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Abstract: The Nazarov cyclization of two types of
pyrrole derivatives was effectively catalyzed by
5mol% alumina-supported iron(III) perchlorate
[Fe(ClO,);-Al,O5 | which provided the desired cycli-
zation with high trans selectivity in good to excel-
lent yield. The cyclized product was next reacted
with a vinyl ketone in the presence of the same iron
salt to afford the corresponding Michael product. A
sequential type Nazarov/Michael reaction of pyrrole
derivatives has also been accomplished; the synthet-
ic route to 4,5-dihydrocyclopenta[b]pyrrol-6(1 H)-
one derivative 5 or 5,6-dihydrocyclopenta[b]pyrrol-
4(1 H)-one derivative 6 has thus been established
using a very economical iron catalyst.

Keywords: iron(III) salts; Michael addition; Naza-
rov cyclization; pyrroles; sequential reactions

Iron is one of the most abundant and environmentally
friendly metals on the earth and several groups have
reported various types of iron metal-catalyzed organic
transformations during the past decades.!! We have
also been investigating the possibility of iron-cata-
lyzed reactions and developed several of them, i.e.,
the intramolecular cyclization of cyclopropane di-
thioacetals,” the [242]cycloaddition of trans-ane-
thol,’! the [243]type cycloaddition of styrene deriva-
tives with 1,4-benzoquinone,* the 1,4-addition of B-
keto esters to vinyl ketones,” the enantioselective Mi-
chael addition of thiols to o,B-unsaturated carbonyl
compounds,””’ Friedel-Crafts type alkylation of in-
doles!” or pyrroles® with vinyl ketones, and, most re-
cently, the Nazarov type cyclization of thiophene de-
rivatives.!
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Nazarov cyclization is a very versatile method for
the synthesis of five-membered carbocycles, and it is
well known that several Lewis or Bronsted acids pro-
mote this reaction.”®!! Frontier, Eisenberg and co-
workers recently reported the Ir(III) complex-cata-
lyzed tandem Nazarov cyclization/Michael reaction.!'
However, the Nazarov cyclization of pyrrole deriva-
tives is not popular,'® although the pyrrole moiety is
very common in many biologically active or function-
al molecules. The reason the reaction is not popular is
assumed to be that pyrroles are easily polymerized in
the presence of strong Lewis acid such as iron(III)
chloride.'! We recently established that pyrrole react-
ed with vinyl ketones in the presence of 3 mol%
of iron(Il) tetrafluoroborate [(Fe(BF,),,6H,0) | or
alumina-supported  iron(IIT)  perchlorate  ([Fe-
(C10,)5-AL03)]P¥ to give multi-point-alkylated prod-
ucts.®) Most notably, the 4,5-dialkylated product was
obtained in good yield when 2-acetylpyrrole was re-
acted with an excess amount of vinyl ketones."! Based
on the results, we hypothesized that the tandem or se-
quential type of Nazarov cyclization and Michael ad-
dition of pyrrole derivatives might be possible using
our iron salt catalyst system. Here we report an effi-
cient route to access 4,5-dihydrocyclopenta[b]pyrrol-
6(1H)-one derivative 5 or 5,6-dihydrocyclopentalb]-
pyrrol-4(1H)-one derivative 6 through a step-by-step
or sequential reaction pathway using an economical
iron salt catalyst as illustrated in Scheme 1.

We initially attempted to optimize reaction condi-
tions of Nazarov cyclization of 1a to access 2a [(Eq.
(1)]. Typically, the reaction was carried out as follows:

H o Q Fe salt HN Q 9
OMe (5 mol%) OMe 1
WA _ T T (™

1a 2a @

T WILEY

4{:'53 InterScience’ 123



COMMUNICATIONS

Masamune Fujiwara et al.

