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Abstract: A Brgnsted acid (p-TsOH-H,0O) promot- Brgnsted or Lewis acid-promoted Friedel-Crafts
ed alkylation/cyclization cascade reaction of pyr- cyclization has been considered as a powerful method
roles with N,N-dimethylaminomethyleneglutaconic | to prepare heterocyclic compounds.”! A pyrrole ring
acid dinitrile was efficiently realized to afford func- [ can thus be used as the “template”-like structure to
tionalized cyclopenta[b]pyrroles with excellent dia- | establish another ring onto it for the construction of

stereoselectivity. Deamination of the corresponding |  polycyclic compounds,"”! in which annulation of pre-
ammonium salts of the cyclopenta[b]pyrroles with functionalized alkynes or olefins to a pyrrole core is

methyl iodide led to dihydrocyclopenta|c|pyrroles. usually involved. After screening of the relevant
The cascade reaction pathway was confirmed by known synthetic methods, we reasoned that a diene
isolation and transformation of the reaction inter- might be utilized to replace the pre-functionalized al-
mediate, i.e., the 2-alkylated pyrrole. kynes or olefins for the same purpose. The polarized

diene, N,N-dimethylaminomethyleneglutaconic acid
Keywords: Brgnsted acid; cyclization; cyclopen- dinitrile," which is structurally endowed with an
ta[b]pyrroles; N,N-dimethylaminomethylenegluta- | €lectron-donating NMe, moiety and two electron-
conic acid dinitrile; pyrroles withdrawing cyano groups attached at its two C=C

bonds, has been used as a C; building block to synthe-
size carbocyclic compounds.® Recently, we found
that Brgnsted acids could promote Friedel-Crafts al-
kylation of indoles with N,N-dimethylaminomethy-
Fused heterocyclic compounds containing a cyclopen-
ta[b]pyrrole motif are present in many biologically
active natural products and medicinally important
compounds,“] such as, krill fluorescent substance F
which is a component of the phorbine chromophore
present in all types of chlorophylls, roseophilin,!'*
and an inhibitor of p-amino oxidase!* (Figure 1). Con-
sequently, much effort has recently been devoted to
the synthesis of cyclopenta[b]pyrrole derivatives. The
acid-mediated Nazarov cyclization is a useful method
for the construction of five-membered carbocycles,”!

; 2 ilin[1c.3
which has usually been employed as a straightforward il fluorescent substance F2 roseophiin'’e
route to access cyclopentenone-fused pyrroles. Tran-
sition metal-catalyzed cyclization/ring expansion of HOOC Y,
functionalized alkynes,”! hydroformylation of 1,4- N o
dienes followed by condensation with primary oxidase inhibitorl*]
amines,”” and other reactions” have also been applied  Figure 1. Selected ~ cyclopenta[b]pyrrole-based  biologially
for the synthesis of cyclopenta[b]pyrrole derivatives. active molecules.
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Scheme 1. Friedel-Crafts reactions of indoles and pyrroles
with the polarized diene.

leneglutaconic acid dinitrile (2) to form 3-alkylated or
3-alkenylated indole derivatives under mild condi-
tions (Scheme 1a)."! Herein, we report the synthesis
of cyclopenta[b]pyrroles by Brgnsted acid (p-toluene-
sulfonic acid hydrate, p-TsOH-H,O)-promoted Frie-
del-Crafts alkylation/cyclization cascade reactions of
pyrroles with N,N-dimethylaminomethyleneglutaconic
acid dinitrile (Scheme 1b).

Initially, the reaction of N-methylpyrrole (1a) with
N,N-dimethylaminomethyleneglutaconic acid dinitrile
(2) was employed to screen the reaction conditions.
To our delight, a 1:1 molar ratio reaction occurred in
the presence of 50 mol% p-TsOH-H,O as the promot-
er in dichloromethane at ambient temperature, form-
ing the target product 3a in 32% yield with excellent
diastereoselectivity (dr >20:1) (Table 1, entry 1). In-
creasing the Brgnsted acid loading to 2 equiv. led to
3a in 81% yield with a reaction time shortening to 2 h
(Table 1, entries 2-6). Further increasing the acid
amount to 3 equiv. slightly reduced the reaction effi-
ciency, giving 3a in 79% yield (Table1, entry7).
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Table 1. Screening of the reaction conditions."”!

