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Abstract: 9H-a-Carbolines have been prepared via
consecutive intermolecular Buchwald-Hartwig re-
action and Pd-catalyzed intramolecular direct aryla-
tion from commercially available 2,3-dichloropyri-
dines and substituted anilines. The combination of a
high reaction temperature (180°C) and the use of
DBU were found to be crucial for the intramolecu-
lar direct arylation reactions of the 3-chloro-N-phe-
nylpyridin-2-amines as no reaction was observed at
120°C and 180°C using different inorganic and
other organic bases. On the other hand, nitrogen-
methylated pyridine analogues of these substrates
{N-[3-chloro-1-methylpyridin-2(1H)-ylidene]ani-
lines} do undergo ring closure at 120°C, with K;PO,
as base, affording the respective 1-methyl-1H-o-car-
bolines in good yields.

Keywords: a-carbolines; C—H activation; direct ary-
lation; malaria; microwave heating; palladium

Introduction

Currently, our group is involved in a project concern-
ing the validation of the indoloquinoline alkaloid neo-
cryptolepine!! (1) (5-methyl-5H-indolo[2,3-b]quino-
line) (Figure 1) as an antimalarial.>? We reasoned
that removal of the A ring might result in a com-
pound, 1-methyl-1H-a-carboline (1-methyl-1H-
pyrido[2,3-b]indole), with a decreased cytotoxicity
since the natural product itself is rather cytotoxic be-
cause of DNA interactions. Similarly, Quéguiner and
co-workers previously showed that the debenzo ana-
logue (1-methyl-1H-d-carboline) of the isomeric indo-
loquinoline cryptolepine (2) exhibits a much higher
selectivity index (ratio of the ICs, values of cytotoxici-
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Figure 1. Neocryptolepine (1), cryptolepine (2) and isocryp-
tolepine (3).

ty and antiplasmodial activity) against chloroquine-re-
sistant strains of Plasmodium falciparum.

Over the past years, our laboratory has investigated
the synthesis of azaheteroaromatic scaffolds via the
combination of Buchwald—Hartwig reactions and Pd-
catalyzed intramolecular direct arylation reactions."™”!
In 2001 we described the regioselective Buchwald-
Hartwig reaction of 2,3-dichloropyridine (4a) with a
variety of substituted (azahetero)arylamines (5)
(Table 1, entries 1, 3 and 4).’! 3-Chloro-N-pyridin-4-
ylpyridin-2-amine (6a), prepared via this methodolo-
gy, was used as a model compound for the develop-
ment of Pd-catalyzed intramolecular direct arylation
reaction conditions. These conditions were subse-
quently applied for the synthesis of the indoloquino-
line skeleton of the alkaloid isocryptolepine (3)
(Figure 1) via ring closure of N-(2-chlorophenyl)qui-
nolin-4-amine.’) 9H-Pyrrolo[2,3-b:4,5-¢'|dipyridine (6-
aza-9H-a-carboline) (7a) could be obtained from 6a
in 52% yield using a 10 mol% Pd,(dba);/40 mol%
P(#-Bu); catalytic system with K;PO, as base in diox-
ane at 120°C (sealed tube) for 36 h (standard condi-
tions) (Table 1, entry 1). We wondered whether these
earlier developed ring-closure conditions could also
be used to construct 9H-a-carbolines!'”! (7) from 3-
chloro-N-phenylpyridin-2-amines (6).

S SWILEY .
*{, ) InterScience

2653



Steven Hostyn et al.

Table 1. The synthesis of 9H-a-carbolines 7a—k and 6H-indolo[2,3-b]quinoline 13.