F It Pt
e sal
=, KN OMe
Nazarov N\
cyclization 2 @W
1:X=NH,Y =CH =
(0] Michael
3:X=CH,Y=NH \/\Rz addition
o 9 o]
I o
/ ~ OMe R HN \ou\OMe
N R \ R?
6 R 5 /\R1

X-ray crystallographic analysis of the major cyclized
product 2a revealed the trans relationship between
the a-carbomethoxy group and the B-phenyl group
(Figure 1)." Interestingly, an excellent yield (94%)
was recorded when the reaction was carried out in an
ionic liquid 1-butyl-3-methylimidazolium bis(trifluoro-
methyl)sulfonylamide ([Bmim] [NTf,]), although a
long reaction time was required to complete the reac-
tion (entry 6). Because avoidance of the use of haloal-
kane is necessary from environmental aspects, this
feature might be quite important in future. Fe-
(BF,),6 H,O worked as catalyst when the reaction
was carried out under air conditions, and a prolonged
reaction time (7 days) was required to complete the

Scheme 1. Working hypothesis for the Fe salt-catalyzed se-
quential type Nazarov cyclization/Michael addition.

5 mol% of iron salt and 1a were mixed in a solvent at
60°C and product 2a was isolated by silica gel thin
layer chromatography (TLC). We performed the reac-
tion using various iron salts [(FeCl,, FeBr,, Fe(acac),,
Fe(OAc),, Fe(ClO4),6H,0, Fe(OTf),, FeCl;, Fe-
(Cl10,);nH,0, and Fe(acac);)] and solvents [toluene,
tetrahydrofuran (THF), 1,4-dioxane, acetonitrile, di-
chloroethane, MeOH, H,O and ionic liquids]. As an-
ticipated, the desired Nazarov cyclization proceeded
very smoothly and cyclized product 2a was obtained
using an iron salt as catalyst; several important results
are summarized in Table 1.

We first tested the reaction wusing Fe-
(ClO,)5ALO;® in CH;CN because CH;CN worked
as the best solvent for the iron salt-catalyzed alkyla-
tion of 2-acetylpyrrole!®! or indole.”” However, the re-
action proceeded very slowly and 2a was obtained in
poor yield (entry 1); no improvement was observed
even though the reaction was continued for several
days. Fortunately, the desired 2a was obtained in ex-
cellent yield (92% ) when the reaction was carried out
in dichloromethane (CH,Cl,) as solvent (entry 2). An

Table 1. Fe salt-catalyzed Nazarov cyclization of 1a.

Figure 1. ORTEP view of trans-2a.

Entry Fe salt catalyst Solvent Temp./time Yield® of 2a Ratiol® trans:cis
1 Fe(ClO,);AlLO; CH,CN 60°C/22 h 45% (49% )\ -

2 Fe(ClO,);-ALO, CH,Cl, 60°C/4 h 92% 20:1
3 Fe(ClO,)5-AlLO; 1,2-dichloroethane 80°C/6 h 84% 25:1
4 Fe(ClO,);-ALO, toluene 60°C/22 h 70% (19% ) 27:1
5 Fe(ClO,)5AlLO; toluene 100°C/4 h 84% 20:1
6 Fe(ClO,);AlLO; [Bmim] [NTH,] 60°C/4 days 94% 23:1
7 FeCl, CH,Cl, 60°C/48 h 70% 27:1
8 Fe(BF,),-6 H,O CH,Cl, 60°C/7 d 77% (11% ) 17:1
9 Fe(ClO,);-ALO; THF 60°C/22 h <30% (63%)" -

