion to release isocyanate to form
pyrido[2,1-a]isoindole 2. The isocyanate can be clearly seen by in situ 'H NMR analysis of the
reaction mixture (see Figure 2.5.1). The inhibitory influence of benzyne generation during
catalysis could be tied to the presence of fluoride, which may slow the generation of the 1,3-dipole

1, or the formation of benzyne before the 1,3-dipole is present, leading to its decomposition.
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Figure 2.3.2. Proposed reaction mechanism of pyrido[2,1-a]isoindole formation.

2.4 Conclusions

In conclusion, we have described a multicomponent route to form substituted pyrido[2,1-
a]isoindoles. This couples the palladium-catalyzed carbonylative formation of pyridine-based 1,3-
dipoles with their ability to undergo cycloaddition with in situ generated arynes. The systematic
variation of any of the three substrates can allow a range of new variants of these structures to be

generated in one pot, and from either commercially available or easily generated building blocks.

We would like to thank the Natural Science and Engineering Research Council of Canada
(NSERC), McGill University and the FRQNT supported by the Centre for Green Chemistry and
Catalysis for funding this research.
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2.5 Supporting Information
2.5.1 General Considerations

All reactions were carried out under a nitrogen atmosphere in a glovebox. Reactions used
CO of 99.5% purity from Linde. Unless otherwise noted, all starting materials were purchased
from commercial sources. Liquid reagents were degassed by freeze-pump-thaw method or by
bubbling N> for 15 minutes before bringing them into a glovebox. BusNCl was dissolved in dry
dichloromethane in a glovebox, decanted, and dried in vacuo. CsF was placed in a vacuum oven
at 100°C overnight to remove moisture before bringing it into a glovebox. Benzene, acetonitrile,
diethyl ether, pentanes, dichloromethane, and toluene solvents were dried using a solvent
purification system and stored over activated molecular sieves (4A) inside the glovebox.
Deuterated chloroform and acetonitrile were stirred over calcium hydride overnight, vacuum
transferred into an oven-dried Schlenk flask, degassed, and stored over activated molecular sieves
(4A) in a glovebox. Imines and Pda(dba);>CHCIl3 were prepared according to literature
procedures.**® To avoid decomposition, all starting materials and reagents were stored in a
glovebox and Pdx(dba);-CHCI3 in a -35°C freezer in the glovebox. Prepacked silica columns were
purchased from commercial sources. Final compounds were purified using 10% diethyl ether or
tetrahydrofuran in pentanes with 1% triethylamine depending on thin layer chromatography (TLC)

results of the crude reaction mixture.

Nuclear magnetic resonance (NMR) characterizations were performed on a 500 MHz or
800 MHz spectrometers for 'H NMR, and 126 MHz, or 201 MHz for '3*C NMR. 'H and '*C NMR
chemical shifts were referenced to residual solvent. High resolution mass spectra (HRMS) of pure
compounds were obtained using either electrospray ionization (ESI) or atmospheric-pressure

chemical ionization (APCI) and quadrupole, time-of-flight (TOF), or orbitrap detection.
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2.5.2 Supplementary Tables and Figures

Table 2.5.1. Palladium catalyst development for a one-step synthesis of pyrido[2,1-a]isoindoles.

2.5% Pd,(dba)s-CHCl,

.Bn 5% ligand
NI Br T™S i-Pr,NEt, BuyNCI
H + + CO + ©i + CsF .
OTf solvent, 80°C, time
Entry Ligand Solvent Time %2a®
14 Xantphos CH,CN 24 hr 0%
2b Xantphos CH5CN 24 hr 9%
3 Xantphos CH3CN 24 hr 27%
4 Xantphos DCM 24 hr 6%
5 Xantphos CgHe 24 hr 29%
6 Xantphos Toluene 24 hr 21%
7 Xantphos CH3CN 4 hr 2%
8 Xantphos CH3CN 48 hr 29%
9 Xantphos CsHe 4 hr 3%
10 Xantphos CsHe 48 hr 57%
1 DPEphos CeHs 48 hr 5%
12 dppe CsHe 48 hr 0%
13 P(t-Bu); CeHe 48 hr 6%
14 P(Ph); CeHe 48 hr 0%
15 JohnPhos CeHg 48 hr 2%
16° Xantphos CeHg 48 hr 52%
179 Xantphos CsHs 48 hr 45%

PPh,

DPEphos

Ph,

,:\O O/’O (;\O/(; thp/\/Pth O

PPh, PPh, P

P(t-Bu),

JohnPhos

p-tolyl(H)C=NBn (34 mg, 0.16 mmol); 2-bromopyridine (38 mg, 0.24 mmol); i-ProNEt (25
mg, 0.19 mmol); BuyNCI (67 mg, 0.24 mmol); Pdy(dba);-CHCI3 (4.1 mg, 0.004 mmol);
ligand (5 mol% bidentate, 0.008 mmol or 10 mol% monodentate, 0.016 mmol); o-
trimethylsilylphenyl triflate (33 mg, 0.11 mmol); CsF (75 mg, 0.50 mmol); benzyl benzoate
(34.0 mg, 0.16 mmol) as internal standard; solvent (3.2 mL). @ o-trimethylsilylphenyl triflate
(104 mg, 0.35 mmol); CsF (239 mg, 1.58 mmol). © o-trimethylsilylphenyl triflate (48 mg,
0.16 mmol); CsF (109 mg, 0.72 mmol). ¢ 100°C. ¢ 120°C. © The %2a yield determined

relative to the internal standard by '"H NMR analysis.
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oTf

a) b)
2.5 mol% Pdy(dba);-CHCls,
_Bn 5 mol% Xantphos, Bn CsF
N N_ _Br BusNClI, i-Pr,NEt _N® CHCN, RT, 24 hr
| N @
ot + CO N_/—0
= CeHg, 80°C, 4 hr |
Ns
Z Bn” “Cs
0 2a, 53%

23% NMR yield

Figure 2.5.1. In situ "H NMR analysis of reaction (Table 2.3.1, entry 8).

2.5.3 General Experimental Procedures

2.5.3.1 Reaction Development for a One-Step Synthesis of Pyrido[2,1-afisoindoles (Table 2.3.1,
entries 1-7 and 10 and Table 2.5.1)

2.5% Pdy(dba);-CHClj
5% ligand

_Bn
N| N Br ™S i-ProNEt, BusNCI
- U + CO o+ + CsF
H .
= OTf temperature, solvent, time

Scheme 2.5.1. One-step synthesis of pyrido[2,1-a]isoindole 2a with in sifu formed benzyne.