2
R NH X
1
R1|\C| B R1|\C'|\x R/l\’QR:’
P + . _— /J B
Cl X s i N ’\Rs SN N2
4 5 6 R? 7 R
Entry Starting materials Amination Yield® Arylation Product Yield
Substrate Arylamine Oil bath!® pwi
cl =N
B N
1 | 4a | P 5a 80% 8! 6a ~ | \ 7 7a 52%" 90%
N Cl H,N SN N
H
R3
R3
Q ]
HzN &
N
N H
2 R’=H 5b 83% 6b 7b traces 88%
3 R*=0OMe Sc 93% 8! 6¢ Tc traces 86%
4 R’=NO, 5d 80% 6d 7d traces 21% M
5 R’=COOEt 3e 84% 6e Te - 76%
I -
6 HN 5 74% of < N 7t 37%0 77%
) N
CH, CH,
3
L ] )
H,N R® N N
7 R’*=OMe  5g 82% 6g Tg - 83%
8 R’=COOEt  5h 85% 6h 7h - 62% M
3
e ]
H,N N N R®
9 R*=0Me 5i 91% 6i 7i - 78%
10 R’>=COOEt 5j 75%1 6j 7 - 0% 2!
FsCa o Cl FiC s
1 | 4b 5b 86% 6k | 7k - 90%
N~ ~CI H,N N~ N
H
e Y
12 P 1 5b 90% 12 O P 13 - 89%
N~ TCI HoN N H

&l Reaction conditions® 2 mol% Pd(OAc),, 2 mol% (+)-BINAP, K,CO,, toluene, reflux, 18 h.

1 Reaction conditions ) 10 mol% Pd,(dba);, 40 mol% P(t-Bu);, K;PO,, dioxane, 120°C, sealed tube, 36 h.

[l Reaction conditions: 2.5 mol% Pd,(dba);, 10 mol% P(z-Bu);, DBU, dioxane, uW, 180°C, sealed tube, 10 min.
' 5 mol% Pd,(dba)y/20 mol% P(z-Bu), were used.

[l Alternative reaction conditions were used:?' 1 mol% Pd(OAc),, 2 mol% 2-(dicyclohexylphosphino)biphenyl, NaO-¢-Bu,

toluene, pW, 150°C, sealed tube, 10 min.
1 24% of starting material was recovered.
e} A reaction time of 35 min was required.
1 3,75 mol% Pd,(dba);/15 mol% P(t-Bu); were used.
0 A part of the desired reaction product undergoes lactamization.
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Results and Discussion

9H-a-Carboline (7b) has been prepared via a
Graebe—Ullmann reaction,''**! a Borsche-Drechsel
cyclization,"¥! a photocyclization reaction,'! an in-
tramolecular SyAr reaction,!''!l a nitrene insertion re-
action!"'®! and a reductive cyclization.""™ Some of
these methodologies have also been used for the syn-
thesis of substituted derivatives.'” A number of other
methodologies have been published allowing the syn-
thesis of specific classes of substituted 9H-a-carbo-
lines.™®! All these methodologies suffer from low
yields, long synthesis routes, harsh reaction conditions
and/or lack of generality which make them rather un-
suited for the synthesis of libraries of these com-
pounds. The only literature report dealing with 9H-a-
carboline skeleton construction involving Pd-cata-
lyzed intramolecular direct arylation was published
by Sakamoto.'" 3-Bromo-N-phenylpyridin-2-amine
could be transformed into 9H-a-carboline using
Pd(OAc), (10 mol%) and Na,CO; in refluxing DMF.
Besides the low yield (31%) a very long reaction time
was required (67 h). Moreover, it is unclear whether
this protocol is applicable for the synthesis of substi-
tuted derivatives. Our decision to attempt to develop
a general protocol for the synthesis of 9H-a-carbo-
lines from chlorinated substrates is inspired by the
better availability of these substrates. Moreover, this
poses an additional challenge due to the well known
lower reactivity for oxidative addition of a C—Cl bond
in comparison with a C—Br bond. Unfortunately,
when applying our standard reaction conditions” on
3-chloro-N-phenylpyridin-2-amine (6b), only traces of
9H-pyrido[2,3-b]indole (9H-a-carboline) (7b) were
formed (Table 1, entry 2). Instead, besides starting
material a considerable amount of hydrodehalogenat-
ed starting material was detected. A similar outcome

2
RNH
RN~ C Ny dori RO oy i RS A ,QR3
| + o T - |/\/J — |
N~ Cl X"gs NT N R N
4 5 6 R

NH

CH, ©
8 5

was observed with an electron-donating substitutent
(4-OMe) (6¢) (Table 1, entry 3) as well as with an
electron-withdrawing  substituent (4-NO,) (6d)
(Table 1, entry4) on the phenyl ring. Interestingly,
when using the N-methylated analogue of 3-chloro-/NV-
phenylpyridin-2-amine (6f) (Scheme 1) as substrate,
9-methyl-9H-pyrido[2,3-b]indole!"!**]  (9-methyl-9H-
a-carboline) (7f) could be isolated in 37% yield with
a 24% recovery of starting material (Table 1, entry 6).
Clearly our earlier developed standard reaction con-
ditions seem not to be suitable for the synthesis of N-
9-unsubstituted 9H-a-carbolines.

