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The electrophilic cyclizations of N-substituted propargylic aziridines are described. 3-Iodopyrroles hav-
ing a variety of substituents at the 2- and 3-positions were synthesized by reacting propargylic aziridines
with iodine. Whereas N-tosyl-substituted substrates require a platinum catalyst to promote the reaction,
the iodine-promoted cycloisomerizations proceed when N-benzyl-substituted substrates are employed.

� 2011 Elsevier Ltd. All rights reserved.
Scheme 2. Synthesis of N-tosyl-substituted propargylic aziridines 3.
1. Introduction

Substituted pyrroles are used extensively in heterocyclic chem-
istry as key structural subunits in biologically active molecules and
in compounds for industrial purposes.1 They are alsowidely utilized
as synthetic intermediates in organic synthesis for further structural
elaboration.2 Consequently, considerable effort has been devoted to
the development of an efficient methodology for the synthesis of
pyrroles.3 Transition metal-catalyzed cycloisomerization of prop-
argylic aziridines is one suchmethodology, inwhich a variety of 2,5-
disubstituted pyrroles is obtainedwith gold4 or platinum5 catalysts.
During the course of our study of platinum-catalyzed cyclo-
isomerization of propargylic oxiranes, it was found that 3-iodofur-
ans could be synthesized in the presence of NIS as an electrophile
(Scheme 1).5,6We anticipated that a similar reactionwould proceed
if propargylic aziridines were employed as the substrate. We report
herein the synthesis of 3-iodopyrroles by cycloisomerization of
propargylic aziridines with iodine, in which various 2,5-di-
substituted 3-iodopyrroles were synthesized with high efficiency.7
tion of propargylic oxiranes.
2. Results and discussion

N-Tosyl-substituted propargylic aziridines, the initial substrates
for the cycloisomerization reaction, were easily prepared by ylide
; e-mail address: yoshida@

All rights reserved.
aziridination of the N-sulfonylimines with sulfonium propargylides
(Scheme 2).4b,8 Thus, when the imines 1aef, having a variety of
substituents, were treated with the propargylic dimethylsulfonium
salts 2aec and Cs2CO3 at rt, the corresponding cis-propargylic
aziridines 3aeh were selectively produced in moderate to good
yields.
The initial reactions for the synthesis of substituted pyrroles
were attempted using the diphenyl-substituted propargylic azir-
idine 3a (Table 1). When 3awas subjected to the reaction with NIS
and 10 mol % of PtCl2 in dioxane/H2O (2/1) at 100 �C following our
procedure for the synthesis of 3-iodofuran,5,6 only decomposition
of the substrate was observed (entry 1). However, the desired 3-
iodopyrrole 4a was produced in 35% yield using iodine as the
electrophile (entry 2). After experimenting with various solvents
and temperatures (entries 3e8), we found that the yield of 4a could
be increased to 92% when the reaction was carried out in MeCN/
H2O (10/1) at 80 �C (entry 8).

Having identified a useful set of reaction conditions, we next
conducted a study of the substrate scope (Table 2). Propargylic
aziridine 3b having a cyclohexyl group on the aziridine ring
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Table 1
Platinum-catalyzed iodocyclizations of 3a

NPh Ph

3a

N
Ts

Ph

Ph
I

Tselectrophile
10 mol % PtCl2

4a

solvent

Entry Electrophile Solvent Temp (�C) Yield (%)

1 NIS Dioxane/H2O (2/1) 100 Decomp.
2 I2 Dioxane/H2O (2/1) 100 35
3 I2 PhCN/H2O (2/1) 100 48
4 I2 MeCN/H2O (2/1) 100 50
5 I2 MeCN/H2O (2/1) 80 55
6 I2 MeCN/H2O (2/1) 60 48
7 I2 MeCN/H2O (5/1) 80 60
8 I2 MeCN/H2O (10/1) 80 92

Table 2
Reactions with various propargylic aziridines 3beha

Entry Substrate Product Yield (%)

1

3b

N
Ts

Cy

Ph 4b

NCy Ph
Ts

I

95

2

3c

N
Ts

Pr

Ph
4c

NPr Ph
Ts

I

64

3

3d

N
Ts

Bu

Ph 4d

NBu Ph
Ts

I

65

4

3e

N
Ts

iPr

Ph 4e

NiPr Ph
Ts

I

85

5

3f

N
Ts

2-BrPh

Ph 4f

N2-BrPh Ph
Ts

I

66

6

3g

N
Ts

Ph

Hex 4g

NPh Hex
Ts

I

25

7

3h

N
Ts

Ph

TMS 4h

NPh
Ts

I

45

a All reactions were carried out in the presence of 2 equiv iodine and 10 mol %
PtCl2 MeCN/H2O (10/1) at 80 �C for 10 min.
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successfully reacted with iodine in the presence of the platinum
catalyst to produce the 3-iodopyrrole 4b in 95% yield (entry 1).
When the reactions of the substrates 3c, 3d, and 3e containing an
alkyl groupwere carried out, the corresponding products 4c,4d, and
4ewereobtained inmoderateyields (entries 2e4). The reactionof3f
having a 2-bromophenyl group also afforded the pyrrole 4fwithout
anyproblems (entry5). The correspondingproduct4gwasproduced
from the reaction of 3g with a hexyl group on the alkynyl moiety;
however, the yield was decreased (entry 6). When the TMS-
substituted substrate 3h was subjected to the reaction, the desily-
lated product 4hwas obtained in only moderate yield (entry 7).