In a glovebox, p-tolyl(H)C=NBn (34 mg, 0.16 mmol), 2-bromopyridine (38 mg, 0.24
mmol), i-Pr2NEt (25 mg, 0.19 mmol), o-trimethylsilylphenyl triflate (33 mg, 0.11 mmol or 48 mg,
0.16 mmol or 104 mg, 0.35 mmol), and benzyl benzoate (34 mg, 0.16 mmol) as internal standard
were transferred to a 25 mL Teflon cap sealable, thick walled Schlenk flask equipped with a stir
bar using 2 mL of solvent. To this solution, BusNCI (67 mg, 0.24 mmol), Pdz(dba);-CHCIl; (4.1
mg, 0.004 mmol), ligand (5 mol% bidentate, 0.008 mmol or 10 mol% monodentate, 0.016 mmol),
and CsF (75 mg, 0.50 mmol or 109 mg, 0.72 mmol or 239 mg, 1.58 mmol) were dry transferred
and any residual solids were rinsed with 1.2 mL of solvent. The solution was stirred for 5 minutes
before a small aliquot was dissolved in CDCI; for an initial 'H NMR analysis. The reaction flask
was closed and brought outside of the glovebox where the solution was frozen in liquid N,
evacuated, thawed, and 5 atm of CO was added (as measured by a pressure gauge on the CO tank,

60 psi on top of atmospheric pressure). The flask was then placed in an oil bath.
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Once the reaction was complete, the flask was removed from the oil bath and the CO was
removed on a Schlenk line where the solution was frozen in liquid N», evacuated, and thawed. The
flask was then brought back into the glovebox and a small aliquot was dissolved in CDCl5 for 'H
NMR analysis. The 'H NMR spectra taken before and after the reaction was used to calculate in
situ yield of 2a using integrations of signals relative to the internal standard. Afterwards, the
isocyanate byproduct in the reaction solution was quenched by the addition of benzylamine (26

mg, 0.24 mmol) prior to bringing the reaction flask out of the glovebox.

2.5.3.2 Reaction Development for a One-Pot Synthesis of Pyrido[2,1-a]isoindoles (Table 2.3.1,

entries 8-9).

In a glovebox, p-tolyl(H)C=NBn (34 mg, 0.16 mmol), 2-bromopyridine (38 mg, 0.24
mmol), i-ProNEt (25 mg, 0.19 mmol), and benzyl benzoate (34.0 mg, 0.16 mmol) as internal
standard were transferred to a 25 mL Teflon cap sealable, thick walled Schlenk flask equipped
with a stir bar using 2 mL of solvent. To this solution, BusNCI (67 mg, 0.24 mmol),
Pd»(dba);-CHCI3 (4.1 mg, 0.004 mmol), and Xantphos (4.6 mg, 0.008 mmol) were dry transferred
and any residual solids were rinsed with 1.2 mL of benzene. The solution was stirred for 5 minutes
before a small aliquot was dissolved in CDCl; for an initial "H NMR analysis. The reaction flask
was sealed and brought outside of the glovebox where the solution was frozen in liquid No,
evacuated, thawed, and 5 atm of CO was added (as measured by a pressure gauge on the CO tank,

60 psi on top of atmospheric pressure). The flask was then placed in an oil bath at 80°C for 4 hours.

Once the reaction was complete, the flask was removed from the oil bath and the CO was
removed on a Schlenk line where the solution was frozen in liquid N2, evacuated, and thawed. The
flask was then brought back into the glovebox where 3 mL of acetonitrile was added to the solution
to facilitate the removal of the reaction solvent in vacuo. Once this crude mixture was dry, o-
trimethylsilylphenyl triflate (48 mg, 0.16 mmol) was added in 2 mL of acetonitrile. CsF (109 mg,
0.72 mmol) was then dry transferred followed by the rinsing of residual solids with 1.2 mL of
acetonitrile. The solution was stirred for 5 minutes before a small aliquot was dissolved in CDCl3
for 'TH NMR analysis. The flask was then sealed and was left in the glovebox to stir at the maximum
speed for 24 hours. Once the reaction was complete, a small aliquot was dissolved in CDCl3 for

'H NMR analysis. The "H NMR spectra taken before and after the reaction was used to calculate
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the in situ yield of 2a (53% with Xantphos as ligand in benzene solvent) and BnNCO (23% with
these same conditions) using integrations of signals relative to the internal standard. Afterwards,
the isocyanate byproduct was quenched by the addition of benzylamine (26 mg, 0.24 mmol) prior

to bringing the reaction flask out of the glovebox.

2.5.3.3 Typical Procedure for the Synthesis of Pyrido[2,1-afisoindoles (Tables 2.3.2).

a) b) T™MS
2.5 mol% Pdy(dba);*CHCl5,
_Bn 5 mol% Xantphos, Bn OTf
CsF
N

N N. _Br BuyNCl, i-ProNEt _N®
| X o
ool + Co N_/—0
= CgHg, 80°C, 4 hr | CH3CN, RT, 24 hr |
%

Scheme 2.5.2. Two-step synthesis of pyrido[2,1-a]isoindole 2a.

In a glovebox, p-tolyl(H)C=NBn (34 mg, 0.16 mmol), 2-bromopyridine (38 mg, 0.24
mmol), and i-Pr2NEt (25 mg, 0.19 mmol) were transferred to a 25 mL Teflon cap sealable, thick
walled Schlenk flask equipped with a stir bar using 2 mL of benzene. To this solution, BusNCI (67
mg, 0.24 mmol), Pdz(dba);-CHCI; (4.1 mg, 0.004 mmol), and Xantphos (4.6 mg, 0.008 mmol)
were dry transferred and any residual solids were rinsed with 1.2 mL of benzene. The flask was
sealed and brought outside of the glovebox where the solution was frozen in liquid N>, evacuated,
thawed, and 5 atm of CO was added (as measured by a pressure gauge on the CO tank, 60 psi on

top of atmospheric pressure). The flask was then placed in an 80°C oil bath for 4 hours.

Once the reaction was complete, the flask was removed from the oil bath and the CO was
removed on a Schlenk line where the solution was frozen in liquid N», evacuated, and thawed. The
flask was then brought back into the glovebox where 3 mL of acetonitrile was added to the solution
to facilitate the removal of all the solvent in vacuo. Once this crude mixture was dry, o-
trimethylsilylphenyl triflate (33 mg, 0.11 mmol) was added in 2 mL of acetonitrile. CsF (75 mg,
0.50 mmol) was then dry transferred to the reaction mixture followed by the rinsing of residual
solids with 1.2 mL of acetonitrile. The flask was left in the glovebox to stir at the maximum speed
for 24 hours. Once the reaction was complete, the isocyanate byproduct was quenched by the
addition of benzylamine (26 mg, 0.24 mmol), and the solvent was removed in vacuo. The product

was purified by column chromatography (neutralized silica gel, 10% diethyl ether in pentanes with
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1% triethylamine) inside the glovebox (see details on procedure below) to afford the corresponding

pyrido[2,1-a]isoindole 2a as a yellow oil (16 mg, 0.064 mmol, 60%).

The reaction time for step a) to form the 1,3-dipole differed from the typical procedure

described above for several compounds; see characterization section for variation.