A similar beneficial effect of N-substitution was ob-
served in 2002 by Bedford for the synthesis of 9-alkyl-
9H-carbazoles.™™ Because our target compounds (1-
methyl-1H-a-carbolines)!'® possess a methyl substitu-
ent at the pyridine nitrogen atom, 3-chloro-N-phenyl-
pyridin-2-amine (6b) was methylated with an excess
of iodomethane in DMF at 110°C (Scheme 1) yielding
N-[3-chloro-1-methylpyridin-2(1H)-ylidene]aniline
(9b) in 96% yield. When subjecting compound 9b to
our standard intramolecular direct arylation reaction
conditions” a clean conversion to 1-methyl-1H-a-car-
boline (10b) was observed in an overnight reaction.
Interestingly, the palladium loading could be reduced
as a gradual change to 10 and 2.5 mol% Pd in an
overnight protocol resulted in isolated yields of 96%
and 90%, respectively (Table 3, entries 1 and 2). Fur-
ther reduction gave an incomplete conversion of start-
ing material within 17 h.

In order to simplify our synthesis route by using a
common intermediate, alternative reaction conditions
for the synthesis of N-[3-chloro-1-methylpyridin-
2(1H)-ylidene]anilines were developed. First, 3-
chloro-2-iodo-1-methylpyridinium iodide (8) was pre-
pared in 87% from 4a using iodomethane in a sealed
tube at 130°C (Scheme 1).'""! Next, an SyAr reaction

B =X
9 Ny Vi O ey i SN 7QR3
l @, + J T N oo | <\
N X R3 N N R® N
CH,

|
CH,
9 10

Scheme 1. General scheme for the synthesis of 9H-a-carbolines and 1-methyl-1H-a-carbolines. Reaction conditions: (i) 2
mol% Pd(OAc),, 4 mol% (+)-BINAP, K,CO;, toluene, reflux, 18 h; (i) 1 mol% Pd(OAc),, 2 mol% 2-(dicyclohexylphosphi-
no)biphenyl, NaO-z-Bu, toluene, pW, 150°C, 10 min; (iii) see Table 1; (iv) CH;l, 130°C, 7 h; (v) CH;I, DMF, 110°C, 24 h,
then NH,OH; (vi) pyridine.HCI, Nal, pW, 220°C, 15 min; (vii) see Table 2; (viii) see Table 3.
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Table 2. Synthesis of N-[3-chloro-1-methylpyridin-2(1 H)-ylidene]anilines (9a-d) via condensation of 8 with 5.

~N

| =
. Cl H,N s (j:CI Ny
B DY®
N THF N° N
eH, 1© 50°C CH,
8 9
Entry Starting material X Additive Product Yield™
1 5b C-H - 9b 85%
2 Se C-OMe - 9¢ 92%
3 5d C-NO, POCI; (1.5 equiv.) 9d 56%
4 5d C-NO, LiCl (4.5 equiv.) 9d 60%
5 Sa N - 9a 26%
[ Reaction conditions: 1) 8, 5 equiv. 5, THF, 50°C, Ar, 24 h (9b, 9¢) or 48 h (9a, 9d) 2) 28-30% NH,OH.
Table 3. Synthesis of 1-methyl-1H-a-carbolines (10a—-d) via Pd-catalyzed intramolecular direct arylation of 9a—d.
. Pd,(dba);
N \N = base N \N
(I;H3 dioxane, AT éH3
9 sealed tube 10
Entry Starting material X Catalyst loading (mol% Pd) Product Yield
Oil bath® Wil
1 9b C-H 10 10b 96% -
2 9b C-H 2.5 10b 90% 89%
3 9¢ C-OCH; 2.5 10c 99% 99%
4 9d C-NO, 2.5 10d 86% 87%
5 9a N 2.5 10a 76% -

