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ABSTRACT: A modular approach to prepare tri- and tetracyclic carbazoles by a sequential [3+2]heteroannulation is de-
scribed. First, optimization of a Pd-catalyzed Buchwald-Hartwig amination followed by C/N-arylation in a one-pot process is
established. Second, mechanistic analyses identified the origins of chemo- and regioselective sequential control of both bond-
forming steps. Finally, the substrate scope is demonstrated by the preparation of a range of tri- and tetracyclic carbazoles,
including expedient access to several natural products and anti-cancer agents.

Carbazoles are ubiquitous N-heterocycles used through- (a) Prominent bioactive caébazole-containing scaffolds.
out medicinal chemistry and the material sciences.!-3 From
a pharmaceutical perspective, the carbazole core features
extensively in drugs and natural products, many of which
exhibit potent anti-proliferative activities (Figure 1a).4- The
breadth of applications has inspired the development of nu-

merous methodologies for their preparation.2 10 Pd-cata- Celiptium® Calothrixin B

lyzed processes in particular enable a [3+2]heteroannula- clinically-approved anti-parasitic &

tion via a Pd(0)-catalyzed Buchwald-Hartwig amination,!! anti-cancer agent anti-cancer agent
followed by a Pd(II)-catalyzed C-arylation at a late stage in a ) This work: Pd-catalyzed tri-/tetracyclic carbazole synthesis.
synthetic workflow.10-2¢ However, a generalized set of guide-

lines outlining the molecular determinants which define the [Pd] Cl (Pd]

chemo- and regioselective control of each C-N/C-C bond- f—— @
forming reaction, and the factors which influence Pd(0)% NH 3 @ B

versus Pd(II)?° catalysis in a one-pot process has not been
established. This is an important requirement for the for- 5
mation of tetracyclic carbazoles where a regioselective C-H

N
H
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activation step is required.? Y C-N/C-C bond formation
In this manuscript, we establish reaction guidelines to : @o B ' * Distinct Pd(0) vs Pd(ll) cat.
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prepare tri- and tetracyclic carbazoles by controlling the * Functional group tolerance

chemoselectivity of the first Pd(0)-catalyzed C-N bond- R 0.2 . i

forming step, and the regioselectivity of the second Pd(II)- Figure 1. A generalized approach for the synthesis of tri-/tetracyclic
catalyzed C/N-arylation (Figure 1b). Our rationale was to carbazoles by Pd-catalyzed [3+2Jheteroannulation.

use chloroanilines (1) to define the A-ring of a carbazole For the synthesis of tetracyclic carbazoles, heteroaryl bro-
core, and heteroaryl bromides to form the C/D-rings of tri- mides (e.g., 3) have two competing C-H activation sites. Alt-

cyclic and tetracyclic products.



hough the 5-position of isoquinoline is the more nucleo-
philic site,?” the mechanistic determinants which control
the regioselectivity of such a Pd(II)-catalyzed C-arylation
are not known.26.28-29

Our studies commenced with optimizing reaction condi-
tions for the Pd(0)-catalyzed C-N bond-forming step using
4-methoxy-2-chloroaniline (1a) and 6-bromoisoquinoline
(6a) as exemplar substrates (Scheme 1). An extensive
screen (Table S1) identified DavePhos and K3PO4 as the op-
timal ligand /base pairing, which formed 7a in 87% yield.
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Scheme 1. Scope (isolated yields) of Buchwald-Hartwig amination.

Using these conditions secondary anilines 7b-e (56-91%)
were obtained using chloroanilines (1b-e) bearing electron-
rich and electron-withdrawing substituents when reacted

with 6-isobromoquinoline (6a). The conditions tolerated a
range of heteroaryl bromides to form 7f-h, except for 2-bro-
moquinoxaline (6d). In this case, a mixture of secondary (7i,
27%) and tertiary anilines (8, 25%) were formed. Using 5-
bromo-1,3-dihydroisobenzofuran (6e) formed 7j in 18%
isolated yield. This process was also compatible with 2-bro-
monapthalalene-1,4-dione (6f) producing 7k-p in 59-81%.