Me,N NMe,
U S _CN  p-TsOHH,O oN
N A
| N
N
CN N

1a 2 3a
Entry p-TsOH-H,O Time  Solvent Yield®

[equiv.] [h] [%]
1 0.5 24 CH,Cl, 32
2 1.0 4 CH,Cl, 49
3 1.5 4 CH,Cl, 71
4 2.0 4 CH,Cl, 81
5 2.0 2 CH,Cl, 81
6 2.0 1 CH,Cl, 68
7 3.0 4 CH,Cl, 79
8 2.0 2 CICH,CH,CI 80
9 2.0 2 CH,CN 73
10 2.0 2 toluene 41
11 2.0 2 THF <1
12 2.0 2Ll CICH,CH,CI 73
13 2.0 2ldl CICH,CH,CI 31

[l Reaction conditions: 1a (41 mg, 0.50 mmol), 2 (74 mg,
0.50 mmol), solvent (2 mL), 28°C. The dr values were ob-
tained by '"H NMR determinations. In all the cases the
diastereoselectivities for 3a are >20:1.

) Isolated yield.

- 40°C.

4 60°C.

Among the tested solvents (dichloromethane, 1,2-di-
chloroethane, acetonitrile, toluene and THF), both di-
chloromethane and 1,2-dichloroethane were found to
provide suitable reaction media, in contrast, the reac-
tion hardly proceeded in THF (Table 1, entries 5 and
8-11). Elevating the reaction temperature to 40-60°C
lowered the formation of 3a (Table 1, entries 12 and
13). It should be noted that the reaction did not occur
in the absence of the acid promoter. Thus, the reac-
tion conditions were optimized as those shown for
entry 5 in Table 1.

Under these optimal conditions, the substrate scope
of pyrroles was explored (Table 2) and the reactions
of 2 with a variety of N-protected pyrroles 1 were in-
vestigated. When increasing the steric hindrance of
the NR' moiety in 1 from methyl to 2-furfuryl, the
yields of cyclopenta[b]pyrroles 3a-3d varied from
81% to 60%, while introduction of a phenyl substitu-
ent remarkably reduced the yield of 3e to 23%. Nota-
bly, all the 2- and/or 3-monosubstituted or disubstitut-
ed N-methylpyrroles efficiently reacted with 2 to
afford 3f-3i (72-81% ) where the 2- and 3-substituents
could be methyl, ethyl and phenyl groups. With 2-
aryl-N-methylpyrroles as the substrate, the reactions
gave the target products 3j-3r in 70-81% yields. Sub-
stituents such as methyl, methoxy, chloro, fluoro, tri-
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Table 2. The substrate scope of pyrroles (1).[4°] Table 2. (Continued)
R3 MezN -TsOH -H,O NMe,
(2 equiv.) R3 N NMe, NMe,
\ + Y N CN
CHZCIZ, 28°C,2h R? O I\
N I\ O
v Oy .
2 3 NC
20, 3v, 32%
NMe2 NMe2 NMe2 NMe2 3u, 72%
[l Reaction conditions: 1 (0.5 mmol), 2 (74 mg, 0.5 mmol),
/ \ / \ p-TsOH-H,O (190 mg, 1.0 mmol), CH,Cl, (2 mL), 28°C,
2 h.
B" NC [l Isolated yields with diastereoselectivity dr >20:1.
3a, 81% 3b 71% 3c, 78% 3d 60%
fluoromethyl, and nitro were tolerated on the aryl
NMez NMez NMe, moiety, exhibiting no obvious steric and electronic ef-
CN fects on the reaction efficiency. When 4-acetyl or 4-
/\ COOMe was the substituent on the aryl group, the
'l“ yields for 3s (53%) and 3t (61% ) were obviously less-
NC ened. Placing a bulky 1-naphthyl on the C-2 position
3e, 23% 3, 75% 391 81% 3h, 81% of N-methylpyrrole did not affect the efficient forma-
M M tion of 3u (72%). However, in the case of using 2-
©2 2 NMe, thienyl as the substituent, the target product 3v was
= CN  only formed in 32% yield. It is noteworthy that the
N reactions of 2 with N-unprotected pyrroles such as
I\ pyrrole, 2-methylpyrrqle, 2-ph§nylpyrrol§, and 2-ace-
\ 3 819 . tylpyrrole were complicated, give no desired products
3, 72% NMe S 3k, 80% in acceptable yields under the same conditions, which
2 NMe, is presumably attributed to the susceptibility of these
/I CN ol CN  free NH-pyrroles to strong Brgnsted acids, undergo-
N / N\ ing decomposition and/or self-polymerization. The
b N NMe, W molecular structures of cyclopenta[b]pyrroles 3 were
31 78% CN , further affirmed by an X-ray crystallographic determi-
’ \ 3n, 79% nation of 3a (Figure 2).['”)
N Next, 2,5-disubstituted pyrroles 4 were applied as
MeO LN the substrates to further explore the protocol general-
NMe, 3m, 72% NMe,
CN
CN
Y\ I\
N
N
FsC !
cl I N NMe, - NC
30, 78% CN 3q,71%
I\
N
F N
3p, 70%
NMe2 NMe2
CN
I\
N
O,N (I
3t,61%