10 Fe(ClO,);ALO, MeOH, H,0 60°C/22 h 0% (100% ) -

[ Tsolated yield by silica gel column chromatography.
] The ratio was determined by 500 MHz 'H NMR.
[l Recovered yield of unreacted substrate 1a.
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reaction (entry 8). Iron(IIl) chloride also worked as
catalyst (entry 7), although the result was less satisfac-
tory compared to that of the Fe(ClO,); Al,O;-cata-
lyzed reaction. No reaction took place when THE,
MeOH or H,O was used as solvent (entries 9 and 10).
Therefore, use of a non-polar solvent was essential for
this reaction. It was found that the Bronsted acid
HCIO, 10 mol% also worked as catalyst but the yield
of 2a was poor (less than 30%) due to the formation
of an unidentified by-product. Therefore it was con-
cluded that the combination of Fe(ClO,);-Al,O; and
CH,(I, was the most promising condition for the in-
tended cyclization reaction of 1a. It should be noted
that the reaction required no argon atmosphere and
proceeded smoothly under dried air conditions. We
tried to improve the chemical efficiency of the reac-
tion by performing it at a higher reaction temperature
(100°C) in [Bmim] [NTH,] solvent, but a significant re-
duction of the chemical yield was recorded because of
the formation of the decarboxylated compound 4,5-di-
hydrocyclopenta[b]pyrrol-6(1H)-one. Although this
difficulty was expected to be solved by optimization
of the design of the ionic liquids, we decided to opti-
mize the further reaction conditions using CH,Cl, as
solvent at this stage.

We next examined the scope and limitations of the
iron salt-catalyzed reaction with the various types of
pyrrole derivatives 1" or 3! [(Eq. (2)]. All reactions

o O o o
X Fe(CIO,);°Al,05 X
€ ) Y Ome (5 mol%) A OMe
Y - @
60°C Y R
1:X=NH, Y =CH 2:X=NH, Y = CH
3:X=CH.Y=NH 4 X=CH Y=NH

were carried out with 5 mol% Fe(ClO,);-ALO; in
CH,(CI, at 60°C under dried air conditions, and the re-
action products were isolated by silica gel TLC
(Table 2). The reaction of substrates 1b, 1¢, 11, 10, 1q
which possess an electron-donating group on the ben-
zene ring, smoothly proceeded and gave the corre-
sponding products in excellent isolated yield (en-
tries 1, 2, 11, 14, and 15).

Although a reduced reaction rate was observed, the
desired products were also obtained in excellent
yields for substrates 1d, le, 1f, 1g, 1h, 1m, and In
which have an electron-withdrawing group, such as a
halogen, trifluoromethyl or cyano group on the
phenyl group (entries 3-7, 12 and 13). On the other
hand, reactions using substrates 1q, 1r, and 1s which
have an aliphatic group at R', gave somewhat de-
creased yields (entries 16-18). To our delight, the cyc-
lization proceeded very smoothly when 3-substituted
pyrrole derivative 3a was used as substrate and the
desired product 4a was obtained in 91% yield after
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Table 2. Fe salt-catalyzed Nazarov cyclization of 1 or 3.[4

Entry Substrate (R) Time Yield®  Ratiol®
of 2or4 trans:cis

1 b 4-MeO-CH, 4h  92% 19:1

2 1c 4-Me-CH, 18h  93% 22:1

3 1d 4-NO,-CiH, 7 days 77% 14:1

4 le 4-CI-CiH, 19h  88% 14:1

5 1f 4-CN-CiH, 60h  90% 19:1

6 1g 4-F-CH, 18h  85% 23:1

7 1h 4-CF,-C(H, 36h  82% 18:1

8 1i 345 (MeO);CH, 90h  90% 25:1

9 j 24,6-(MeO);CH, 3h 75% 22:1

10 1k 3-MeO-C¢H, 55h  84% 19:1

11 11 3-Me-CH, 17h  91% 78:1

12 1m 3-CF,-C/H, 64h  82% 18:1

13 In 2-CF;-CiH, 76h  80% 27:1

14 lo 2-MeO-C¢H, 2h 97% 34:1

15 1p 1-naphthyl 5h 97% 19:1

16 1q c-hexyl 3 days 79% >99:<1

17 Ir Et 12h 52% 30:1

18 1s i-Pr 18h  84% >99:<1

19 3a C¢H; 1h 91% 28:1

2019 3a  C.H; 17h  92% 28:1

(41 Reaction conditions: 1 or 3 (0.25 mmol), Fe(ClO,);-ALO,
(0.0125 mmol), CH,Cl, (0.5 mL).