2.5.3.4 Typical Isolation of Pyrido[2,1-afisoindoles Under an Inert Atmosphere

Neutralized silica for product loading: Neutralized silica was prepared outside of the glovebox

by stirring silica in hexanes with 2% triethylamine for 30 minutes followed by the removal of
solvent under vacuum. The neutralized silica was then placed in a vacuum oven at 100°C overnight

to remove moisture. Once the neutralized silica was dried, it was brought into the glovebox.

Silica column preparation: With an automated flash chromatography system, a prepacked silica

column was flushed with 3 CVs (column volumes) of hexanes with 2% triethylamine. The column
was sealed tightly on both ends with a cap secured with parafilm prior to promptly bringing it into
the glovebox. In the glovebox, using a 12 mL syringe, 2 CVs of pentanes was used to flush out the

hexanes into a waste bottle.

Procedure: In the glovebox, the crude product mixture was pre-adsorbed onto neutralized silica
(prepare as above) as follows. The crude product mixture was dissolved in 5 mL of
dichloromethane in a 25 mL vial. To this solution, ~500 mg of neutralized silica (see below) and
a stir bar were added. The solvent was removed in vacuo while stirring until the solvent was
completely removed. The pre-adsorbed silica was transferred to an empty 12 g cartridge equipped
with a frit and connected to the top of the prepacked silica column (prepare as above). To this layer
of silica, a 2 cm layer of sand was added on top, and the cartridge was capped. The eluent of 10%
diethyl ether in pentanes with 1% triethylamine was prepared in the glovebox using a 100 mL
graduated cylinder and a 1000 uL micropipette to add the triethylamine. The eluent was mixed
and stored in a capped bottle. A 12 mL syringe with Luer-Lok was used to push the eluent from
the top of the cartridge and into the column until yellow fractions (3 mL each) were collected into
25 mL vials. Each fraction was concentrated under vacuum in the glovebox, characterized by 'H
NMR analysis, and pure fractions were combined and concentrated under vacuum. The prepacked

column was capped and taken out of the glovebox where it was flushed with 3 CVs of isopropanol.
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The glovebox was then purged for 30 minutes to remove solvent vapours. Pyrido[2,1-a]isoindoles
are known to oxidize to their corresponding 2-pyridyl phenyl ketone under ambient conditions,
therefore all isolated products were stored in a glovebox.** Due to this lability, trace solvents

remaining in the samples were not removed.

2.5.4 Characterization Data of Pyrido[2,1-a]isoindoles (Table 2.3.2)
6-(p-tolyl)pyrido[2,1-a]isoindole (2a)

Isolated by column chromatography (10% diethyl ether in pentanes with 1%
triethylamine) as a yellow oil, 16 mg, 60%. "TH NMR (500 MHz, CDCl3): &
8.57 (dt,J=7.0,1.2 Hz, 1H), 8.15 (dt, /= 8.3, 1.1 Hz, 1H), 8.13-8.08 (m, 1H),
7.82 (dt, J = 8.6, 1.0 Hz, 1H), 7.62 (d, J = 8.1 Hz, 2H), 7.39 (d, J = 7.8 Hz,
2H), 7.34 (ddd, J = 8.5, 6.6, 1.1 Hz, 1H), 7.19 (ddd, J= 7.8, 6.6, 1.0 Hz, 1H),
6.90 (td, J = 6.7, 1.8 Hz, 1H), 6.85 (ddd, J = 7.8, 6.6, 1.3 Hz, 1H), 2.47 (s, 3H). 3C NMR (126
MHz, CDCI3): 6 136.99, 130.13, 129.07, 128.89, 125.95, 125.87, 124.95, 120.24, 119.42, 119.38,
118.69, 117.54, 117.15, 115.40, 114.43, 113.82, 21.54. HRMS (APCI") for Ci9HisN; calculated
258.1277, found 258.1276 (error m/z = 0.3 ppm).

N,N-dimethyl-4-(pyrido[2,1-a]isoindol-6-yl)aniline (2b)

Isolated by column chromatography (10% diethyl ether in pentanes with 1%
triethylamine) as a yellow solid, 21 mg, 68%. "TH NMR (500 MHz, CDCl;):
6 8.51(d,J=7.1 Hz, 1H), 8.14 (dt, J= 8.4, 1.1 Hz, 1H), 8.08 (d, /= 8.6
Hz, 1H), 7.80 (d, J = 8.6 Hz, 1H), 7.58 (d, J = 8.3 Hz, 2H), 7.31 (ddd, J =
8.5,6.6,1.0 Hz, 1H), 7.17 (t,J= 7.4 Hz, 1H), 6.93 (d, J= 8.8 Hz, 2H), 6.87
(t, J= 6.6 Hz, 1H), 6.80 (t, J = 7.6 Hz, 1H), 3.06 (s, 6H). 13C NMR (126
MHz, CD3CN): 6 149.75, 130.34, 125.72, 125.21, 124.47,120.22, 119.48, 119.35, 119.15, 118.61,
117.82, 116.95, 115.12, 115.03, 113.12, 113.02, 88.31, 40.69. HRMS (ESI") for Cx0Hi9No;
calculated 287.1543, found 287.1535 (error m/z = 2.7 ppm).
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6-(4-methoxyphenyl)pyrido[2,1-a]isoindole (2¢)

Isolated by column chromatography (10% diethyl ether in pentanes with 1%
triethylamine) as a yellow solid, 21 mg, 70%. Step a) reaction time: 2.5 hr.
'"H NMR (500 MHz, CD3CN): 6 8.55 (dt, J = 7.0, 1.1 Hz, 1H), 8.19 (dt, J
=8.4,1.0 Hz, 1H), 8.18 (dt, J = 8.6, 1.3 Hz, 1H), 7.72 (dt, J = 8.6, 1.0 Hz,
1H), 7.66 (d, J = 8.9 Hz, 2H), 7.32 (ddd, J = 8.5, 6.5, 1.0 Hz, 1H), 7.19-
7.14 (m, 3H), 6.99 (td, J= 6.8 Hz, 1H), 6.92 (ddd, J=8.7, 6.6, 1.0 Hz, 1H), 3.89 (s, 3H). *C NMR
(126 MHz, CD3CN): 6 159.91, 131.43, 126.54, 126.29, 125.75, 124.62, 121.18, 120.43, 120.08,
119.42, 118.09, 117.97, 117.83, 116.51, 115.78, 114.92, 56.08. HRMS (ESI") for Ci9H;¢NO;
calculated 274.1226, found 274.1217 (error m/z = 3.5 ppm). Crystallographically characterized.

