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Introduction

The discovery of new simple and short synthetic strategies for
obtaining complex medium-size polycyclic heterocycles is an

important research area from both academic and industrial

points of views because of the usefulness of these molecules
as pharmaceutical precursors or electronic devices. For exam-

ple, IIK7, in the isoindole molecule class, is a commercial ana-
logue of melatonin with an important physiological ability to

reduce intraocular pressure (Figure 1).[1] Lamellarins A4 and G
are natural pyrrole alkaloids, which exhibit a wide variety of

biological activities (for example, reversal of multidrug resist-

ance, HIV-1 integrase inhibition, and antibiotic activity).[2] Com-
pound I, with a pyrrole-fused 6-membered ring, which is a pyr-

rolo[1,2,f]phenanthridine derivative, displays valuable pharma-
ceutical properties, such as anti-HIV activity and the stimulation

of the multiplication of MT-4 cells at low concentrations
(Figure 1).[3] Among the dibenzoazepine analogues, molecule II,
a pyrrole-fused 7-membered ring, is recognized for its anti-hy-

pertensive, anti-psychotic, anti-inflammatory, anaesthetic, anti-
ulcer, and vasodilatatory multiproperties (Figure 1).[4] In addi-
tion, congested pyrrole structures such as Ullazine and pyrrolo-
[1,2-f]phenanthridine (III) have recently found applications in

electronic devices, in which they are used as organic sensitizers
for solar-cell applications (Figure 1).[5]

One of the most reliable and fast approaches for the prepa-
ration of such polycyclic molecules involves domino or cascade
reactions including multicomponent reactions.[6] More recently,

metal-catalyzed C¢H bond activation was introduced as one of
the most attractive methods for the modification and the syn-
thesis of heterocycles,[7] and sequential approaches involving
at least one C¢H bond cyclization have been described for the

synthesis of fused polycyclic heterocycles.[8] On the other hand,
an iterative process, namely the repetition of successive or sim-

ilar reactions for the stepwise synthesis of molecules, repre-
sents a huge advantage for synthesis in few steps and the
design of diversity.[9]

Palladium-catalyzed intramolecular arylation of pyrroles is an
efficient pathway for the construction of five-membered-ring

pyrrolo[1,2,a]isoindoles. However, this methodology remains
limited to scarce examples.[10] Moreover, to the best of our

knowledge, further transformations of the isoindoles, such as

direct intermolecular arylations, have not been reported (Fig-
ure 2 a). Knochel and co-workers reported palladium-catalyzed

intramolecular arylation for the construction of condensed N-
heterocycles (Figure 2 b).[8c, d] From N-(2-bromobenzyl)- or N-(2-

bromobenzoyl)-substituted pyrroles, the six-membered-ring
cyclization occurred, with Pd(OAc)2 catalysts in the presence of

Figure 1. Examples of pyrrole-fused heterocyclic structures.

Condensed N-heterocycles were prepared by using iterative
C¢H bond activation reactions catalyzed by palladium. The
first step consists of a palladium-catalyzed direct desulfitative

C¢H bond arylation of brominated N-benzylpyrrole derivatives

with benzenesulfonyl chlorides. The presence of the bromine
atom allows the formation in the second step of several N-het-

erocycles with five-, six-, or seven-membered rings by a palladi-

um-catalyzed intramolecular C¢H bond arylation.
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a phosphine and Cs2CO3 as base, through a C(sp3)¢H bond ac-
tivation. In addition, from N-(2-bromophenyl)-substituted pyr-

roles, similar reaction conditions afforded [1,2,a]-pyrrole-fused
five- or seven-membered or [1,2,f]-pyrrole-fused six-membered

cyclized products depending on the C2 substituent on the pyr-

role unit (that is, R is Me, Ph, or CH2Ph) through C(sp3)¢H or
C(sp2)¢H bond activation. On the other hand, palladium-cata-

lyzed intermolecular C2 arylation of pyrroles is a well-estab-
lished procedure (Figure 2 c).[11] However, palladium-catalyzed

intramolecular direct arylation generally proceeds faster than
the intermolecular reaction and prevents an orthogonal ap-