A plausible mechanism for the platinum-catalyzed cyclo-
isomerization of 3 is shown in Scheme 3. Recently, Pale reported
results of mechanistic studies on the metal-catalyzed cyclo-
isomerization of propargylic oxiranes to furans in the presence of
alcohol, inwhich the epoxide ring opening product with a hydroxyl
group was identified as the reaction intermediate.9 We concluded
that a similar process can be expected to occur using our aqueous
reaction conditions. Thus, the platinum catalyst activates the sub-
strate 3 by coordination to the aziridine nitrogen, which promotes
the aziridine ring opening by water as shown in 5. The resulting
sulfonamide nitrogen in 6 attacks the distal position of the alkyne
to form the cyclized intermediate 7. Aromatization by elimination
of water followed by iodo-demetalation with iodine produces the
iodopyrrole 4.
Scheme 3.
We next examined the reactions using N-benzyl-substituted
propargylic aziridines.5 In our initial attempt, we used trans-
propargylic aziridine 8a under platinum-catalyzed iodocyclization
conditions. When 8awas treated with 10 mol % of PtCl2 and 2 equiv
NIS in dioxane/H2O (2/1) at 100 �C for 60 min, the desired 3-
iodopyrrole 9a was produced in 22% yield along with the non-io-
dinated pyrrole 10 as the inseparable major product10 in 49% yield
(Scheme 4). Several attempts under various platinum-catalyzed
conditions resulted in similar results. For this reason, it was thought
Scheme 4.



Table 4
Reactions with various propargylic aziridines 8beja

Entry Substrate Product Yield (%)

1

8b

N
Bn

Cy

Ph 9b

NCy Ph
Bn

I

90

2

8c

N
Bn

Cy
9c

NCy Bn
Bn

I

79
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that proto-demetalation of the pyrrolyl-platinum intermediate 11
occurred prior to iodo-demetalation in the case of the N-benzyl-
substituted propargylic aziridines 8a.

We next turned our attention to the electrophilic activation of
propargylic aziridines,11 in which a similar process could take place
in the reaction of 8a with iodine (Table 3). When 8a was treated
with 2 equiv of iodine and 2 equiv of NaHCO3 in THF at rt,11r no
reaction occurred (entry 1). However, the desired product 9a was
obtained in 43% yield under reflux conditions in THF (entry 2). The
yield was improved to 64% when the reaction was carried out in
dioxane at 100 �C (entry 3), but the non-iodinated pyrrole 10 was
isolated as a by-product in 28% yield. For this reason, it was
expected that the hydrogen iodide produced in the reaction would
catalyze the cycloisomerization of 8a to the non-iodinated pyrrole
10.12 When 5 equiv of NaHCO3 was used to neutralize the hydrogen
iodide, the iodopyrrole 9awas successfully obtained in 90% yield as
the sole product (entry 4).
Table 3
Iodocyclizations of 8a in the presence of iodine

N

9a

I

N

10

NaHCO3, solvent
10–90 min

PrPr
BnBn

Cy Cy+

8a

N
Bn

Cy

Pr

I2

Entry Solvent NaHCO3 (equiv) Temp (�C) Yields (%)

9a 10

1 THF 2 rt N.R.
2 THF 2 Reflux 43 d

3 Dioxane 2 100 64 28
4 Dioxane 5 100 90 d

Bn

3

8d

N
Bn

Cy
9d

NCy
Bn

I

86

4

8e

N
Bn

Cy
OTBDPS( )3

9e

NCy
Bn

OTBDPS
( )3

I

86

5

8f

N
Bn

Cy
OH( )3

9f

NCy
Bn

OH
( )3

I

76

6

8g

N
Bn

Bu

Pr 9g

NBu Pr
Bn

I

94

7

8h

N
Bn

tBu

Pr 9h

NtBu Pr
Bn

I

95

8

8i

N
Bn

Ph

Pr 9i

NPh Pr
Bn

I

95

9b

8j

N
Bn

Nap

Pr 9j

NNap Pr
Bn

I

68

a All reactions were carried out in the presence of 2 equiv iodine and 5 equiv
NaHCO3 in dioxane at 100 �C for 10 min.

b Nap¼2-naphthyl.
The electrophilic cyclizations of the substituted propargylic
aziridines 8bej under the optimized conditions are summarized in
Table 4. When the reactions of the substrates 8bee containing,
respectively, a phenyl, benzyl, allyl, and siloxypropyl group at the
alkynyl position were carried out, the corresponding products
9bee were obtained in good yields (entries 1e4). The propargylic
aziridine 8f having a free hydroxyl group was uneventfully trans-
formed to the 3-iodopyrrole 9f in 76% yield (entry 5). The substrates
8g and 8h, which contain butyl and tert-butyl groups on the azir-
idine ring, were successfully transformed to the 3-iodopyrroles 9g
and 9h in 94% and 95% yield, respectively (entries 6 and 7). The
reactions of the phenyl- and 2-naphthyl-substituted substrates 8i
and 8j also proceeded to afford the corresponding products 9i and
9j in 95% and 68% yield, respectively (entries 8 and 9).