6-(4-(methylthio)phenyl)pyrido[2,1-a]isoindole (2d)

Isolated by column chromatography (10% diethyl ether in pentanes with 1%
triethylamine) as a yellow oil, 24 mg, 76%. Step a) reaction time: 20 hr. 'H
NMR (500 MHz, CDCl3): 6 8.57 (dd, J=6.8, 1.5 Hz, 1H), 8.15 (dt, /= 8.4,
1.1 Hz, 1H), 8.11 (dt, J = 8.3, 1.3 Hz, 1H), 7.82 (d, J = 8.6 Hz, 1H), 7.65
(d,J=8.3 Hz, 2H), 7.46 (d, J= 8.4 Hz, 2H), 7.36 (ddd, /= 8.5, 6.6, 1.0 Hz,
1H), 7.22 — 7.18 (m, 1H), 6.94 — 6.85 (m, 2H), 2.58 (s, 3H). 3C NMR (126 MHz, CDCls): §
137.17, 129.41, 128.60, 127.52, 126.15, 126.04, 125.18, 120.18, 119.51, 119.48, 118.73, 117.33,
117.25, 115.57, 114.16, 113.85, 16.06. HRMS (ESI") for C19H;sNS; calculated 289.0920, found
289.0906 (error m/z = 4.6 ppm).

6-(o-tolyl)pyrido[2,1-a]isoindole (2e)

Isolated by column chromatography (50% diethyl ether in pentanes with 1%
triethylamine) as a yellow oil, 27 mg, 94%. Step a) reaction time: 24 hr. 'H
NMR (500 MHz, CD;CN): & 8.22 (dt, J = 8.4, 1.1 Hz, 1H), 8.21 (dt, J = 8.6,
1.3 Hz, 1H), 7.85 (dt, /= 7.0, 1.0 Hz, 1H), 7.51-7.36 (m, 5H), 7.30 (ddd, J =
8.5,6.6,1.0Hz, 1H), 7.16 (ddd, J=8.4, 6.5, 1.0 Hz, 1H), 6.97 (td, /= 6.8, 1.6 Hz, 1H), 6.92 (ddd,
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J=18.6, 6.6, 1.1 Hz, 1H), 2.01 (s, 3H). 13C NMR (126 MHz, CD3CN): § 139.85, 132.73, 131.86,
131.25, 129.65, 127.40, 126.92, 126.24, 125.63, 121.62, 120.53, 119.90, 119.36, 118.04, 117.54,
116.47, 114.70, 114.61, 19.73. HRMS (ESI") for CioHisN; calculated (258.12660), found
258.12773 (error m/z = -4.4 ppm).

6-(pyridin-2-yl)pyrido[2,1-a]isoindole (2f)

Isolated by column chromatography (10% diethyl ether in pentanes with 1%
triethylamine) as a yellow oil, 19 mg, 70%. Step a) reaction time: 24 hr. 'H
NMR (500 MHz, CDCl3): 6 10.03 — 9.98 (m, 1H), 8.74 (ddd, /=4.9, 1.9, 1.0
Hz, 1H), 8.19 (dt, /= 8.3, 1.0 Hz, 1H), 8.17 — 8.12 (m, 1H), 8.10 (dd, J = 8.6,
1.0 Hz, 1H), 7.88 (dt, /= 8.2, 1.2 Hz, 1H), 7.81 (td, /= 7.7, 1.9 Hz, 1H), 7.47
(ddd,J=8.5,6.7, 1.1 Hz, 1H), 7.24 (ddd, /= 8.2, 6.6, 0.9 Hz, 1H), 7.11 (ddd, J="7.4,4.9, 1.2 Hz,
1H), 7.09 — 7.04 (m, 2H). 3C NMR (126 MHz, CDCl3): § 152.48, 149.13, 136.63, 128.62, 127.19,
126.41, 124.15, 122.54, 119.91, 119.64, 119.40, 118.23, 117.91, 117.38, 117.23, 116.09, 112.62.
HRMS (ESI") for Ci17H13N2; calculated 245.1073, found 245.1067 (error m/z = 2.7 ppm).

6-(thiophen-2-yl)pyrido[2,1-a]isoindole (2g)

Isolated by column chromatography (10% diethyl ether in pentanes with 1%
triethylamine) as a yellow oil, 18 mg, 64%. Step a) reaction time: 3 hr. 'TH NMR
(500 MHz, CDCl3): 6 8.74 (dt,J=7.0 1.1 Hz, 1H), 8.15 (dt,J=8.4, 1.0 Hz, 1H),
8.11 (dt, J= 8.6, 1.2 Hz, 1H), 7.97 (dt, J= 8.7, 0.9 Hz, 1H), 7.47 (dd, /= 5.2,
1.2 Hz, 1H), 7.44-7.38 (m, 2H), 7.28 (dd, J=5.2, 3.6 Hz, 1H), 7.22 (ddd, /= 8.3, 6.6, 0.9 Hz, 1H),
7.00 (td, J= 6.9, 1.5 Hz, 1H), 6.93 (ddd, J = 8.6, 6.6, 1.1 Hz, 1H). 1*C NMR (126 MHz, CDCl3):
0 133.08, 127.85, 127.16, 126.81, 125.94, 125.59, 125.02, 121.19, 119.69, 119.41, 118.51, 117.73,
117.33, 115.90, 114.84, 107.73. HRMS (ESI") for Ci¢H1iNS; calculated 249.06041, found
249.06067 (error m/z =-1.0 ppm).
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6-(4-nitrophenyl)pyrido[2,1-a]isoindole (2h)

Isolated by column chromatography (30% diethyl ether in pentanes with 1%
triethylamine) as a purple oil, 30 mg, 94%. Step a) reaction time: 5.5 hr at
120°C with 0.48 mmol BusNCL, 5 mol% Pdz(dba);-CHCl3, and 10 mol%
Xantphos. TH NMR (500 MHz, CDCls): 8 8.79 — 8.73 (m, 1H), 8.40 (d, J
= 8.8 Hz, 2H), 8.16 (ddt, J = 8.0, 7.0, 1.1 Hz, 2H), 7.93 — 7.87 (m, 3H),
7.46 (ddd, J = 8.3, 6.7, 1.1 Hz, 1H), 7.29 — 7.25 (m, 1H), 7.08 — 7.01 (m, 2H). 3C NMR (126
MHz, CDCl): 6 144.93, 138.57, 128.61, 127.56, 127.15, 126.69, 124.93, 120.47, 120.42, 119.71,
118.86, 118.22, 116.95, 116.63, 116.52, 112.47. HRMS (APCI") for CisHi3N20»; calculated
289.0972, found 289.0975 (error m/z = -1.2 ppm).