proach for the synthesis of N-condensed molecules through
iterative palladium-catalyzed C¢H bond arylation. On the basis
of the original report by Dong and co-workers,[12] our group
and others have exploited the reactivity of benzenesulfonyl

chlorides for direct regioselective arylation of several heteroar-
enes.[13] This methodology tolerated C¢X bonds, which allowed

orthogonal functionalizations.[14] Herein, we report a novel ap-
proach for the synthesis of pyrrolo[2,1,a]isoindole, dibenzo[c,e]-
pyrrolo[1,2,a]azepine, and pyrrolo[1,2,f]phenanthridine deriva-

tives by using two iterative C¢H bond arylations and by start-
ing from N-(2-bromobenzyl)pyrrole. This uncommon procedure

involves firstly a palladium intermolecular arylation, in which
benzenesulfonyl chlorides were used as aryl sources, and then
a palladium-catalyzed direct cyclization affords the desired N-
condensed heterocycles (Figure 2 d).

Results and Discussion

We selected N-(2-bromobenzyl)pyrrole and 3-fluorobenzenesul-
fonyl chloride as starting materials and investigated the Pd-cat-

alyzed intermolecular direct pyrrole C2 arylation. With our pre-
vious optimized reaction conditions, (that is, 5 mol % of

PdCl2(CH3CN)2 in the presence of 3 equivalents of Li2CO3 in 1,4-
dioxane at T = 140 8C), a mixture of mono- and diarylated prod-
ucts 1 and 2 was obtained in 85:15 ratio, albeit without full

consumption of the starting materials (Table 1, entry 1).[13g] No-
tably, no side product resulting from an intramolecular aryla-
tion by activation of the C¢Br bond was detected. A decrease
in the amount of pyrrole to 1.2 equivalents allowed full conver-
sion of benzenesulfonyl chloride to be reached with a slightly
better ratio of 1:2 (87:13), and 1 was isolated in 75 % yield

Table 1. Screening conditions for the selective synthesis of 2-arylated
N-(2-bromobenzyl)pyrrole and 2,5-diarylated N-(2-bromobenzyl)pyrrole.

Entry Modifications to conditions Conv. [%][a] 1:2[a]

1 – 87 85:15
2 A (1.2 equiv.) 100 87:13 (75 %)[b]

3 A (1.2 equiv.), Pd2(dba)3
[c] 20 95:5

4 A (1.2 equiv.), PdCl2(PhCN)2 100 57:43
5 A (1.2 equiv.), Pd(OAc)2 100 57:43
6 A (1.2 equiv.), PdCl2 100 62:38
7 A (1.2 equiv.), 120 8C, 24 h 40 66:34
8 A (1.2 equiv.), Li2CO3 (1.5 equiv.) 30 80:20
9 A (1.2 equiv.), Na2CO3 95 67:33
10 A (1.2 equiv.), K2CO3 23 95:5
11 A (1.2 equiv.), KOAc 59 83:17
12 A (1 equiv.), B (2.5 equiv.) 100 45:55 (41 %)[d]

13 A (1 equiv.), B (2.5 equiv.), 24 h 100 5:95 (87 %)[d, e]

[a] Determined by GC and 1H NMR spectroscopy, the conversion is based
on 3-fluorobenzenesulfonyl chloride. [b] Yield of 1 after isolation. [c] dba:
trans,trans-dibenzylideneacetone. [d] Yield of 2 after isolation. [e] B was
added in two portions separated by 15 h.

Figure 2. Previous examples of Pd-catalyzed intra- and intermolecular direct
arylations of pyrrole derivatives. p-Tol : p-tolyl ; Ts: toluene-4-sulfonyl ; Bn:
benzyl.
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(Table 1, entry 2). Pd2(dba)3 catalyst affords a higher selectivity
in favor of the monoarylated product 1 (95:5), albeit with poor

conversion (Table 1, entry 3). Other sources of palladium such
as PdCl2(PhCN)2, Pd(OAc)2, and PdCl2 did not allow improve-

ment of the selectivity in favor of 1 (Table 1, entries 4–6). A
lower reaction temperature of 120 8C resulted in a lower con-

version of 40 % without any improvement of the 1:2 ratio
(Table 1, entry 7). The same trend was observed with a lower

amount of base (1.5 equiv. ; Table 1, entry 8). The use of

Na2CO3, K2CO3, or KOAc instead of Li2CO3 led to slightly lower
yields of 1, either as a result of lower conversions or poor 1:2
selectivities (Table 1, entries 9–11).