[l Reaction conditions: 5 or 1.25 mol% Pd,(dba);, 20 or 5 mol% P(¢-Bu),, K;PO,, dioxane, 120°C, sealed tube, 17 h.
'] Reaction conditions: 1.25 mol% Pd,(dba);, 5 mol% P(z-Bu);, DBU, dioxane, uW, 180°C, sealed tube, 10 min.

was performed between 8 and anilines (5b-d) and
pyridin-4-amine (5a) in THF at 50°C. N-[3-Chloro-1-
methylpyridin-2(1 H)-ylidene]aniline (9b) and N-[3-
chloro-1-methylpyridin-2(1H)-ylidene]-4-methoxyani-
line (9¢) could thus be obtained in excellent yield
(Table 2, entries 1 and 2). On the other hand, when
using 5d, addition of a chloride source (POCI; or
LiCl) to the reaction mixture was essential to obtain
N-[3-chloro-1-methylpyridin-2(1H)-ylidene]-4-nitroan-
iline (9d) in an acceptable yield (Table 2, entries 3
and 4)."" The reaction of 8 with 5a gave N-[3-chloro-
1-methylpyridin-2(1H)-ylidene]pyridin-4-amine  (9a)
in a low yield of only (26%) (Table 2, entry 5). With
the optimal catalyst loading determined for 9b, we
subsequently managed to cyclize 9¢, 9d and 9a to the
corresponding 6-substituted 1-methyl-1H-pyrido[2,3-
blindoles 10b-d and 10a, all in good to excellent
yields (Table 3).

An attempt was made to further decrease the cata-
lyst loading and speed up the reactions by using a
higher reaction temperature.’**) Because of its con-
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venience to reach, maintain and monitor the high
temperatures, a microwave unit was selected as heat-
ing source. A reaction temperature of 180°C was
chosen, leaving the other parameters unchanged. The
solid inorganic base K;PO, was not suitable for use in
a 10-mL microwave vial as it frequently gave rise to
explosions. Therefore, we searched for a soluble or-
ganic base to replace K;PO,. Nucleophilic amines
such as triethylamine and N,N-dicyclohexylmethyl-
amine proved not to be useful since partially deme-
thylated substrate 9b was observed in the reaction
mixture.'” DBU turned out to be the base of
choice™ and under these adapted standard reaction
conditions [1.25 mol% Pd,(dba);, P(+-Bu);, DBU, di-
oxane, 180°C, uW], compounds 9b-d were cyclized
with similar yields in comparison to classical heating
at 120°C (Table 3). A reaction time of 10 min under
microwave irradiation at 180°C was sufficient. A
loading of 1.25 mol% Pd,(dba); was required to
obtain a complete conversion of substrate within
10 min.

Adv. Synth. Catal. 2008, 350, 2653 -2660
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As substituted 9H-a-carbolines have recently been
reported as CDK1, CDKS5 and GSK-3 inhibitors® an
attempt was made to demethylate substrates 10b—d
using reaction conditions similar to those published
by Quéguiner.””! 9H-a-Carboline (7b) could thus be
obtained in 97% yield (reaction conditions: pyridine
hydrochloride, sodium iodide, uW, 220°C, 15 min),
but application of these reaction conditions on 10c re-
sulted in partially demethylated 7¢ and in the case of
10d, decomposition products were obtained. In paral-
lel, we attempted the intramolecular direct arylation
reactions of 3-chloro-N-phenylpyridin-2-amines (6a—
d) using our high-temperature microwave conditions.
After all, a beneficial effect of higher temperature for
benzo-f- and d-carboline synthesis and for unsubsti-
tuted 9H-carbazole synthesis via Pd-catalyzed intra-
molecular direct arylation reactions has already been
reported by our and Bedfords team.’***! When ap-
plying the above-mentioned, newly developed micro-
wave conditions for 1-methyl-1H-a-carboline synthe-
sis on 6a and 6b-c¢, 9H-pyrrolo[2,3-b:4,5-c']dipyridine
(7a) and the 9H-a-carbolines (7b and c), respectively,
could be obtained in excellent yields in a 10 min reac-
tion with a loading of 2.5 mol% Pd,(dba); (Table 1,
entries 1-3). In the case of 6d a catalyst loading of 5
mol% Pd,(dba); was required to obtain full conver-
sion of starting material and an isolated yield of 21%
was obtained (Table 1, entry 4). This low yield is due
to the high acidity of 7d (which is easily deprotonated
by DBU) resulting in a troublesome work-up. The
success of the microwave conditions applied on sub-
strates 6b—d seem to be due to the use of DBU in
combination with the application of a high reaction
temperature as the Pd-catalyzed intramolecular direct
arylation of 6b using several bases (DBU, K;PO,,
K,CO;, KOACc) at 120°C (oil bath) gave no or only
traces of 7b while at 180°C (uW), only DBU of the
base set proved effective. Other organic bases such as
N,N-dicyclohexylmethylamine were also ineffective.
The obtained results underline the crucial effect of re-
action temperature and the crucial role of DBU in
the Pd-catalyzed intramolecular direct arylation reac-
tions of substrates 6b—d. In contrast to 6b, substrate
6f required a loading of 5 mol% Pd,(dba); and an ex-
tended reaction time (35 min) to obtain full conver-
sion under the microwave reaction conditions. Com-
pound 7f was isolated in 77% yield (Table 1, entry 6).