A plausible mechanism for the iodine-promoted cyclization of
the N-benzyl-substituted propargylic aziridines 8 is shown in
Scheme 5. Coordination of the propargylic triple bond to an iodine
cation forms the cyclic iodonium ion 12. Subsequent attack of the
aziridine nitrogen on the iodonium ion produces the cyclized cat-
ionic intermediate 13, which undergoes aromatization by elimi-
nation of the proton leading to the 3-iodopyrrole 9.13

Further functionalization of the resulting products provides
a broad insight into the 3-iodo-substitued pyrroles (Scheme6).When
the MiyauraeSuzuki coupling reaction of 4b with 4-methox-
yphenylboronic acid was carried out, the 4-methoxyphenyl group
was introduced to give 14 in 76% yield. The Sonogashira coupling
reaction of 4bwith phenylacetylene also afforded the coupled prod-
uct 15 in 70% yield. The iodopyrrole 9a likewise underwent the
Negishi couplingwith 3-methoxyphenylzinc chloride to produce the
corresponding product 16 in 83% yield.



Scheme 5.

Scheme 6.
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3. Conclusion

In conclusion, we have developed a methodology for the syn-
thesis of 3-iodopyrroles by an electrophilic cyclization of the N-
substituted propargylic aziridines. Whereas N-tosyl-substituted
substrates require a platinum catalyst to promote the reaction, the
iodine-promoted cycloisomerizations proceed when N-benzyl-
substituted substrates are employed. The reactions afford a variety
of substituted 3-iodopyrroles, and the process is an efficient and
convenient protocol for the preparation of these derivatives.

4. Experimental

4.1. General

Materials were obtained from commercial suppliers and used
without further purification except when otherwise noted. Sol-
vents were dried and distilled according to standard protocol.
Propargylic aziridines 3aec,e,h,4b,8 and 8aej5 were prepared
according to the procedures described in the literature.
4.2. General procedure for the synthesis of N-tosyl-
substituted propargylic aziridines 3.8 Reaction of 1f with 2a
(Scheme 2)

To a stirred solution ofN-sulfonyl imine 1f (250 mg, 0.972 mmol)
in CH2Cl2 (10 mL) were gradually added propargylic dime-
thylsulfonium salt 2a (329 mg, 0.972 mmol) and Cs2CO3 (317 mg,
0.972 mmol). The reaction mixture was stirred for 1.5 h at rt. The
reaction mixture was filtered through a pad of silica gel to remove
the inorganic salt. Concentration at reduced pressure gave the res-
idue, which was chromatographed on silica gel using hexane/AcOEt
(80/20) as the eluent to give the propargylic aziridine 3f (234 mg,
53%) as a yellow oil.

4.2.1. 2-Butyl-3-phenylethynyl-1-(toluene-4-sulfonyl)aziridine (3d).
Yield: 32%; colorless oil; IR (neat): 3029, 2956, 2871, 2230, 2360,1597,
1492, 1444, 1330 cm�1; 1H NMR (400 MHz, CDCl3): d 7.87 (2H, d,
J¼8.0 Hz), 7.40e7.35 (4H, m), 7.32e7.26 (3H, m), 3.58 (1H, d,
J¼6.8 Hz), 2.95 (1H, q, J¼6.8 Hz), 2.45 (3H, s), 1.74e1.59 (4H, m),
1.32e1.29 (2H, m), 0.84 (3H, t, J¼7.2 Hz); 13C NMR (100 MHz, CDCl3):
144.8,134.8,131.9,129.7,128.8,128.2,128.0,121.9, 82.1, 45.3, 34.4, 28.7,
27.9, 22.2, 21.7, 13.9; HRMS (ESI): m/z calcd for C21H23NNaO2S
(MþþNa): 376.1347; found 376.1347.

4.2.2. 2-(2-Bromo-phenyl)-3-phenylethynyl-1-(toluene-4-sulfo-
nyl)aziridine (3f). Yield: 53%; yellow oil; IR (neat): 3024, 2924,
2233, 1597, 1569, 1492, 1442, 1380 cm�1; 1H NMR (400 MHz,
CDCl3): d 7.94 (2H, d, J¼8.0 Hz), 7.55 (1H, d, J¼8.0 Hz), 7.38e7.32
(3H, m), 7.26e7.15 (5H, m), 7.08e7.06 (2H, m), 4.29 (1H, d,
J¼6.8 Hz), 3.94 (1H, d, J¼6.8 Hz), 2.44 (3H, s); 13C NMR (100 MHz,
CDCl3): d 145.0, 134.0, 132.0, 131.9, 131.6, 129.8, 129.7, 129.3, 128.6,
127.9, 127.9, 126.9, 123.2, 121.3, 84.4, 81.1, 46.8, 36.1, 21.5; HRMS
(ESI): m/z calcd for C23H18BrNNaO2S (MþþNa): 474.0139; found
474.0136.

4.2.3. 2-Oct-1-ynyl-3-phenyl-1-(toluene-4-sulfonyl)aziridine (3g).
Yield: 73%; colorless oil; IR (neat) 3061, 2931, 2859, 2248,
1598 cm�1; 1H NMR (400 MHz, CDCl3): d 7.88 (2H, d, J¼8.3 Hz),
7.34e7.27 (7H, m), 3.94 (1H, d, J¼6.9 Hz), 3.63 (1H, dt, J¼6.9 and
1.7 Hz), 2.43 (3H, s), 2.00 (2H, td, J¼6.8 and 1.7 Hz), 1.31e1.10 (8H,
m), 0.84 (3H, t, J¼7.2 Hz); 13C NMR (400 MHz, CDCl3): d 144.8,134.8,
132.3, 129.8, 128.6, 128.3, 127.9, 127.8, 86.8, 72.2, 46.2, 36.3, 31.2,
28.2, 28.0, 22.5, 21.7, 18.6, 14.0; HRMS (ESI) m/z calcd for
C23H27NNaO2S (MþþNa): 404.1660; found 404.1654.