On the other hand, we were also interested in the selective
synthesis of the C2,C5-diarylated pyrrole 2. An increase in the
amount of 3-fluorobenzenesulfonyl chloride to 2.5 equivalents

allowed the formation of diarylated product 2 in only 41 % iso-

lated yield (Table 1, entry 12). During this reaction, we ob-
served the formation of a large amount of C2-arylated product

1 and also of a side product resulting from the degradation of
the benzenesulfonyl chloride. To prevent this decomposition,

we decided to introduce the benzenesulfonyl chloride in two
portions separated by 15 h. As a result, 2 was obtained with

much higher selectivity (>95 %) and isolated in 87 % yield

(Table 1, entry 13).
Having found the best reaction conditions to synthesize C2-

arylated pyrrole 1 or C2,C5-diarylated pyrrole 2, both in good
yields, we turned our attention to the cyclization reactions

(Scheme 1). Firstly, we selected pyrrole 1, which contains two
reactive C¢H bonds under palladium catalysis. In the presence

of 2 mol % of Pd(OAc)2 and KOAc as base, the cyclized product

3, resulting from activation of the C¢H bond at the C5 position
on the pyrrole, was obtained in an excellent 82 % yield

(Scheme 1, top). The potential other regioisomer, which would
result from activation of the C¢H bond at the ortho position

with respect to the fluorine atom, was not detected. We
also employed the conditions that we had previously de-

scribed for the synthesis of ortho-fluorinated biaryls,[15] (that is,

PdCl(C3H5)(dppb) in the presence of PivOK as base), but again
only product 3 was obtained, with a comparable yield. The

C2,C5-diarylated pyrrole 2 was then subjected to the same re-
action conditions. We were pleased to find that the intramolec-

ular direct arylation occurred to give the seven-membered ring
product 4 in 89 % yield (Scheme 1, bottom). With the first set

of conditions, namely, the Pd(OAc)2/KOAc system, a lower 41 %
yield of 4 was obtained because of a poor conversion. More-
over, the reaction was fully regioselective because the arylation

occurred only at the ortho position to the fluorine atom (as de-
termined by analysis of 19F/1H and 19F/13C coupling constants).
Notably, the synthesis of 3 or 4 could not be performed by
a “one-pot” procedure from N-(2-bromobenzyl)pyrrole and

benzenesulfonyl chloride.
After having developed these iterative processes for the syn-

thesis of five- or seven-membered-ring N-condensed heterocy-

cles, we generalized the protocol. Firstly, we investigated the
scope of the iterative C¢H arylations for the synthesis of 3-ary-

lated pyrrolo[2,1-a]isoindoles with a set of benzenesulfonyl
chlorides (Table 2). With 4-nitrobenzenesulfonyl chloride as the

coupling partner, the desulfitative arylation of the pyrrole pro-
ceed smoothly to afford the desired C2-arylated pyrrole 5 in

78 % yield. Compound 5 was then treated with 2 mol % of

Pd(OAc)2 in the presence of 2 equivalents of KOAc in DMA for
16 h. Unfortunately, no cyclized product 6 was detected, and

only the starting material 5 was recovered. The use of 2 mol %
of PdCl(C3H5)(dppb) in the presence of 2 equivalents of PivOK

was also unsuccessful (Table 2, entry 1). A competitive reaction
between 1 and 5 revealed that only product 1 was cyclized, to

form 3, whereas 5 remained untouched. This result suggests

that the nitro substituent prevents the cyclization as a result of
its strong electron-withdrawing character. In contrast, with 4-