[l Tsolated yield by silica gel column chromatography.

[l The ratio was determined by 500 MHz 'H NMR.

[ 0.1 mol% of the catalyst was used.

just 1h reaction (entry 19). An excellent chemical
yield of 4a was also recorded even when the amount
of catalyst was reduced to 0.1 mol% (entry 20). The
synthesis of 4,5-dihydrocyclopenta[b]pyrrol-6(1H)-one
derivative 5 or 5,6-dihydrocyclopenta[b]pyrrol-4(1H)-
one derivative 6 was thus accomplished using a very
economical catalysis system.

We next tested Michael reaction of 2a in the pres-
ence of Fe(ClO,); Al O; in CH;CN solvent and found
the desired product was obtained in 86% yield as a
white powder [(Eq. (3)]. Interestingly, the chemical

0 e

o O S e N Me

FeCl, .
WOMe (10 mol%) cis-5a @ ©
N . (3)
@ CHACN, 60°C 1 h

) o O
cis: trans = 15:1
2a HN / ~OMe
\ [N Me
Qe
trans-5a

shift of the methoxy group was observed at 3.0 and
3.8 ppm at a ratio of 15:1 in the 'H NMR spectrum.
An X-ray crystallographic analysis of the major prod-
uct 5a (cis-5a) clearly showed the reason that the
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Figure 2. ORTEP view of cis-5a.

chemical shift of the methoxy group appeared in such
a high field region around 3.0 ppm.I"! As can be seen
in Figure 2, the methoxy group locates just behind the
phenyl group; therefore, the signal of the methoxy
group moves to a high field region due to the shield
effect by the phenyl group. It was thus concluded that
the Michael reaction proceeds with trans selectivity
and the methoxycarbonyl group located at the cis po-
sition from the f3-phenyl group. Although this Michael
reaction was initially accomplished using CH;CN as
solvent,” we discovered that the reaction also
smoothly took place in CH,Cl,; this made it possible
to realize the Nazarov cyclization and subsequent Mi-
chael reaction using a one-pot reaction system.
Methyl 1,4,5,6-tetrahydro-6-oxo-5-(3-oxobutyl)-4-phe-
nylcyclopenta[b]pyrrole-5-carboxylate (5a) was ob-
tained in 88% yield through this sequential type Naz-
arov/Michael reaction. The reaction was carried out
as follows: pyrrole derivative 1a was treated with 5
mol% of Fe(ClO,);-Al,O5 in CH,CI, at 60°C with stir-
ring for several hours and the reaction course was
monitored by silica gel TLC. The reaction mixture
was cooled to room temperature after confirmation
that the starting 1a had been consumed and 2a pro-
duced, then 2 equiv. of 3-buten-2-one (7a) or acrolein
(7b) were added to the reaction mixture at 0°C or
room temperature. The desired Michael adduct 5a or

126 asc.wiley-vch.de
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Scheme 2. Fe(ClO,);-Al,O5-catalyzed sequential type Naza-
rov/Michael reaction of pyrrole derivative 1a.

5b was obtained in 86% or 87% yield, respectively
(Scheme 2). Unfortunately, a tandem type reaction
was unsuccessful if a mixture of 1a and 7a was treated
with the iron salt catalyst because the initial step re-
quired 60°C to complete the reaction, while signifi-
cant polymerization of 7a took place under these high
temperature conditions.