4.3. General procedure for the synthesis of N-tosyl-
substituted 3-iodopyrroles 4. Reaction of 3b (entry 1 in
Table 2)

To a stirred solution of propargylic aziridine 3b (32.0 mg,
0.084 mmol) in CH3CN/H2O (10/1) were gradually added iodine
(42.8 mg, 0.168 mmol) and PtCl2 (2.2 mg, 8.4 mmol) at rt. After the
stirringwas continued for 25 min at 80 �C, the reactionmixturewas
cooled to rt and diluted with minimum amount of Et2O. The solu-
tion was then dried over MgSO4 and filtered through a small
amount of silica gel. Concentration at reduced pressure gave the
residue, which was chromatographed on silica gel using hexane/
AcOEt (92/8) as the eluent to give the 3-iodopyrrole 4b (34.0 mg,
95%) as a colorless oil.

4.3.1. 3-Iodo-2,5-diphenyl-1-(toluene-4-sulfonyl)-1H-pyrrole
(4a). Yield: 92%; colorless oil; IR (neat): 3060, 3029, 2924, 1597,
1487,1444,1376 cm�1; 1HNMR (400 MHz, CDCl3): d 7.47e7.37 (10H,
m), 7.09 (2H, d, J¼8.0 Hz), 7.04 (2H, d, J¼8.0 Hz), 6.38 (1H, s), 2.38
(3H, s); 13CNMR (100 MHz, CDCl3): d 144.8,140.8,139.6,135.0,132.2,
131.5,129.9,129.6,129.6,129.1,128.8,128.7,128.4,128.3,127.9,127.6,
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127.6, 127.5, 127.4, 127.1, 123.7, 74.8, 21.6; HRMS (ESI): m/z calcd for
C23H18INNaO2S (MþþNa): 522.0001; found 522.0002.

4.3.2. 5-Cyclohexyl-3-iodo-2-phenyl-1-(toluene-4-sulfonyl)-1H-pyr-
role (4b). Yield: 95%; IR (neat): 3061, 3029, 2926, 2852, 1597, 1477,
1446, 1371 cm�1; 1H NMR (400 MHz, CDCl3): d 7.38e7.29 (4H, m),
7.25e7.22 (2H, m), 7.16e7.12 (3H, m), 6.20 (1H, s), 3.28 (1H, tt, J¼2.8
and 11.2 Hz), 2.38 (3H, s), 2.07 (2H, d, J¼11.2 Hz), 1.84e1.73 (3H, m),
1.48e1.18(5H, m); 13C NMR (100 MHz, CDCl3): d 146.2, 144.6, 137.1,
136.5, 132.4, 131.9, 129.5, 128.4, 127.3, 126.5, 117.6, 73.8, 37.6, 34.6,
26.7, 26.2, 21.6; HRMS (ESI):m/z calcd for C23H24INNaO2S (MþþNa):
528.0470; found 528.0475.

4.3.3. 3-Iodo-2-phenyl-5-propyl-1-(toluene-4-sulfonyl)-1H-pyrrole
(4c). Yield: 64%; colorless oil; IR (neat): 3029, 2962, 2930, 2873,
1729, 1597, 1494, 1444, 1375 cm�1; 1H NMR (400 MHz, CDCl3):
d 7.40e7.29 (3H, m), 7.26 (3H, d, J¼8.0 Hz), 7.17e7.12 (3H, m), 6.19
(1H, s), 2.91 (2H, t, J¼7.2 Hz), 2.39 (3H, s), 1.75 (2H, sext, J¼7.2 Hz),
1.03 (3H, t, J¼7.2 Hz); 13CNMR(100 MHz, CDCl3): d144.7,139.9,137.1,
136.3,132.2,132.0,130.5,129.5,128.5,127.3,127.2,126.7,126.4,119.0,
73.2, 31.2, 22.5, 21.6, 14.0; HRMS (ESI):m/z calcd for C20H20INNaO2S
(MþþNa): 488.0157; found 488.0162.

4.3.4. 5-Butyl-3-iodo-2-phenyl-1-(toluene-4-sulfonyl)-1H-pyrrole
(4d). Yield:65%;colorlessoil; IR (neat): 3029, 2956, 2928, 2870,2360,
1597, 1444, 1376 cm�1; 1H NMR (400 MHz, CDCl3): d 7.40e7.31 (3H,
m), 7.27e7.25 (2H, m), 7.17e7.12 (4H, m), 6.19 (1H, s), 2.93 (2H, t,
J¼7.2 Hz), 2.40 (3H, s), 1.69 (2H, quint, J¼7.2 Hz), 1.45 (2H,
sext, J¼7.2 Hz), 0.97 (3H, t, J¼7.2 Hz); 13C NMR (100 MHz, CDCl3):
d 144.7,140.1,137.1,136.4,132.3,132.0,130.5,129.5,129.3,128.5,127.3,
127.2, 126.7, 126.4, 118.9, 73.2, 31.3, 28.9, 22.5, 21.6, 13.9; HRMS (ESI):
m/z calcd for C21H22INNaO2S (MþþNa): 502.0314; found 502.0312.