To show the generality of our methodology, other
3-chloro-N-phenylpyridin-2-amines bearing electron-
donating (OMe) and electron-withdrawing (COOEt)
substituents, also in other positions, were synthesized
(6e, 6g—j) (Table 1, entries 5 and 7-10). In the cases of
6e, 6g and 6i, the corresponding 9H-a-carbolines
could then be obtained in good yields (Table 1, en-
tries 5, 7 and 9). When using meta-substituted anilines,
a strong preference (>25:1) for arylation at the para
position relative to the substituent was observed, re-
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gardless of the electronic nature of the substituent
(Table 1, entries 7 and 8). For substrate 6h a slightly
higher catalyst loading was required to obtain full
conversion of starting material in 10 min (Table 1,
entry 8). In the case of substrate 6j, lactam formation
occurred and no arylation product was formed.”! Be-
sides substitution in the aromatic ring, one example
of pyridine ring substitution was also generated. Thus,
3-chloro-N-phenyl-5-trifluoromethylpyridin-2-amine
(6k) was prepared in 86% via regioselective Pd-cata-
lyzed amination of 2,3-dichloro-5-trifluoromethylpyri-
dine (4b) with aniline (5b) (Table 1, entry 11). When
applying our high temperature intramolecular direct
arylation reaction conditions on 6k, 3-trifluoromethyl-
9H-pyrido[2,3-b]indole (7k) could be smoothly ob-
tained in a high yield (Table 1, entry 11). The 9H-a-
carboline synthesis protocol could also be applied in
the synthesis of neocryptolepine (1) itself.””) There-
fore, 3-chloro-N-phenylquinolin-2-amine (12) was syn-
thesized from 2,3-dichloroquinoline®™ (11) and 5b
using our amination protocol.®! Subsequent Pd-cata-
lyzed intramolecular direct arylation using our stan-
dard microwave conditions yielded 6H-indolo[2,3-
b]quinoline (13) in 89% yield. When combining the
published procedure of Ho et al. for the methylation
of this indoloquinoline skeleton with our new synthe-
sis of 13, a new method for the synthesis of the natu-
ral product neocryptolepine is achieved.*"!

In the past two years, the Bedford and the Acker-
mann groups reported the synthesis of N-substituted
and N-unsubstituted 9H-carbazoles via tandem Pd-
catalysis (intermolecular Buchwald-Hartwig reaction/
Pd-catalyzed intramolecular direct arylation).?*?*! The
Ackermann group showed one example on N-9-sub-
stituted 9H-a-carboline synthesis, namely 9-phenyl-3-
trifluoromethyl-9H-pyrido[2,3-b]indole.*!  Similarly,
our research group recently published reaction condi-
tions for tandem Pd-catalyzed synthesis of substituted
benzo-y-carbolines  (11H-indolo[3,2-c]quinolines).”
Therefore, an attempt was made to construct N-9-un-
substituted 9H-a-carbolines in a similar way. Because
DBU as base was found to be crucial in the Pd-cata-
lyzed intramolecular direct arylation step, our high-
temperature direct arylation protocol was applied on
4a and 5b.””! Unfortunately, no amination reaction oc-
curred and therefore no 7b was formed under these
reaction conditions. The same outcome was observed
when the solvent was changed to toluene.’” Subse-
quently Ackermann’s tandem protocol [reaction con-
ditions: 5 mol% Pd(OAc),, 10 mol% PCy;, K;PO,,
NMP, 130°C, 18 h] was tested for the synthesis of 3-
trifluoromethyl-9H-pyrido[2,3-b]indole (7k) starting
from 4b and 5b as it was already successfully used for
the synthesis of one closely related N-9-substituted
9H-a-carboline, namely 9-phenyl-3-trifluoromethyl-
9H-pyrido[2,3-blindole.” Besides a lot of 6k and an
unidentified compound which is likely to be hydro-
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lyzed 2,3-dichloro-5-trifluoromethylpyridine, only
traces of the desired tricyclic product 7k were detect-
ed. No further attempts were yet made to develop a
tandem protocol for the synthesis of 9H-a-carbolines
starting from 2,3-dichloropyridines and anilines.