6-(phenanthren-9-yl)pyrido[2,1-a]isoindole (2i)

Isolated by column chromatography (10% diethyl ether in pentanes with 1%
triethylamine) as a yellow solid, 32 mg, 85%. 'TH NMR (500 MHz, CDCl5):
0 8.86 (d, /= 8.3 Hz, 1H), 8.82 (d, /= 8.3, Hz, 1H), 8.27 (dt, /=84, 1.1
Hz, 1H), 8.22 (dt, J=8.7, 1.3 Hz, 1H), 8.04 (s, 1H), 7.94 (dd, J=7.9, 1.4
Hz, 1H), 7.90 (d, /J=7.0 Hz, 1H), 7.75 (ddd, J= 8.4, 7.0, 1.4 Hz, 1H), 7.71
(ddd, J=8.4, 6.8, 1.5 Hz, 1H), 7.67 (td, J=8.1, 6.8, 1.1 Hz, 1H), 7.62 (d, J
= 8.5 Hz, 1H), 7.46 (ddd, /= 8.0, 6.8, 1.2 Hz, 1H), 7.43-7.38 (m, 1H), 7.35 (ddd, J = 8.3, 6.6, 1.1
Hz, 1H), 7.27-7.22 (m, 1H), 6.92 (td, J=7.6, 1.0 Hz, 1H), 6.84 (td, /= 6.8, 1.5 Hz, 1H). 3C NMR
(126 MHz, CDCls): & 132.11, 131.28, 131.04, 130.74, 129.00, 127.67, 127.46, 127.35, 127.20,
127.12, 127.05, 126.88, 126.17, 124.93, 123.46, 122.86, 121.47, 119.55, 119.30, 118.57, 117.83,
117.14, 115.29, 113.87, 112.45. HRMS (APCI") for CacHisN; calculated 344.1434, found
344.1426 (error m/z = 2.3 ppm).

72



6-(anthracen-9-yl)pyrido[2,1-a]isoindole (2j)

Isolated by column chromatography (10% diethyl ether in pentanes with 1%
triethylamine) as an orange solid, 30 mg, 79%. 'H NMR (500 MHz, CDCl;):
0 8.67 (s, 1H), 8.32 (dt, J=17.8, 1.3 Hz, 1H), 8.27 (dt, J=8.8, 1.3 Hz, 1H),
8.15 (d, J = 8.2 Hz, 2H), 7.51-7.47 (m, 3H), 7.37-7.34 (m, 3H), 7.31-7.24
(m, 4H), 6.93 (ddd, J=8.7, 6.6, 1.0 Hz, 1H), 6.78 (td, /= 6.8, 1.4 Hz, 1H).
13C NMR (126 MHz, CDCls): 8 132.11, 132.05, 129.11, 128.64, 128.49, 128.35, 126.56, 126.45,
125.62, 125.06, 124.96, 121.36, 119.68, 119.29, 118.55, 118.04, 117.10, 115.35, 113.89, 110.09.
HRMS (ESI") for C26H 3N; calculated 344.1434, found 344.1421 (error m/z = 3.8 ppm).

6-isopropylpyrido[2,1-a]isoindole (2k)

Isolated by column chromatography (10% diethyl ether in pentanes with 1%
triethylamine) as a yellow oil, 15 mg, 64%. Step a) reaction time: 27 hr in CH3CN.
"H NMR (500 MHz, CDCl;3):  8.14-8.09 (m, 2H), 8.08 (dt, J= 8.6, 1.3 Hz, 1H),
791 (dt,J=8.7, 1.0 Hz, 1H), 7.29 (ddd, /= 8.7, 6.5, 1.1 Hz, 1H), 7.12 (ddd, J =
8.4,6.5,0.9 Hz, 1H), 6.97 (td,J=6.9, 1.5 Hz, 1H), 6.77 (ddd, J= 8.6, 6.6, 1.0 Hz, 1H), 3.75 (hept,
J=7.1Hz, 1H), 1.61 (d,J=7.1 Hz, 6H). 1*C NMR (126 MHz, CDCl3): & 124.73, 123.98, 123.68,
120.00, 119.58, 118.54, 118.33, 118.29, 118.09, 116.81, 115.19, 111.36, 26.56, 20.86. HRMS
(APCT") for CisH6N; calculated 210.1277, found 210.1279 (error m/z = -0.8 ppm).

6-cyclohexylpyrido[2,1-a]isoindole (21)

Isolated by column chromatography (10% diethyl ether in pentanes with 1%

triethylamine) as a yellow oil, 14 mg, 53%. Step a) reaction time: 50 min in

N_ CH;CN. '"H NMR (500 MHz, CD3CN): & 8.31 (dq, /= 7.0, 0.9 Hz, 1H), 8.12

| _ (ddt,J=8.7,7.6, 1.1 Hz, 2H), 7.94 (dt, J=8.7, 1.0 Hz, 1H), 7.24 (ddd, J= 8.7,

6.5, 1.2 Hz, 1H), 7.07 (ddd, /= 8.4, 6.5, 0.9 Hz, 1H), 7.01 (td, /= 6.8, 1.5 Hz, 1H), 6.80 (ddd, J =
8.7, 6.6, 1.0 Hz, 1H), 3.41 (tt, J=12.0, 3.8 Hz, 1H), 2.15-1.97 (m, 5H), 1.88-1.81 (m, 1H), 1.64-
1.42 (m, 4H). 13C NMR (126 MHz, CD3CN): § 129.32, 125.16, 124.89, 124.38, 121.49, 120.41,
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119.17, 119.15, 119.07, 117.63, 116.02, 112.63, 37.59, 31.79, 27.86, 27.00. HRMS (APCI") for
CisH20N; calculated 250.1590, found 250.1590 (error m/z = 0.1 ppm).

3-methyl-6-(o-tolyl)pyrido[2,1-a]isoindole (2m)

Isolated by column chromatography (10% diethyl ether in pentanes with 1%
triethylamine) as a yellow oil, 20 mg, 68%. "H NMR (500 MHz, CD3CN): &
8.17 (dt,J=8.4, 1.0 Hz, 1H), 8.10 (dd, J= 8.8, 1.0 Hz, 1H), 7.66 (sext, J=1.2
Hz, 1H), 7.51-7.36 (m, 5H), 7.26 (ddd, J = 8.5, 6.5, 1.0 Hz, 1H), 7.12 (ddd, J =
8.4, 6.6, 1.0 Hz, 1H), 6.79 (dd, J = 8.8, 1.4 Hz, 1H), 2.30 (s, 3H), 2.01 (s, 3H). 13C NMR (126
MHz, CD3CN): 6 139.88, 132.75, 131.86, 131.41, 129.58, 127.37, 126.97, 126.57, 125.27, 125.00,
120.32,119.73,119.32, 118.78,117.96, 117.71, 117.58, 114.25, 19.76, 18.92. HRMS (APCI") for
C20Hi1sN; calculated 272.1434, found 272.1431 (error m/z = 1.1 ppm).