4.3.5. 3-Iodo-5-isopropyl-2-phenyl-1-(toluene-4-sulfonyl)-1H-pyr-
role (4e). Yield: 85%; colorless oil; IR (neat): 2969, 2360,1597,1559,
1523, 1444, 1378 cm�1; 1H NMR (400 MHz, CDCl3): d 7.39e7.29 (3H,
m), 7.23 (3H, d, J¼8.0 Hz), 7.15 (3H, d, J¼8.0 Hz), 6.23 (1H, s), 3.65
(1H, sext, J¼6.8 Hz), 2.39 (3H, s), 1.30 (6H, d, J¼6.8 Hz); 13C NMR
(100 MHz, CDCl3): d 147.2, 144.6, 137.5, 136.4, 132.3, 131.9, 129.5,
128.5,127.3,126.5,117.5, 73.8, 27.9, 23.8, 21.6; HRMS (ESI):m/z calcd
for C20H20INNaO2S (MþþNa): 488.0157; found 488.0157.

4.3.6. 5-(2-Bromo-phenyl)-3-iodo-2-phenyl-1-(toluene-4-sulfonyl)-
1H-pyrrole (4f). Yield: 66%; colorless oil; IR (neat): 3028, 2924,
1596, 1561, 1478, 1456, 1379 cm�1; 1H NMR (400 MHz, CDCl3):
d 7.66 (1H, d, J¼8.0 Hz), 7.46e7.36 (4H, m), 7.30e7.27 (4H, m), 7.10
(4H, s), 6.46 (1H, s), 2.38 (3H, s); 13C NMR (100 MHz, CDCl3): d 144.9,
138.2, 137.1, 135.5, 133.8, 132.6, 132.6, 131.4, 129.9, 129.3, 128.8,
127.4, 127.4, 126.5, 125.1, 123.3, 73.2, 21.6; HRMS (ESI):m/z calcd for
C23H17BrINNaO2S (MþþNa): 599.9106; found 599.9111.

4.3.7. 2-Hexyl-3-iodo-5-phenyl-1-(toluene-4-sulfonyl)-1H-pyrrole
(4g). Yield: 25%; yellow oil; IR (neat) 3061, 2926, 2856, 1597 cm�1;
1H NMR (400 MHz, CDCl3) d 7.36e7.21 (7H, m), 7.13 (2H, d,
J¼8.1 Hz), 6.17 (1H, s), 2.98 (2H, t, J¼7.6 Hz), 2.37 (3H, s), 1.70 (2H,
quint, J¼7.6 Hz), 1.43e1.33 (6H, m), 0.92 (3H, t, J¼7.2 Hz); 13C NMR
(400 MHz, CDCl3): d 144.7, 139.8, 138.8, 136.1, 132.2, 130.6, 129.5,
128.2, 127.3, 126.6, 122.2, 72.8, 31.6, 30.5, 30.1, 29.1, 22.7, 21.6, 14.1;
HRMS (ESI) m/z calcd for C23H26INNaO2S (MþþNa): 530.0627;
found 530.0627.

4.3.8. 4-Iodo-2-phenyl-1-(toluene-4-sulfonyl)-1H-pyrrole
(4h). Yield: 45%; brown solid; mp: 109.1e113.6 �C; IR (neat) 3144,
3066, 2917, 1596 cm�1; 1H NMR (400 MHz, CDCl3): d 7.52 (1H, d,
J¼1.7 Hz), 7.39e7.09 (9H, m), 6.20 (1H, d, J¼1.7 Hz), 2.36 (3H, s); 13C
NMR (400 MHz, CDCl3): d 145.2, 137.2, 135.1, 131.0, 130.0, 129.5,
128.8, 127.6, 127.4, 127.3, 121.9, 65.5, 21.6; HRMS (ESI) m/z calcd for
C17H14INNaO2S (MþþNa): 445.9688; found 445.9678.

4.4. General procedure for the synthesis of N-benzyl-
substituted 3-iodopyrroles 9. Reaction of 8a (entry 4 in Table 3)

To a stirred solution of propargylic aziridine 8a (200 mg,
0.711 mmol) in dioxane (20.0 mL) were gradually added iodine
(361 mg, 1.42 mmol) and NaHCO3 (299 mg, 3.56mmol) at rt. After
stirring for 10 min at 100 �C, the reactionmixturewas cooled to rt and
the excess I2 was removed by washing with a saturated aqueous so-
lution of Na2S2O3 (30.0 mL). The aqueous solutionwas then extracted
withEt2O(3�25mL)and thecombinedorganic layersweredriedover
MgSO4. Concentration at reduced pressure gave the residue, which
was purified by flash chromatography using hexane/AcOEt (98/2) as
the eluent to give the 3-iodopyrrole9a (261 mg, 90%) as a colorless oil.

4.4 .1. 1-Benzyl-5-cyclohexyl-3-iodo-2-propyl-1H-pyrrole
(9a). Yield: 90%; colorless oil; IR (neat): 3087, 3063, 3028, 2927,
2851, 1605, 1545, 1496, 1453, 1415, 1373 cm�1; 1H NMR (400 MHz,
CDCl3): d 7.30e7.21 (3H, m), 6.84 (2H, d, J¼7.6 Hz), 6.02 (1H, s), 5.08
(2H, s), 2.44 (2H, t, J¼7.6 Hz), 2.28 (1H, tt, J¼10.8 and 3.2 Hz),
1.78e1.64 (5H, m),1.41e1.18 (7H, m), 0.86 (3H, t, J¼7.2 Hz); 13C NMR
(100 MHz, CDCl3): d 140.5, 138.6, 133.2, 128.7, 127.1, 125.4, 110.5,
61.6, 47.4, 35.8, 33.9, 28.9, 26.5, 26.0, 23.2, 13.9; HRMS (ESI): m/z
calcd for C20H26NNaI (MþþNa): 430.1008; found 430.1010.