3s, 53%
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Figure 2. Molecular stucture of compound 3a.
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Table 3. The reactions of 2,5-disubstitutied pyrroles 4 with
diene 2.0

MezN p-TsOH-H,O CN
(2 equiv.) MeoN
CHzClz ]\
28°C,2h R27N 7 TR?
R
4 2 5
CN CN CN
Me,N Me,N
CN 2 on  MeN CN
I\ I\ I\
N N
N | \
Bn
5a, 66% 5b, 80% 5c, 83%
CN CN
Me,N Me,N
CN CN
I\ I\
N Ph—"NN~ ~Ph
Ph !
5d, 82% 5e, 22%

[l Reaction conditions: 4 (0.5 mmol), 2 (74 mg, 0.5 mmol),
p-TsOH-H,O (190 mg, 1.0 mmol), CH,Cl, (2 mL), 28°C,
2h.

[l Isolated yields with diastereoselectivity dr >20:1.

ity (Table 3). Unexpectedly, N-unprotected 2,5-dime-
thylpyrrole underwent the reaction with 2 to form Sa
in 66% yield. The increased steric hindrance from the
2- and 5-methyl groups may protect the corresponding
NH-pyrrole substrate from undergoing decomposition
and side reactions. The reactions of 2 with other N-
protected 2,5-dimethyl-substituted pyrroles also effi-
ciently proceeded to afford the target products Sb-5d
(80-83%). However, 2,5-diphenyl-N- methylpyrrole
only exhibited a poor reactivity to form Se in a low
yield (22%). Interestingly, 1,3-phenylene-supported
bispyrrole 6 reacted with 2 to yield the corresponding
product 7 (55% ) when using 2 equiv. of 2 and 3 equiv.
of p-TsOH-H,O [Eq. (1)].

2 (2 equiv.)
7\ | N p-TsOHH,0 (3 equiv.)
/N l\< CH,Cl,, 28 °C, 2 h
NMez NM62
6 NC CN
/| B (1)
N N
CN |/ \ NC

7, 55%

In order to probe the mechanism of the reaction of
pyrroles 1 with diene 2, the 1:1 molar ratio reaction
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© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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AN
2 ¢N
NMe2

I\ CN
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Scheme 2. Identification of the reaction intermediate 8.

of N-methylpyrrole (1a) with 2 was performed in the
presence of the mild Brgnsted acid CI,CHCOOH at
ambient temperature (Scheme 2). Fortunately, reac-
tion intermediate 8, generated from the Friedel-
Crafts alkylation of la with 2, was isolated (40%)
along with the target product 3a (18%). With p-
TsOH-H,O as the promoter, compound 8 was effi-
ciently converted to the corresponding target product
3a (92%). It should be noted that 8 could not be di-
rectly isolated from the reaction of la with 2 in the
presence of p-TsOH-H,O under the stated conditions.
Thus, the reaction of 1 and 2 can be considered to
occur through a cascade pathway. The structure of
compound 8 was further confirmed by an X-ray crys-
tallographic determination (Figure 3)!").

A plausible mechanism for the Friedel-Crafts alky-
lation/cyclization cascade of pyrroles 1 and diene 2 is
proposed in Scheme 3. The reaction is presumably ini-
tiated by protonation of one of the polarized C=C
bonds of 2 to form carbocation A by the Brgnsted
acid promoter. Electrophilic attack of the cationic

Figure 3. Molecular stucture of compound 8.
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R3 NMeZCN NMe, NMes I~

Y T CN Mel (2 equiv.) = CN
2
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3
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Scheme 3. Plausible mechanism for the Friedel-Crafts alky-
lation/cyclization cascade of pyrroles 1 and diene 2.

carbon atom of A at the C-5 position of 1 forms spe-
cies B, affording the reaction intermediate of type 8
by deprotonation. Protonation of the enamine group
of 8 with the promoter or tautomerization of B leads
to iminium species C. The subsequent intramolecular
Friedel-Crafts cyclization of C gives species D which
undergoes deprotonation to yield cyclopenta[b]pyr-
role 3.