With conditions for the Pd(0)-catalyzed C-N bond-form-
ing step established, the optimization of the one-pot process
was explored (Table S2).1-¢ The optimal ligand /base pairing
of HPCysBF4+ with K3PO4+ was identified, which formed 9a
from 1aand 6ain 78% yield. This highlights that the second
C-H activation step is regioselective for the 7-position of 6a.
To further understand how the nature of the chloroaniline
and heteroaryl bromide substrates influenced the chemo-
and regioselectivity of both bond-forming steps, a series of
test reactions were undertaken (Scheme 2). Exchanging 6-
bromoisoquinoline (6a) for isoquinoline (10) formed di-
methoxyphenazine (11) and the tertiary aniline (12) in
35% and 25% isolated yield, respectively (Scheme 2a). No
dihydrophenazine was isolated from the reaction, which
suggests an in situ oxidation occurred.3* No reaction oc-
curred when isoquinoline (10) was the coupling partner
with 1-chloro-3-methoxybenzene (13, Scheme 2b). Only
secondary aniline (15) was isolated when para-anisidine
(14) was reacted with 6-bromoisoquinoline (6a, Scheme
2c). Taken collectively, these test reactions highlighted the
following requirements for the preparation of the tetracy-
clic core: (i) the aryl bromide is essential and prevents di-
merization of the chloroaniline, (ii) whilst the absence of a
bromo substituent in the heteroaryl substrate results in C-H
activation at the same site, there is little regiocontrol, (iii) a
chloro substituent is essential for C-arylation.

The influence of the electron-donating aniline lone pair in
the direct C-arylation step was then explored. We surmised
that the acetylated substrate (16) would deactivate the C-
ring and render the C-arylation less efficient. This indeed
occurred as highlighted by the formation of deacetylated C-
arylated regioisomers, 9aand 17,in 27% total yield (1.2:1.0
9a:17). We assume that deacetylation occurs in situ because
of the high temperatures and in the presence of base in the
reaction mixture. An unexpected result was the formation of
the linear tetracyclic carbazole 17, which arises from C-H
activation of the isoquinoline 7-position of 16. The for-
mation of 17 suggests that C-H activation of the 7-position
is favored if the acetyl group is present prior to C-arylation.
In contrast, if 7a is present - presumably formed by de-
actylation of 16 - C-H activation at the 5-position occurs. We
speculate that the acetyl group (i.e, 16) directs C-H activa-
tion at this site via coordination of a Pd(II) species through
the amide carbonyl.35 36

This series of reactions have guided us to propose that ox-
idative addition of the C-Cl bond in 7a occurs first and pro-
ceeds via a Pd(0) species to form 18 (Scheme 2e). Pd(II)-
catalyzed C-arylation forms the palladacycle (19) followed
by tautomerization (20). Finally, reductive elimination pro-
duces the C-arylated product (9a).

With mechanistic knowledge of the second C-C bond-
forming step established, the substrate scope of the process
was investigated (Scheme 3).
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The reaction conditions formed 7H-pyrido[3,4-c]carba-
zole analogues (9a-c). The presence of a nitro group re-
sulted in only trace amounts of 9d formed, with the second-
ary aniline (7e) isolated in 79% yield. The reaction condi-
tions also tolerated changes in the substituents in the D-ring
of the heteroaryl bromide (9e-j).3” The [3+2]heteroannula-
tion strategy was also compatible with the formation of car-
bazole-1,4-quinones (21a-f).2638% Access to N-arylated prod-
ucts is also possible, forming a mixture of fused imidazoles
(9k-1) via an N-arylation step, alongside tertiary anilines
(22-23).

The modularity of this strategy is also exemplified by the
preparation of natural products Glycozoline (9m),?° Har-
mane (9n)* and Murrayafoline A (90).4142 In addition,
preparation of 9p demonstrates that the reaction conditions
tolerate functional groups bearing potential Pd-chelating
sites and bulky substituents ortho to the corresponding aryl
bromide.

Our [3+2]heteroannulation strategy was extended to the
targeted synthesis of biologically-active tetracyclic carba-
zoles. Carbazole-1,4-quinones (e.g., 21a-f) have established
anti-cancer activity via topoisomerase inhibition or by the
production of reactive oxygen species.3843 We used 21b as a
key intermediary scaffold for the targeted synthesis of a
deaza analogue of the natural product 9-methoxyellipticine
(Scheme 3b), producing 24 in 3 steps and in an overall yield
of 20%.** Further exemplification of our strategy was
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Scheme 2. Mechanistic studies of the [3+2]heteroannulation. Reaction conditions: Pd(OAc), (5 mol%), HPCy3BF,

120 °C MW; (ii) 8 h, 160 °C MW. wrt = with respect to.

demonstrated by the preparation of alkylated 7H-pyrido-
carbazoles (e.g. 9a-e) which have well-established anti-can-
cer activity.45-46 Previous preparative methods of this series
of compounds have involved a 6-step linear synthesis af-
fording compound 9e in 28% overall yield.*>#7 Our two-step
convergent strategy accessed the 7H-pyrido[4,3-c]carba-
zole core 9e in a single step (83%), followed by alkylation to
produce mono-N-alkylated examples (25-26), and the po-
tent anti-cancer agent ditercalinium (27).48

In summary, we have established a mechanistic frame-
work for the preparation of fused tetracyclic carbazoles. We
envisage that this convergent approach could find applica-
tion in medicinal chemistry for structure-activity profiling
and in broader synthetic applications which require step-ef-
ficient access to carbazole scaffolds.
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