4.4.2. 1-Benzyl-5-cyclohexyl-3-iodo-2-phenyl-1H-pyrrole
(9b). Yield: 90%; white solid; mp: 102.5e102.7 �C; IR (neat): 3062,
3028, 2926, 2850, 1637, 1509, 1496, 1449, 1353 cm�1; 1H NMR
(400 MHz, CDCl3): d 7.32e7.16 (8H, m), 6.79 (2H, d, J¼7.2 Hz), 6.19
(1H, s), 5.03 (2H, s), 2.32 (1H, tt, J¼11.2 and 3.2 Hz), 1.80e1.64 (5H,
m), 1.39e1.27 (2H, m), 1.25e1.15 (3H, m); 13C NMR (100 MHz,
CDCl3): d 141.7, 138.8, 134.7, 132.5, 131.0, 128.5, 128.0, 127.8, 127.0,
125.5, 112.0, 62.6, 48.4, 36.0, 34.0, 26.6, 25.9; HRMS (ESI):m/z calcd
for C23H25NI (MþþH): 442.1032; found 442.1031.

4.4.3. 1,2-Dibenzyl-5-cyclohexyl-3-iodo-1H-pyrrole (9c). Yield: 79%;
colorless oil; IR (neat): 3061, 3027, 2925, 2850, 1603, 1546, 1495,
1454, 1417, 1354 cm�1; 1H NMR (400 MHz, CDCl3): d 7.28e7.14 (6H,
m), 7.03 (2H, d, J¼7.2 Hz), 6.76 (2H, d, J¼7.6 Hz), 6.09 (1H, s), 4.88
(2H, s), 3.82 (2H, s), 2.30 (1H, tt, J¼11.6 and 2.8 Hz), 1.77e1.64 (5H,
m), 1.36e1.25 (2H, m), 1.24e1.19 (3H, m); 13C NMR (100 MHz,
CDCl3): d 141.4, 139.0, 138.2, 131.4, 128.6, 128.4, 127.9, 127.1, 126.1,
125.4, 110.5, 63.7, 47.5, 35.8, 33.9, 32.8, 26.5, 25.9; HRMS (ESI): m/z
calcd for C24H26NNaI (MþþNa): 478.1008; found 478.1010.

4.4.4. 2-Allyl-1-benzyl-5-cyclohexyl-3-iodo-1H-pyrrole (9d). Yield:
86%; colorless oil; IR (neat): 3063, 3028, 2926, 2851, 1637, 1605,
1496, 1452, 1417, 1354 cm�1; 1H NMR (400 MHz, CDCl3):
d 7.30e7.21 (3H, m), 6.83 (2H, d, J¼7.6 Hz), 6.04 (1H, s), 5.71 (1H,
ddt, J¼17.2, 10.0 and 6.0 Hz), 5.07 (2H, s), 4.96 (1H, dd, J¼10.0 and
1.6 Hz), 4.89 (1H, dd, J¼17.2 and 1.6 Hz), 3.22 (2H, d, J¼6.0 Hz), 2.33
(1H, tt, J¼11.2 and 3.2 Hz), 1.79e1.64 (5H, m), 1.35e1.17 (5H, m); 13C
NMR (100 MHz, CDCl3): d 141.1,138.4,135.1, 130.1, 128.7, 127.1, 125.4,
115.5, 110.5, 62.4, 47.3, 35.8, 33.9, 31.4, 26.5, 26.0; HRMS (ESI): m/z
calcd for C20H25NaI (MþþH): 406.1032; found 406.1033.

4.4.5. 1-Benzyl-2-[3-(tert-butyl-diphenyl-silanyloxy)-propyl]-5-cy-
clohexyl-3-iodo-1H-pyrrole (9e). Yield: 86%; colorless oil; IR (neat):
3069, 3029, 2998, 2927, 2855, 1605, 1589, 1547, 1496, 1472, 1452,
1428, 1390 cm�1; 1H NMR (400 MHz, CDCl3): d 7.61 (4H, d,
J¼6.8 Hz), 7.42e7.32 (6H, m), 7.27e7.20 (3H, m), 6.78 (2H, d,
J¼6.8 Hz), 6.02 (1H, s), 5.08 (2H, s), 3.60 (2H, t, J¼7.2 Hz), 2.59 (2H, t,
J¼7.6 Hz), 2.28 (1H, tt, J¼10.8 and 3.2 Hz), 1.77e1.71 (4H, m),
1.63e1.55 (4H, m), 1.30e1.18 (4H, m), 1.02 (9H, s); 13C NMR
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(100 MHz, CDCl3): d 140.5, 138.6, 135.5, 133.8, 132.8, 129.5, 128.6,
127.5, 127.1, 125.4, 110.5, 63.2, 61.3, 47.3, 35.8, 33.9, 32.7, 26.8, 26.5,
26.0, 23.5, 19.1; HRMS (ESI): m/z calcd for C36H45NOSiI (MþþH):
662.2315; found 662.2315.