Conclusions

In conclusion, we have established a new methodolo-
gy for the synthesis of 1-methyl-1H-a-carbolines
based on the combination of a condensation and a
Pd-catalyzed intramolecular direct arylation reaction.
In addition, we developed a new protocol for the syn-
thesis of N-9-unsubstituted 9H-a-carbolines based on
consecutive Pd-catalysis from commercially available
2,3-dichloropyridines and substituted anilines. The
latter protocol gives superior results in terms of effi-
ciency and generality over published procedures to
prepare N-9-unsubstituted 9H-oa-carbolines. A further
extension of this methodology and mechanistic stud-
ies (Pd-catalyzed intramolecular direct arylations) are
currently under investigation.

Experimental Section

General Procedure for the Synthesis of N-[3-Chloro-
1-methylpyridin-2(1H)-ylidene]anilines (9b-d)

A 50-mL round-bottomed, flame-dried flask was charged
with  3-chloro-2-iodo-1-methylpyridinium  iodide  (8)
(0.7628 g, 2 mmol), aniline (5b-d) (10 mmol) and anhydrous
THF (5 mL). The resulting suspension was stirred for 24 h
at 50°C under a nitrogen atmosphere. After cooling down,
the solvent was removed under reduced pressure. In order
to remove 3-chloropyridin-2(1H)-one, which is formed in
small amounts as side product and is inseparable by column
chromatography, dichloromethane (20 mL) was added to the
dry residue. The yellow precipitate was collected on a glass
filter and rinsed with dichloromethane (30 mL). Subsequent-
ly, the precipitate was transferred to a 250-mL flask and the
glass filter was rinsed with methanol (50 mL). This organic
phase was added to the precipitate and the solvent was sub-
sequently removed under reduced pressure. Next, 28-30%
NH,OH (30 mL) was added followed by an extraction with
dichloromethane (3x30 mL). The organic phase was dried
using MgSO,, filtered and evaporated to dryness. The crude
product was purified via flash column chromatography on
silica gel.

General Procedure for the Pd-Catalyzed Intra-
molecular Direct Arylation Reaction of 6a—k and 12
at High Temperature

First, stock solutions of catalyst were prepared depending
on the required Pd concentration. For the preparation of a
stock solution of 5 mol% Pd/1 mL a flask was charged with
Pd,(dba); (0.1374 g, 0.15 mmol). Next, dry freshly distilled
dioxane (9.4 mL) and P(+-Bu); (1M in toluene) (0.6 mL,
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0.6 mmol) were added. The solution was subsequently
stirred for 15 min under an argon atmosphere.

A 10-mL microwave vial was charged with 6a-k or 12
(0.6 mmol), DBU (0.1370 g, 0.9 mmol) and 1 mL of stock so-
lution of catalyst (2.5 mol% Pd/1 mL, 5 mol% Pd/1 mL or
10 mol% Pd/1 mL) and the mixture was stirred and flushed
with argon for 1 min. Next, the vial was sealed with an Al
crimp cap with a septum and heated at 180°C in a CEM
Discover microwave apparatus. The set power was 300 W
and the total heating time was 10 min. After the reaction
vial had cooled down to room temperature using a propelled
air flow, it was opened and the reaction mixture transferred
into a round-bottomed flask using dichloromethane
(50 mL). The solvent was evaporated and the crude product
purified via flash column chromatography on silica gel

Experimental details and the full characterization data for
all compounds made are shown in the Supporting Informa-
tion.
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