The sequential type Nazarov cyclization/Michael
reaction was also accomplished when pyrrole deriva-
tive 3a was subjected to the reaction: product 6a was
obtained in 66% yield, although further alkylated
products were formed as by-products (Scheme 3).!""!
Interestingly, it was found that the Michael reaction
of 4a was slower than that of 2a, although the Naza-
rov cyclization of 3a proceeded faster than that of 1a.
Since the carbomethoxy group of 6a was observed at
3.0 ppm in the '"H NMR spectrum, the same cis rela-
tionship of the a-carbonyl group with the B-phenyl
group of 6a was suggested. This assignment was sup-
ported by the results of PM3 calculation of two possi-
ble stereoisomers of cis-6a and trans-6a. The heat of
formation of the optimized structure of cis-6a was
suggested to be —420.036 kJmol ', while that of trans-
6a was —417.878 kJmol [

In conclusion, we have established an iron(III) salt-
catalyzed Nazarov cyclization of two types of pyrrole

o © Fe(CIO,)5*ALO; 0 O
0,
y y o (5 mol%) WOMe
HN CH,Cl,, 60 °C N
25h 4s @
3a

o}

Me i
7a i .* ~OMe

N s Me
rt,22h H @ 0
6a

Y =66%
Scheme 3. Fe(ClO,);-Al,Os-catalyzed sequential type Naza-
rov/Michael reaction of pyrrole derivative 3a.

(2 equiv.
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derivatives. The reaction was effectively catalyzed by
5 mol% Fe(ClO,);Al,O; and the desired products
were obtained in good to excellent yields. Since the
cyclized products reacted with vinyl ketones to give
the corresponding Michael adducts in the presence of
the same iron salt catalyst, a sequential type Nazarov/
Michael reaction has been accomplished. It should be
emphasized that the reaction is accomplished by a
very economical and environmentally friendly iron
salt as catalyst and requires no tedious argon atmos-
pheric conditions. Further investigation of asymmetric
Nazarov cyclization using a chiral iron catalyst is now
in progress by our group.

Experimental Section

Synthesis of 5b through the Sequential Type Nazarov
Cyclization/Michael Reaction

To a mixture of Fe(ClO,);ALO®® (60 mg, 8.8 wt% for
Fe’*, 0.0125 mmol) in CH,Cl, (0.5mL) was added 1la
(64 mg, 0.25 mmol) at room temperature and the mixture
was stirred at 60°C for 12h. The reaction mixture was
cooled to room temperature after confirmation that the
starting 1a had been consumed and 2a produced, then 2
equiv. of but-3-en-2-one (7a) were added to the reaction
mixture at 0°C and stirred for 48 h at the same temperature.
The reaction was quenched with water, and the mixture was
extracted with ethyl acetate. The combined organic layers
were dried over anhydrous MgSO, and concentrated by
evaporation under vacuum. The residue was purified by
preparative silica gel TLC (hexane/ethyl acetate=1/1) to
give 5a as a white solid; yield: 70 mg (0.22 mmol, 86%; S5a
(cis): mp 251-253°C (recrystallized from CHCl,); '"H NMR
(500 MHz, CDCl;): 6=2.18 (3H, s), 2.41-2.48 (1H, m),
2.57-2.65 (2H, m), 2.80-2.87 (1H, m), 3.04 (3H, s), 4.35
(1H, s), 6.15-6.17 (1H, m), 7.14-7.16 (2H, m), 7.23-7.29
(2H, m), 7.42-7.44 (1H, m), 10.94 (1H, brs, N-H); *C NMR
(125 MHz, CDCl;): 6=28.69, 30.01, 38.49, 51.00, 51.39,
71.44, 106.61, 127.51, 127.94, 128.86, 134.05, 134.18, 138.14,
152.62, 170.68, 188.32, 207.93; IR (KBr): v=3293, 1740
(CO), 1711 (CO), 1680 (CO), 1449, 1398, 1381, 1269, 1219,
706 cm™'.

Compound 5b was also prepared through the same route
in 87% yield from 1a.

Supporting Information

Detailed experimental procedures and 'HNMR and
BCNMR spectral data for new compounds (2a-2s, 4a, Sa,
5b, and 6a) are available in the Supporting Information.
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