(trifluoromethyl)benzenesulfonyl chloride as the coupling part-
ner, the pyrrolo[2,1-a]isoindole 8 was isolated in 57 % overall

yield by successive palladium-catalyzed C¢H bond arylations
(Table 2, entry 2). The C2 arylated pyrrole intermediate 7 was

not isolated in pure form because of contamination with the

starting materials ; therefore, the crude mixture was directly
used in the second step. A 4-cyano substituent on the benze-

nesulfonyl chloride was tolerated with both sets of reaction
conditions, and the intermediate 9 was isolated in 71 % yield;
it was then regioselectively cyclized into 10 in 92 % yield
(Table 2, entry 3). The first desulfitative arylation of pyrroles
was also performed with electron-rich tosyl chloride, although

the C2-arylated pyrrole 11 was isolated in a moderate 42 %
yield. Again, the electronic properties of the arene at the C2
position of the pyrrole unit have a minor influence on the in-
tramolecular arylation, because the pyrrolo[2,1,a]isoindole 12
was isolated as a single regioisomer in 88 % yield (Table 2,
entry 4). Next, we investigated the reactivity of meta-substitut-

ed benzenesulfonyl chlorides in the iterative process. With 3-
(trifluoromethyl)benzenesulfonyl chloride, intermediate 13 was
not isolated as a result of contamination, but the iterative pro-
cess from the crude mixture afforded the desired cyclized
product 14 in 68 % yield over two steps (Table 2, entry 5). 3,5-
Dichlorobenzenesulfonyl chloride was easily coupled through
palladium-catalyzed direct desulfitative arylation to give the

Scheme 1. Palladium-catalyzed direct cyclization reactions of 1-(2-bromo-
benzyl)-2-(3-fluorophenyl)pyrrole and 1-(2-bromobenzyl)-2,5-bis(3-fluorophe-
nyl)pyrrole. DMA: N,N-dimethylacetamide; dppb: 1,1’-bis(diphenylphospha-
nyl)butane; Piv: pivaloyl.
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C2-arylated product 15 in an excellent yield. The presence of
two chlorine atoms on the C2-arene slightly decreased the

yield of the cyclized product 16. However, the other reaction
conditions (that is, 2 mol % of PdCl(C3H5)(dppb) in the presence

of 2 equivalents of PivOK) led to a complete conversion, and
pyrrolo[2,1,a]isoindole 16 was isolated in 83 % yield as a single
regioisomer (Table 2, entry 6). An ortho-fluoro substituent on
the benzenesulfonyl chloride has no significant effect on both

arylations, because 1-(2-bromobenzyl)-2-(2-fluorophenyl)pyr-
role (17) was obtained in 65 % yield and was cyclized into 3-(2-

fluorophenyl)pyrrolo[2,1-a]isoindole (18) in 77 % yield (Table 2,
entry 7). Finally, we also performed the reaction with 2,3,4-tri-

fluorobenzenesulfonyl chloride as the coupling partner. The
C2-arylated pyrrole intermediate 19 was not isolated, and the
crude mixture was directly treated with 2 mol % of

PdCl(C3H5)(dppb) in the presence of 2 equivalents of PivOK to
afford the cyclized product 20 in 66 % overall yield (Table 2,

entry 8). Notably, even in the presence of the highly activated
trifluorobenzene, no C¢H bond activation on this benzene ring

was observed and the cyclization took place exclusively on the

pyrrole unit.
We then moved on to study the one-pot preparation of 1-

(2-bromobenzyl)-2,5-di(aryl)pyrroles, through a desulfitative di-
arylation, and their reactivities in palladium-catalyzed direct in-

tramolecular arylation (Table 3). With the optimized conditions
described in Table 1 (entry 13), in which tosyl chloride was

added in two portions separated by 15 h, 1-(2-bromobenzyl)-

2,5-di-p-tolylpyrrole (21) was isolated in 77 % yield. The intra-
molecular arylation was then performed with PdCl(C3H5)(dppb)

as the catalyst and PivOK as the base in DMA. The reaction
was found to be sensitive to the electronic properties of the

aryl groups, because only a moderate yield of 38 % of 22 was
obtained as a result of a low conversion of 21 (Table 3,

entry 1). In contrast, with 4-cyanobenzenesulfonyl chloride, the

intermolecular desulfitative arylation and intramolecular aryla-
tion both proceeded in high yields, because the diarylated pyr-

role 23 was isolated in 76 % yield and was converted into the
corresponding pyrrolo[2,1,a]azepine 24 in 62 % yield. Four