Further transformations of cyclopenta[b]pyrroles 3
and 5§ were investigated. Deamination of 3a was ach-
ieved by its reaction with methyl iodide,'® quantita-
tively forming the corresponding quaternary ammoni-
um salt 9, followed by treatment with ~BuOK in
MeOH at —35°C for 1h to afford the deaminative
products 1,6-dihydrocyclopenta[b]pyrrole 10 (40%)
and its isomer 1,4-dihydrocyclopenta[b]pyrrole 11
(27%), which can be used as useful synthons in organ-
ic synthesis!'”! (Scheme 4). Notably, compound 11
could be easily isomerized to 10 at ambient tempera-
ture. To our surprise, treatment of 5a-5d with Mel in
a similar fashion directly afforded the target deamina-
tion products, i.e., 1,6-dihydrocyclopenta[b]pyrroles
12a-12d (64-73%) [Eq. (2)].

It should be noted that the present synthetic meth-
odology is not applicable to indole substrates. Under
the same conditions as shown in Table 2 and Table 3,
the reaction of 2,3-unsubstituted N-methylindole (13)
with 2 catalyzed by 2 equiv. of the Brgnsted acid p-
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t-BuOK (1 equiv.) 7

CN CN
\ . 7\
MeOH, —35°C, 1 h 'I" N

NC NC
10, 40% 1,27%
Scheme 4. Deamination of 3a.
CN CN
Me2N CN Mel (2 equiv.) CN @)
]\ acetone, 28 °C, 24 h \
) N
R R
5a—-5d 12a (R =H), 68%

12b (R = Me), 73%
12¢ (R = Bn), 72%
12d (R = Ph), 64%

TsOH-H,O gave a complicated mixture of products,
from which the desired Friedel-Crafts alkylation/cy-
clization cascade product of cyclopenta[b]indole
could not be isolated. However, in the case of using
1 equiv. of the Brgnsted acid, the same reaction af-
forded 3-alkylated indole 14 which is structurally simi-
lar to compound 8 (Scheme 5). Treatment of 14 under
acidic conditions led to 3-olefinated indoles (E)- and
(Z)-15" [Eq. (3)].

CN
~ N
p-TsO-H,0 (1 equiv.)
2 CEC o e
CH,Cly, 28 °C, 4 h N N
\ \

— Me,NCH=CHCN

(E)-15, 44% (2)-15, 17%

p-TsO'H,0
(2 equiv.)
——> complicated
2h
N\ 2 (1 equiv.)
N ° MesN CN
\ CHxClp, 28°C | p-TsOH,0 N
(1 equiv-)
13 L CN
4h N
N
\
14, 45%

Scheme 5. Reaction of 2,3-unsubstituted indole with 2.
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In summary, Brgnsted acid (p-TsOH-H,O)-promot-
ed Friedel-Crafts alkylation/cyclization cascade reac-
tions of pyrroles with N,N-dimethylaminomethylene-
glutaconic acid dinitrile were efficiently realized to
afford cyclopenta[b]pyrrole derivatives with excellent
diastereoselectivity. Deamination with Mel gave syn-
thetically useful dihydrocyclopenta[b]pyrroles. This
protocol provides a concise route to access functional-
ized cyclopenta[b]pyrrole derivatives under mild con-
ditions.

Experimental Section

Typical Procedure for the Synthesis of 3: Synthesis of
3a

A mixture of 1a (41 mg, 0.5 mmol), 2 (74 mg, 0.5 mmol),
and p-TsOH-H,O (190 mg, 1.0 mmol) in CH,Cl, (2 mL) was
stirred at ambient temperature for 2 h. After the reaction
was completed by TLC monitoring, 5 mL of saturated aque-
ous NaHCO; were added and the resultant mixture was ex-
tracted with CH,Cl, (3x10mL). The combined organic
phase was washed with brine (5 mL), dried over anhydrous
Na,SO,, and the volatiles were removed under reduced
pressure. Purification of the resulting residue by flash silica
gel column chromatography (eluent: CH,CL,/EtOAc=50:1,
v/v) afforded 3a as a yellow solid; yield: 92 mg (81%).

Typical Procedure for the Synthesis of 12 from 5:
Synthesis of 12a

A mixture of 5a (121 mg, 0.5 mmol) and methyl iodide
(142 mg, 1.0 mmol) in acetone (2 mL) was stirred at ambient
temperature for 24 h. After the reaction was completed by
TLC monitoring, all the volatiles were removed under re-
duced pressure. Purification of the resulting residue by flash
silica gel column chromatography [eluent: CH,Cl,/petrole-
um ether (60-90°C)=2:1, v/v] afforded 12a as a yellow
solid; yield: 67 mg (68%).
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