4.4.6. 3-(1-Benzyl-5-cyclohexyl-3-iodo-1H-pyrrol-2-yl)propan-1-ol
(9f). Yield: 76%; colorless oil; IR (neat): 3413, 3088, 3064, 2929,
2854, 1605, 1586, 1546, 1497, 1452, 1417, 1374 cm�1; 1H NMR
(400 MHz, CDCl3): d 7.31e7.22 (3H, m), 6.84 (2H, d, J¼7.6 Hz), 6.03
(1H, s), 5.12 (2H, s), 3.56 (2H, t, J¼6.0 Hz), 2.59 (2H, t, J¼7.6 Hz), 2.31
(1H, tt, J¼11.6 and 3.2 Hz), 1.79e1.71 (4H, m), 1.66e1.55 (3H, m),
1.32e1.17 (6H, m); 13C NMR (100 MHz, CDCl3): d 140.9, 138.5, 132.2,
128.7, 127.2, 125.4, 110.6, 61.9, 61.8, 47.4, 35.9, 33.9, 32.5, 26.5, 25.9,
23.1; HRMS (ESI): m/z calcd for C20H26NONaI (MþþNa): 446.0957;
found 446.0961.

4.4.7. 1-Benzyl-5-butyl-3-iodo-2-propyl-1H-pyrrole (9g). Yield:
94%; colorless oil; IR (neat): 3063, 3029, 2956, 2929, 2870, 1600,
1551, 1497, 1454, 1432, 1414, 1378, 1354 cm�1; 1H NMR (400 MHz,
CDCl3): d 7.30e7.21 (3H, m), 6.85 (2H, d, J¼7.6 Hz), 6.02 (1H, s), 5.06
(2H, s), 2.48 (2H, t, J¼7.6 Hz), 2.36 (2H, t, J¼7.6 Hz), 1.56e1.47 (2H,
m), 1.42e1.26 (4H, m), 0.92e0.82 (6H, m); 13C NMR (100 MHz,
CDCl3): d 138.3, 134.7, 133.6, 128.7, 127.1, 125.4, 112.1, 61.1, 47.5, 30.5,
28.9, 26.1, 23.3, 22.3, 13.8, 13.8; HRMS (ESI): m/z calcd for
C18H24NNaI (MþþNa): 404.0851; found 404.0851.

4.4 .8. 1-Benzyl-5-tert-butyl-3-iodo-2-propyl-1H-pyrrole
(9h). Yield: 95%; colorless oil; IR (neat): 3063, 3028, 2961, 2927,
2870, 1605, 1567, 1497, 1466, 1454, 1397, 1364 cm�1; 1H NMR
(400 MHz, CDCl3): d 7.29e7.19 (3H, m), 6.78 (2H, d, J¼7.2 Hz), 6.07
(1H, s), 5.31 (2H, s), 2.32 (2H, t, J¼7.6 Hz), 1.36 (2H, sext, J¼7.6 Hz),
1.24 (9H, s), 0.85 (3H, t, J¼7.6 Hz); 13C NMR (100 MHz, CDCl3):
d 142.6, 139.1, 135.5, 128.5, 126.9, 125.3, 111.8, 61.4, 49.2, 32.2, 30.8,
29.6, 28.9, 23.0, 13.9; HRMS (ESI): m/z calcd for C18H24NNaI
(MþþNa): 404.0851; found 404.0855.

4.4.9. 1-Benzyl-3-iodo-5-phenyl-2-propyl-1H-pyrrole (9i). Yield:
95%; colorless oil; IR (neat): 3062, 3028, 2958, 2957, 2929, 2869,
1603,1496,1453,1401,1384,1356 cm�1; 1H NMR (400 MHz, CDCl3):
d 7.29e7.22 (8H, m), 6.87 (2H, d, J¼7.2 Hz), 6.35 (1H, s), 5.16 (2H, s),
2.48 (2H, t, J¼7.6 Hz),1.45 (2H, sext, J¼7.6 Hz), 0.90 (3H, t, J¼7.6 Hz);
13C NMR (100 MHz, CDCl3): d 138.6, 136.0, 135.6, 132.6, 128.9, 128.7,
128.3, 127.2, 127.1, 125.5, 115.3, 62.9, 48.4, 29.1, 23.0, 14.0; HRMS
(ESI): m/z calcd for C20H21NI (MþþH): 402.0719; found 402.0719.

4.4.10. 1-Benzyl-3-iodo-5-naphthalen-2-yl-2-propyl-1H-pyrrole
(9j). Yield: 68%; yellow oil; IR (neat): 3057, 3029, 2961, 2928, 2872,
1630, 1603, 1497, 1454, 1414, 1379, 1357 cm�1; 1H NMR (400 MHz,
CDCl3): d 7.81e7.74 (2H, m), 7.68e7.65 (2H, m), 7.46e7.41 (2H, m),
7.39 (1H, d, J¼7.6 Hz), 7.29e7.23 (3H, m), 6.91 (2H, d, J¼7.6 Hz), 6.46
(1H, s), 5.23 (2H, s), 2.53 (2H, t, J¼7.6 Hz), 1.49 (2H, sext, J¼7.6 Hz),
0.93 (3H, t, J¼7.6 Hz); 13C NMR (100 MHz, CDCl3): d 138.6, 136.0,
132.4, 128.7, 127.9, 127.9, 127.5, 127.5, 127.2, 127.0, 126.2, 126.0,
125.5, 115.8, 63.1, 48.6, 29.1, 23.0, 14.0; HRMS (ESI): m/z calcd for
C24H22NNaI (MþþNa): 474.0695; found 474.0696.

