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We report a palladium catalyzed, multicomponent synthesis of
pyrido[2,1-alisoindoles via carbonylative coupling of imines and
2-bromopyridines to form mesoionic dipoles, followed by cycloaddition
with in situ generated arynes. This one-pot method allows efficient,
modular assembly of polysubstituted products with independent con-
trol of each building block.

The development of modular and efficient approaches to assem-
ble 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 pro-
vide 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 multi-
component 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 bene-
fits 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
chemical, which has helped make metal catalyzed carbonyla-
tion reactions among the most heavily employed transforma-
tions 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
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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 (Fig. 1a).°

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
bonds, 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

a. Pd-catalyzed carbonylative formation of pyridine-based 1,3-dipoles
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Fig. 1 Carbonylative formation of 1,3-dipoles and benzyne cycloaddition
routes to pyrido[2,1-alisoindole synthesis.
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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-o]isoindoles. Although less extensively studied
as indolizines, pyrido[2,1-a]isoindoles have found use in pharma-
ceutically relevant products, and their delocalized 14m-electron
aromatic system has led to their application in electronic materials
and dyes (Fig. 1b).° Additionally, reduced forms of pyrido[2,1-
alisoindoles are found in various alkaloids and therapeutic
agents."® Pyrido[2,1-aJisoindoles 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 (Fig. 1c), although these are limited to forming products
with strong electron withdrawing C-acyl units to access the dipole
itself."”” As an alternative, we describe here how pyrido[2,1-oJiso-
indoles 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 (Fig. 1d).

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 reac-
tion 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-
alisoindole 2a, but does so in very low yield (9%, Table 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 S1 for full develop-
ment, ESIT).

Our previous results have shown that 1,3-dipole 1a is gen-
erated in high yield with these substrates,’® suggesting the
presence of benzyne inhibiting catalysis. As such, a straightfor-
ward solution is to add o-trimethylsilylphenyl triflate and CsF to
the catalytically generated 1,3-dipole, which results in cycload-
dition to afford 2a in 53% yield (entry 8). 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 of 2a in slightly enhanced yield of 65%
(entry 9).° Under these conditions in benzene solvent, 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
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Table 1 Development of a palladium-catalyzed synthesis of pyrido[2,1-
alisoindoles

2.5% Pdy(dba)z-CHClI3,
N~ 5% ligand,
co i-ProNEt, BuyNClI, 80 °C

CC
OTf
Procedures

A: Reaction of all reagents, 24 hr

CsF

B: Benzyne precursor / CsF in CH3CN
added after catalysis, RT, 24 hr.

Entry Procedure Ligand Solvent % 2a“
1 A Xantphos CH;CN 9%
24 A Xantphos CH,;CN 0%
35f A DPEphos CeHs 5%
4P A dppe CeHg 0%
5b/ A P(t-Bu); CeHs 6%
62 A P(Ph), CeHe 0%
75/ A JohnPhos CeH, 2%
8¢ A Xantphos CeHg 53%
9° A Xantphos CeHg 65% (60%)°
10%" A Xantphos CeHe 57%
L0 QOQ 0
PPh,  PPh, PPh,  PPh, P(t-Bu),
Xantphos DPEphos JohnPhos

Procedure A: p-tolyl(H)IC—=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-Pr,NEt (25 mg, 0.19 mmol); Pd,(dba);-CHCl;
(4.1 mg, 0.004 mmol); ligand (0.008 mmol bidentate, 0.016 mmol
monodentate); Bu,NCl (67 mg, 0.24 mmol); 3.2 mL solvent; 5 atm
CO; 80 °C. Procedure B: all reagents except benzyne precursor/CsF in
CeHs 80 °C, 4 h, then o-trimethylsilylphenyl triflate (33 mg, 0.11 mmol);
CsF (75 mg, 0.50 mmol), 3 mL CH;CN, RT, 24 h. “0.35 mmol.
£0.11 mmol. € 0.16 mmol o-trimethylsilylphenyl triflate. ¢ '"H NMR
yield. ° Isolated yield. / 48 h.