Methyl 6-(o-tolyl)pyrido[2,1-a]isoindole-3-carboxylate (2n)

Isolated by column chromatography (10% diethyl ether in pentanes with 1%
triethylamine) as an orange solid, 30 mg, 85%. Step a) reaction time: 20 hr.
TH NMR (500 MHz, CDCls): 6 8.62 (t, J= 1.2 Hz, 1H), 8.18 (dt, J = 8.5,
0.9 Hz, 1H), 8.16 (dd, J=9.1, 0.9 Hz, 1H), 7.54 (/= 8.6, 1.0 Hz, 1H), 7.50-
7.38 (m, 5SH), 7.35 (ddd, J = 8.6, 6.5, 1.0 Hz, 1H), 7.23 (ddd, J = 8.4, 6.5,
1.0 Hz, 1H), 3.91 (s, 3H), 2.07 (s, 3H). 3C NMR (126 MHz, CDCl3): § 166.54, 139.13, 132.13,
131.20, 129.79, 129.07, 127.52, 126.64, 125.90, 125.58, 124.98, 120.34, 119.78, 118.81, 118.16,
117.97, 11691, 115.94, 112.58, 52.43, 19.87. HRMS (APCI") for C»HisNO>; calculated
316.1332, found 316.1342 (error m/z = -3.0 ppm).
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6-(o-tolyl)-3-(trifluoromethyl)pyrido[2,1-a]isoindole (20)

Isolated by column chromatography (100% pentanes with 1% triethylamine)
as a yellow solid, 35 mg, 98%. Step a) reaction time: 3 hr. "H NMR (500
MHz, CD;CN): 6 8.35 (dt, J=9.1, 0.9 Hz, 1H), 8.27 (dt, /= 8.5, 1.1 Hz, 1H),
8.17 (sext, J= 1.3 Hz, 1H), 7.54-7.49 (m, 1H), 7.49-7.45 (m, 3H), 7.44-7.40
(m, 1H), 7.37 (ddd, J = 8.6, 6.5, 1.0 Hz, 1H), 7.26 (ddd, J = 8.5, 6.6, 1.0 Hz,
1H), 7.05 (dd, J=9.0, 1.6 Hz, 1H), 2.01 (s, 3H). 3C NMR (126 MHz, CD3CN): 5 139.89, 132.62,
132.06, 130.26, 130.09, 128.00, 127.58, 126.58, 126.38, 126.13, 124.23, 121.53, 120.76, 120.30,
119.70, 119.44, 118.60, 118.09, 117.28, 19.68. HRMS (APCI") for CyHisF3N; calculated
326.1151, found 326.1167 (error m/z = -5.0 ppm).

I-methoxy-6-(o-tolyl)pyrido[2,1-a]isoindole (2p)

Isolated by column chromatography (10% diethyl ether in pentanes with 1%
triethylamine) as a yellow oil, 22 mg, 70%. Step a) reaction time: 24 hr. 'H
NMR (500 MHz, CD3CN): 6 8.41 (dt, J= 8.5, 1.1 Hz, 1H), 7.50 (dd, J = 6.9,
0.7 Hz, 1H), 7.48-7.34 (m, 5H), 7.25 (ddd, J=8.5, 6.6, 1.1 Hz, 1H), 7.14 (ddd,
J=284,6.6,1.0Hz, 1H), 6.87 (dd, J= 7.6, 6.9 Hz, 1H), 6.39 (dd, /= 7.6, 0.6
Hz, 1H), 4.11 (s, 3H), 1.99 (s, 3H). 3C NMR (126 MHz, CD3CN): § 155.68, 139.94, 132.81,
131.80, 131.39, 129.71, 127.34, 126.36, 124.85, 122.97, 120.31, 118.20, 117.85, 117.45, 116.23,
115.62, 115.39, 94.23, 56.40, 19.75. HRMS (APCI") for C20HisNO; calculated 288.1383, found
288.1380 (error m/z = 1.0 ppm).

11-(o-tolyl)isoindolo[2,1-a]quinoline (2q)

Isolated by column chromatography (10% diethyl ether in pentanes with 1%
triethylamine) as a neon yellow solid, 26 mg, 76%. Step a) reaction time: 3hr.
'H NMR (500 MHz, CDCl3): & 8.19-8.13 (m, 1H), 8.06 (d, /= 9.1 Hz, 1H),
7.82 (dd, J=17.9, 1.6 Hz, 1H), 7.69 (d, J = 8.6 Hz, 1H), 7.58-7.50 (m, 2H),
7.49-7.38 (m, 4H), 7.30-7.24 (m, 2H), 7.24-7.17 (m, 2H), 1.96 (s, 3H). 13C NMR (126 MHz,
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CDCIl3): 6 139.50, 134.28,133.71, 131.93, 130.68, 128.94, 128.54, 128.48, 127.24, 126.56, 126.54,
126.49, 124.79, 123.92, 123.70, 120.95, 118.84, 118.66, 118.10, 117.73, 117.33, 115.52, 20.07.
HRMS (APCI") for Co3H)3N; calculated 308.1434, found 308.1437 (error m/z = -1.1 ppm).

methyl 4-(isoindolo[2,1-a]quinolin-11-yl)benzoate (2r)

Isolated by column chromatography (10% diethyl ether in pentanes with
1% triethylamine) as a yellow solid, 17 mg, 46%. Step a) reaction time:
6.5 hr. 'TH NMR (500 MHz, CDCls): 6 8.21 (d, J= 8.4 Hz, 2H), 8.10 (d,
J=28.4Hz, 1H), 8.01 (d, /=9.0 Hz, 1H), 7.82 (dd, /=7.9, 1.6 Hz, 1H),
7.76 (d, J= 8.7 Hz, 1H), 7.70-7.65 (m, 3H), 7.41 (ddd, J=8.1, 7.1, 1.1
Hz, 1H), 7.32-7.27 (m, 2H), 7.26-7.21 (m, 2H), 4.00 (s, 3H). 3C NMR (126 MHz, CDCls): §
167.13, 139.11, 132.79, 130.27, 129.66, 128.89, 128.75, 127.58, 127.48, 126.47, 125.64, 125.21,
125.10, 121.47,119.96, 119.18, 118.89, 118.12, 118.02, 117.32, 117.07, 52.37. HRMS (ESI") for
C24H18NOg; calculated 352.1332, found 352.1339 (error m/z = -1.9 ppm).

8,9-dimethyl-6-(o-tolyl)pyrido[2,1-a]isoindole (2s)

Isolated by column chromatography (5% diethyl ether in pentanes with 1%
triethylamine) as a yellow oil, 19 mg, 60%. Step a) reaction time: 5 hr. "H
NMR (500 MHz, CDCl3): 6 8.06 (dt, J= 8.4, 1.3 Hz, 1H), 7.95 (s, 1H), 7.78
(dt, J=6.9, 1.1 Hz, 1H), 7.51-7.35 (m, 4H), 7.33 (s, 1H), 6.84 (td, /= 6.8,
1.6 Hz, 1H), 6.80 (ddd, J=8.5, 6.6, 1.2 Hz, 1H), 2.49 (s, 3H), 2.42 (s, 3H), 2.09 (s, 3H). 13C NMR
(126 MHz, CDCls): & 139.12, 134.65, 132.12, 130.99, 130.90, 128.88, 128.44, 126.40, 125.77,
124.92, 120.46, 118.60, 118.29, 116.77, 115.96, 114.66, 113.25, 112.59, 21.13, 20.80, 19.79.
HRMS (APCI") for C21H20N; calculated 286.1590, found 286.1585 (error m/z = 2.0 ppm).
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6-(o-tolyl)benzo[f]pyrido[2,1-a]isoindole (2t)

O Isolated by column chromatography (10% diethyl ether in pentanes with
OO 1% triethylamine) as a red solid, 10 mg, 32%. Step a) reaction time: 5 hr.