4.5. 5-Cyclohexyl-3-(4-methoxyphenyl)-2-phenyl-1-(toluene-
4-sulfonyl)-1H-pyrrole (14)

To a stirred solution of 3-iodopyrrole 4b (30.0 mg, 0.059 mmol)
in toluene/MeOH (1/1, 2.0 mL) were added 4-methoxyphenylbor-
onic acid (18.0 mg, 0.118 mmol), Pd(PPh3)4 (6.8 mg, 5.9 mmol), and
Na2CO3 (18.8 mg, 0.177 mmol) at rt. After the stirring was contin-
ued for 60 min at 60 �C, the reaction mixture was filtered through
a pad of Celite. Concentration at reduced pressure gave the residue,
which was chromatographed on silica gel using hexane/AcOEt (85/
15) as the eluent to give the coupled product 14 (22.0 mg, 76%) as
a colorless oil; IR (neat) 3045, 2928, 2852,1613,1513 cm�1; 1H NMR
(400 MHz, CDCl3): d 7.30e7.19 (5H, m), 7.13e7.07 (4H, m), 6.89 (2H,
d, J¼8.7 Hz), 6.64 (2H, d, J¼8.7 Hz), 6.24 (1H, s), 3.70 (3H, s), 3.34
(1H, tt, J¼11.2 and 2.9 Hz), 2.35 (3H, s), 2.14e2.18 (2H, m), 1.85e1.75
(3H, m), 1.52e1.19 (5H, m); 13C NMR (400 MHz, CDCl3): d 158.0,
144.9, 144.1, 137.2, 132.4, 132.2, 131.3, 129.3, 129.1, 127.8, 127.4, 127.0,
126.9, 126.4, 113.4, 111.7, 55.1, 37.7, 34.8, 26.8, 26.4, 21.6; HRMS (ESI)
m/z calcd for C30H31NNaO3S (MþþNa) 508.1922; found 508.1920.

4.6. 5-Cyclohexyl-2-phenyl-3-phenylethynyl-1-(toluene-4-
sulfonyl)-1H-pyrrole (15)

To a stirred solution of 3-iodopyrrole 4b (57.3 mg, 0.113 mmol)
in Et3N (3.8 mL) were added phenylacetylene (46.2 mg,
0.452 mmol), PdCl2(PPh3)2 (7.9 mg, 0.011 mmol), and CuI (4.3 mg,
0.023 mmol) at rt. After the stirring was continued for 14 h at 60 �C,
the reaction mixture was diluted with saturated aqueous solution
of NH4Cl and extracted with AcOEt. The combined extracts were
washed with brine and the organic layer was dried over MgSO4.
Concentration at reduced pressure gave the residue, which was
chromatographed on silica gel using hexane/AcOEt (90/10) as the
eluent to give the coupled product 15 (38.0 mg, 70%) as a brown
solid. Mp: 146.4e148.3 �C; IR (neat) 3061, 3032, 2928, 2853, 2213,
1597 cm�1; 1H NMR (400 MHz, CDCl3): d 7.44e7.35 (6H, m),
7.24e7.13 (8H, m), 6.19 (1H, s) 3.27 (1H, tt, J¼11.5 and 2.8 Hz), 2.37
(3H, s), 2.07e2.11 (2H, m), 1.85e1.75 (3H, m), 1.51e1.18 (5H, m); 13C
NMR (400 MHz, CDCl3): d 145.6, 144.6, 140.5, 136.2, 131.6, 131.2,
131.2, 129.4, 128.2, 128.2, 127.9, 127.1, 126.4, 123.4, 113.5, 110.4, 91.3,
83.8, 37.8, 34.5, 26.7, 26.3, 21.6; HRMS (ESI) m/z calcd for
C31H29NNaO2S (MþþNa) 502.1817; found 502.1815.

4.7. 1-Benzyl-5-cyclohexyl-3-(3-methoxy-phenyl)-2-propyl-
1H-pyrrole (16)

To a stirred solution of 3-methoxybromobenzene (0.06 mL,
0.442 mmol) in THF (1.0 mL) was added dropwise tert-butyllithium
(0.70 mL of a 1.32 M solution in pentane, 0.884 mmol) at �78 �C.
Stirring was continued for 0.2 h at the same temperature, and an-
hydrous ZnCl2 (60 mg, 0.442 mmol) was added to the reaction
mixture and then the cold bath was removed. Whilst warming, 3-
iodopyrrole 9a (30.0 mg, 0.074 mmol) and Pd(PPh3)4 (8 mg,
0.007 mmol) were added to the reaction mixture, which was then
stirred at rt for 0.5 h. The resulting mixture was filtered through
a small amount of flash silica. Concentration at reduced pressure
gave the residue, which was chromatographed on silica gel with
hexane/AcOEt (98/2) as eluent to give the coupled product 16
(23.7 mg, 83%) as a yellow oil; IR (neat): 3062, 3028, 2927, 2852,
1605, 1515, 1495, 1453, 1411, 1353 cm�1; 1H NMR (400 MHz, CDCl3):
d 7.31e7.21 (4H, m), 7.02e6.97 (2H, m), 6.89 (2H, d, J¼7.6 Hz), 6.74
(1H, d, J¼7.6 Hz), 6.09 (1H, s), 5.10 (2H, s), 3.83 (3H, s), 2.53e2.57
(2H, m), 2.30e2.36 (1H, m), 1.83e1.65 (5H, m), 1.53e1.21 (7H, m),
0.86 (3H, t, J¼7.2 Hz); 13C NMR (100 MHz, CDCl3): d 159.5, 139.3,
139.2, 138.6, 129.0, 128.8, 128.6, 126.9, 125.5, 121.0, 120.3, 113.1,
110.6, 103.9, 55.1, 46.6, 35.8, 34.1, 27.4, 26.7, 26.1, 24.2, 14.2; HRMS
(ESI): m/z calcd for C27H34NO (MþþH): 388.2640; found 388.2644.
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