benzyne reagents can be employed to readily access a range of
new variants of pyrido[2,1-aJisoindoles. For example, as shown
in Table 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 ESL 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 substi-
tuted imines lead to the corresponding pyrido[2,1-a]isoindoles
(2ij), as does the more sterically hindered o-tolyl imine (2e).
C-Aliphatic imines were also viable substrates and form cyclo-
addition products in reasonable yields. In the case of 2k-1, 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 situ generated acid chloride (vide infra).
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Table 2 Modulation of imines in pyrido[2,1-alisoindole synthesis

a) 2.5mol% Pdydba); CHClj,
5 mol% Xantphos,

N Bu,NCI, i-Pr,NEt, C¢Hy., 80°C
J|\ " co 4 2 6''6
R"H b) o Ria _TMS 2
NG o | R
. E b AL CsF S
oy Az S oTf
R3 CH;CN, RT, 24 hr
Me Me,N MeQ, MeS
‘SJ’/,E N /i N /i
| | |
2a 60% Z 2b 68% Z 2¢ 70% Z 2d 76%
O,N

= = b
29 64% 2h 94%

M
|
Me

e

N7

Z 2k 64%°
o

NN Y%
| = = ~ /| =
MeO,C CF3
2153%° 2m 68% 2n 85% 20 98%
MeO,C
Q- O Qe
N/ NN N/ N/
\ |
J g
OMe Z Z
2p 70%° 2q 76% 2r 46% 2s 60%

‘ _— 2u 66%

232%  CFy (~1:1) CF3

“ Imine (0.16 mmol); 2-bromopyridine (0.24 mmol); Pd,(dba);-CHCl,
(4.1 mg, 0.004 mmol); xantphos (4.6 mg, 0.008 mmol); Bu,NCI (67 mg,
0.24 mmol); i-Pr,NEt (25 mg, 0.19 mmol); CO (5 atm); C¢Hs (3.2 mL), 80 °C,
4 h, see ESI for reaction time variations. ” o-Trimethylsilylaryltriflate
(0.11 mmol); CsF (75 mg, 0.50 mmol); CH;CN (3.2 mL). Step (a)
“24 h. ®120 °C, Bu,NCI (0.48 mmol), 5% Pd,(dba);-CHCl;, 10% xant-
phos. ¢ In CH;CN.

The 2-bromopyridine unit can also be modulated. As exam-
ples, electron donating and withdrawing groups on the pyri-
dine component are well tolerated (2m-o), 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 trimethyl-
silyl aryl triflate, the product 2s is formed in good overall yield,
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Fig. 2 Crystal structure of 2c. Select bond lengths [A]l: 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), C8-C13 1.395(3),
C2-C3 1354(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.

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 presum-
ably 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 indefi-
nitely 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 crystal-
lography. As shown in Fig. 2, 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-aJisoindole 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 w-interactions
between C12-H and a second pyrido[2,1-aJisoindole (see ESL for
details).

Our preliminary postulate for the mechanism of this multi-
component reaction is shown in Fig. 3. The oxidative addition
of aryl bromides to Pd(0) is well-established and would form
here a Pd(u)-(2-pyridyl) complex 3 that can undergo CO inser-
tion 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 elim-
ination 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 elim-
ination of acid chloride.® In analogy to reports of benzyne
addition to mesoionic 1,3-dipoles such as Miinchnones,'® the

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Proposed reaction mechanism of pyrido[2,1-alisoindole formation.

in situ generation of aryne after 1,3-dipole formation leads to its
rapid cycloaddition followed by cycloreversion to release iso-
cyanate to form pyrido[2,1-o]isoindole 2. The isocyanate can be
clearly seen by in situ "H NMR analysis of the reaction mixture
(see Fig. S1, ESIT). The inhibitory influence of benzyne genera-
tion 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.

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.
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