NZ 'TH NMR (500 MHz, CDCls): & 8.82 (s, 1H), 8.40 (dt,J= 8.5, 1.2 Hz, 1H),

| _ 8.04 (s, 1H), 8.02 (dt, J = 8.5, 0.9 Hz, 1H), 7.96 (dt, /= 7.0, 1.0 Hz, 1H),

7.86 (dt,J=28.5, 1.1 Hz, 1H), 7.61 — 7.57 (m, 1H), 7.52 — 7.48 (m, 1H), 7.48 — 7.40 (m, 2H), 7.30
(ddd, J=8.4,6.4, 1.4 Hz, 1H), 7.25 (ddd, J="7.8, 6.3, 1.3 Hz, 1H), 7.10 (td, /= 6.8, 1.4 Hz, 1H),
6.94 (ddd, J=8.0, 6.7, 1.0 Hz, 1H), 2.11 (s, 3H). ¥3C NMR (126 MHz, CDCls):  139.26, 132.18,
132.05, 131.16, 130.88, 129.02, 128.68, 128.14, 127.83, 126.72, 126.65, 125.63, 124.40, 122.32,
119.57,119.07,119.01, 117.76, 117.55,113.29, 112.21, 112.01, 19.88. HRMS (ESI") for C23Hi3N;
calculated 308.1434, found 308.1448 (error m/z = -4.7 ppm).

8-methoxy-6-(0-tolyl)-3-(trifluoromethyl)pyrido[2,1-a]isoindole and 9-methoxy-6-(o-tolyl)-3-
(trifluoromethyl)pyrido[2,1-a]isoindole (2u)

Isomer 1: Isolated by column chromatography
(10% diethyl ether in pentanes with 1%
triethylamine) as a yellow solid, 13 mg, 34%.
Step a) reaction time: 3 hr. "H NMR (500 MHz,
CDCl;): 6 8.11-8.08 (m, 2H), 8.06 (dd, J= 9.0,
0.7 Hz, 1H), 7.52-7.45 (m, 3H), 7.45-7.39 (m, 1H), 7.00-6.96 (m, 1H), 6.94 (dd, J=9.0, 2.2 Hz,
1H), 6.72 (d, J= 2.2 Hz, 1H), 3.83 (s, 3H), 2.08 (s, 3H). 13C NMR (126 MHz, CDCl3): 4 158.51,
139.09, 131.90, 131.34, 129.73, 129.21, 128.28, 126.85, 125.73, 121.06, 118.43, 118.17, 118.08,
115.72, 115.29, 113.04, 109.20, 109.18, 94.81, 55.45, 19.74. HRMS (APCI") for C21H70NF3;
calculated 356.12470, found 356.12568 (error m/z = -2.7 ppm).

Isomer 2: Isolated by column chromatography (10% diethyl ether in pentanes with 1%
triethylamine) as a yellow solid, 12 mg, 32%. Step a) reaction time: 3 hr. 'TH NMR (500 MHz,
CDCl): 6 8.10 (d, J=9.1 Hz, 1H), 8.05 (q, /= 1.4 Hz, 1H), 7.50-7.36 (m, 6H), 7.09 (dd, J=9.2,
2.3 Hz, 1H), 6.85(dd,/=9.1, 1.6 Hz, 1H), 3.97 (s, 3H), 2.06 (s, 3H). 3C NMR (201 MHz, CDCl;):
0 154.96, 138.92, 131.91, 131.25, 129.44, 129.28, 129.13, 126.71, 124.22, 123.66, 120.14, 119.91,
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119.38, 119.35, 119.18, 117.19, 116.71, 107.37, 96.87, 55.65, 19.74. HRMS (APCI") for
C>1H170NF3; calculated 356.12472, found 356.12568 (error m/z = -2.7 ppm).

2.5.5 Crystallographic Data

Crystallization of 2c:

In a 25 mL vial, 21 mg of 2¢ were dissolved in a minimum amount of acetonitrile (1 mL)
to which diethyl ether (5 mL) was carefully overlayed. The solution was left under vacuum in the
glovebox. The vacuum adapter was opened to allow the solvent to be removed as slowly as
possible (45 minutes). The crystals were then left under vacuum overnight for the removal of trace
solvent to give thin yellow crystal flakes. The X-ray crystal structure is available at the Cambridge

Crystallographic Data Centre (CCDC) under the deposition number 2386038.
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Figure 2.5.2. ORTEP diagram of 2¢ with the numbering scheme adopted. Ellipsoid drawn at 50%
probability level.
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Figure 2.5.3. Intermolecular interactions within the crystal lattice of 2¢: C-H/xt (3.705 A)

between C12-H and the pyrido[2,1-a]isoindole core; H-bonding (3.528 A) between the p-OCH3

Table 2.5.2. Crystal data and structure refinement for 2c.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

o/°

pr°

v/°

Volume/A3

V4

pcalcg/ Cl’Il3

w/mm'!

F(000)

Crystal size/mm?
Radiation

group and C2-H.

KWl

CioH1sNO

273.32

298(2)
orthorhombic

Pbca

16.4292(4)
7.6601(2)
22.9023(6)

90

90

90

2882.24(13)

8

1.260

0.609

1152.0

0.177 x 0.102 x 0.022
CuKa (A =1.54178)

20 range for data collection/®7.72 to 144.912

Index ranges

-19<h<20,-9<k<9,-28<1<28

79



Reflections collected 41004

Independent reflections 2849 [Rint = 0.0982, Rsigma = 0.0374]
Data/restraints/parameters ~ 2849/0/192

Goodness-of-fit on F? 1.102

Final R indexes [I>=2c (I)] Ri=0.0509, wR>=0.1290

Final R indexes [all data] R1=0.0836, wR, =0.1730

Largest diff. peak/hole / ¢ A= 0.12/-0.16

Table 2.5.3. Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement

Parameters (A2x10°) for 2¢. Ueq is defined as 1/3 of the trace of the orthogonalised Uy tensor.

Atom X y b4

N1 4648.8(11) -180 (3) 3716.2(8)
C8 5844.9(11) -292 (3) 3260.5(8)
Cl1 4648.8(11) -180 (3) 3716.2(8)
N8 5844.9(11) =292 (3) 3260.5(8)
C3 3295.8(15) =777 (4) 4014.5(12)
C2 3964.6(13) 252 (4) 4047.3(10)
C4 3270.6(17) -2262 (4) 3653.8(12)
C5 3923.8(17) -2683(4) 3318.7(12)
C6 4623.3(14) 1644 (3) 3339.6(9)
Cc7 5374.3(13) -1708 (3) 3048.8(9)
C9 6648.4(13) =100 (3) 3064.1(10)
C10 6950.4(106) -1226(4) 2664.0(11)
Cl1 6472.6(18) -2594 (4) 2436.0(12)
Cl2 5702.0(17) -2834 (3) 2626.7(10)
Cl13 5394.3(12) 651 (3) 3669.5(9)
Cl4 5654.7(12) 2222 (3) 3982.6(9)
Cl15 5986.2(13) 3623 (3) 3682.8(9)
Clé6 6274.5(13) 5092 (3) 3970.8(10)
C17 6224.0(12) 5180 (3) 4570.0(9)
C18 5870.3(13) 3822 (3) 4880.2(9)
C19 5593.1(13) 2365 (3) 4588.6(9)
020 6509.9(10) 6551 (2) 4897.1(7)
C21 6949.9(18) 7871 (4) 4600.2(13)

U(eq)
60.

59.
60.
59.
83.
70.
90.
81.
64.
62.
68.
78.
82.
74.
58.
57.
64.
63.
58.
63.
62.
75.
91.
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Table 2.5.4. Anisotropic Displacement Parameters (A?x10%) for 2¢. The Anisotropic

displacement factor exponent takes the form: -2rn’[h%a*?U;+2hka*b*Uo+...].

Atom
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Table 2.5.5. Bond Lengths for 2c.

Atom Atom Length/A

N1

Atom Atom Length/A

C5

~ o~ o~~~ o~~~ o~ o~ —~

—_— = = — =~~~ ~— ~— ~—

C6

C7

C6

1.403
1.353

Cl12

C7

1.352
1.464
1.386

Cll Cl12
Cl13 Cl4

Cl14 C15

1.388
1.376

C15 Cl6
Cle Cl17

~ o~ o~ o~~~ o~~~ o~ —~

—_— = = = =~ — — ~— ~— ~—

C2

1.415
1.385
1.418
1.402
1.395
1.396
1.415
1.385
1.418
1.402

C6

N1

C13
C7

N1

C8

C9

C8

Cl13

C8

C2

Cl

Co6

Cl

Cl13

Cl

C7

N8

C9

N8
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Table 2.5.5. Bond Lengths for 2c.
AtomAtom Length/A AtomAtom Length/A

N8 CI13 1.395(3) C17 C18 1.387(3)
C3 C2 1.354(4) C17 020 1.373(2)
C3 (4 1.407(4) C18 C19 1.378(3)
C4 G5 1.358(4) 020 C21 1.417(3)

Table 2.5.6. Bond Angles for 2c¢.

Atom Atom Atom Angle/* Atom Atom Atom
C2 N1 C6 119.68(19) Cl12 C7 N8
Cl13 N1 C2 130.2(2) C12 C7 Cé6
Cl13 N1 C6 110.08(18) C10 C9 C8
co C8 (7 118.9(2) CI0 C9 N8
C13 C8 (7 109.65(18) C9 Cl10 Cl11
C13 C8 (9 131.3(2) C12 C11 Cl10
C2 ClI C6 119.68(19) Cl11 Cl12 C7
Ci13 C1I (2 130.2(2) N1 Cl13 C8
Cl13 C1 Ce6 110.08(18) N1 Cl13 Cl14
C9 N8 (7 118.9(2) C8 Cl13 Cl4
Cl13 N8 (7 109.65(18) C1 CI3 N8
C13 N8 (9 131.3(2) C1 Cl13 Cl4
C2 C3 ¢4 121.8(3) N8 Cl13 Cl4
C3 C2 NI 119.0(3) CI5 Cl14 C13
C3 C2 (1 119.0(3) CI5 C14 C19
Cs ¢4 (3 120.0(2) C19 Cl4 Cl13
C4 C5 Co 119.7(3) Cl14 Cl15 Cl6
C5 C6 NI 119.7(2) C17 Cl6 CI5
Cs Co6 Cl 119.7(2) Cl6 C17 CI8
cs Coe C7 133.3(2) 020 Cl17 Cl6
C7 C6 NI 106.94(18) 020 C17 CI18
C7 C6 Cl 106.94(18) C19 CI8 Cl17
co C7 C8 106.87(19) C18 Cl19 Cl4
C6 C7 N8 106.87(19) C17 020 C21
C12 C7 C8 119.8(2)



Table 2.5.7. Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement Parameters

(A%x10%) for 2c.

Atom
H3
H2
H4
H5
H9
H10
HI11
H12
H15
H16
H18
H19
H21A
H21B
H21C

Table 2.5.8. Atomic Occupancy for 2c¢.

Occupancy
0.629(18)

0.371(18)

Atom
N1
N8

X
2840.67
3968.05
2806.39
3905.99

6972.2
7484 .42
6688.18

5389.5
6016.29
6500.32

5820.4
5359.79

7169.4
6592.31
7386.17

Atom
C8

y

-493.
1231.
-2955.
-3656.
798.
-1094.
-3333.
-3743.
3577.
6010.
3894.
1457.
8679.
8477.
7349.

Occupancy
0.629(18)

09
87
98
42
03
42
88
57
17
63
68
81
85
29
63

4236.

51

4287

3644.
3076.
3208.
2536.
2153.
2478.
3277.

77
54
31
69
56
21
55

3760.5

5283.
4800.
4878.
4338.
4382.

Atom

98
15
91
01
51

U(eq)
100

85
109
98
82
94
99
90
77
77
76
75
137
137
137

Occupancy
0.371(18)
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Chapter 3 — Conclusions

A large portion of pharmaceutical drugs contain a fused heterocycle. These heterocyclic
systems are typically synthesized via intramolecular cyclization and annulation reactions, which
require the synthesis of prefunctionalized precursors that limits product accessibility. A potential
solution to this issue is to employ 1,3-dipolar cycloaddition with benzyne. As discussed in Chapter
1, methods to generate benzyne have evolved towards more mild conditions that have enabled
chemists to explore and expand the application of benzyne in a wide range of reactions including
1,3-dipolar cycloadditions with both acyclic and cyclic 1,3-dipoles, providing a more efficient,

alternative route to form a variety of fused heterocycles.

Chapter 2 demonstrates this approach in the synthesis of pyrido[2,1-a]isoindoles via a
palladium-catalyzed carbonylative coupling of imines, 2-bromopyridines, and o-trimethylsilylaryl
triflates. The use of carbon monoxide as an energetic building block alongside catalysis allows us
to form carboxylic acid derivatives in an exergonic process. The mechanistic insight of this system
suggests the initial in situ formation of 2-pyridyl acyl chloride electrophiles that react with the
imines to form mesoionic pyridine-based 1,3-dipoles. These intermediates then undergo
cycloaddition with in situ generated arynes under mild conditions to form pyrido[2,1-a]isoindoles.
Overall, this strategy offers a one-pot and modular approach to build polysubstituted pyrido[2,1-

a]isoindoles using simple and modifiable building blocks.
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Appendix I. NMR Spectra of Pyrido[2,1-a]isoindoles in Chapter 2
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8,9-dimethyl-6-(o-tolyl)pyrido[2,1-a]isoindole (2s)
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8-methoxy-6-(o-tolyl)-3-(trifluoromethyl)pyrido[2,1-a]isoindole and 9-methoxy-6-(o-tolyl)-3-
(trifluoromethyl)pyrido[2,1-a]isoindole (2u)
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