other examples of pyrrolo[1,2-a]azepine syntheses were per-
formed by using the same synthetic scheme. However, as

a result of laborious purification issues for the 1-(2-bromoben-

zyl)-2,5-di(aryl)pyrrole intermediates, the cyclizations were di-
rectly performed from the crude mixtures. With 4-(trifluorome-

thyl)benzenesulfonyl chloride as the aryl source, the iterative
C¢H bond arylations allowed the formation of the desired het-

eropolycycle 26 in 77 % overall yield (Table 3, entry 3). Both the
intermolecular desulfitative and the intramolecular direct C¢H
bond arylation conditions tolerated an aryl group with a meta

substituent. For example, 3-(trifluoromethyl)benzenesulfonyl
chloride was treated with the pyrrole derivative and then cy-

clized into pyrrolo[2,1,a]azepine 28 in 49 % yield over two
steps (Table 3, entry 4). The cyclization reaction was completely
regioselective, and the product resulted from the activation of
the less sterically hindered C¢H bond (the configuration of the
product was determined by analysis of 19F/1H and 19F/13C cou-

pling constants). The iterative reaction proceeded smoothly
with a benzenesulfonyl chloride bearing two chloro substitu-

ents at positions 3 and 5 to give the pyrrolo[2,1,a]azepine 30
in 76 % yield. Finally, 2,3,4-trifluorobenzenesulfonyl chloride

was used as the coupling partner to afford the desired 2,5-di-
arylpyrrole derivative 31 through a double direct desulfitative

Table 2. Synthesis of 3-arylated pyrrolo[2,1-a]isoindoles by palladium-cat-
alyzed iterative C¢H bond arylations.

[a] PdCl(C3H5)(dppb) (2 mol %) and PivOK (2 equiv.) were used instead of
Pd(OAc)2 and KOAc.
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arylation catalyzed by 5 mol % of PdCl2(CH3CN)2. Again, as

a result of the purification issue with such a fluorinated mole-
cule, the PdCl(C3H5)(dppb)-catalyzed intramolecular arylation

was directly performed on the crude mixture, after a simple fil-

tration on silica gel, to afford the N-condensed heterocycle 32
in 65 % overall yield.

Next, we investigated the reactivity of unsymmetrical 2,5-di-
(aryl)pyrroles in the palladium-catalyzed direct intramolecular

reaction (Scheme 2). From the C2-arylated pyrrole 9, we per-
formed a second desulfitative arylation with methyl 3-(chloro-

sulfonyl)thiophene-2-carboxylate as the coupling partner. The
previous optimized reaction conditions, namely, 5 mol % of

PdCl2(CH3CN)2 in the presence of 3 equivalents of Li2CO3 in 1,4-
dioxane at T = 140 8C, led to the unsymmetrical 2,5-di(aryl)pyr-

role 33 in a moderate 45 % yield. With this substrate in hand,

we performed the cyclization reaction with PdCl(C3H5)(dppb)
as the catalyst in the presence of 2 equivalents of PivOK as the

base in DMA. We were pleased to find that the direct intramo-
lecular arylation exclusively occurred at the thienyl C¢H bond

to afford 34 in 87 % yield as a single regioisomer. The reaction
conditions also promoted an in situ decarboxylation[16]

(Scheme 2, top). The arylation took place at the C4 position of

the thiophene, so we assumed that the arylation occurred first,
followed by the decarboxylation. We also attempted to per-
form a reversed seven-membered-ring cyclization with a reac-
tant bearing the bromo substituent on the benzenesulfonyl

chloride partner and the C¢H bond on the benzyl group
(Scheme 2, bottom). Firstly, we synthesized the precursor 35
from 1-benzyl-2-(3,5-dichlorophenyl)pyrrole and 2-bromoben-

zenesulfonyl chloride by using our standard desulfitative direct
arylation conditions. Unfortunately, 35 was found to be unreac-

tive for the direct intramolecular arylation, and 36 was not ob-
tained. We impute this lack of reactivity to the lower degree of

freedom of the C(benzyl)¢N bond, which prevents a suitable
conformation for the cyclization.

Finally, we investigated the potential of our iterative palladi-

um-catalyzed direct arylations for the synthesis of pyrro-
lo[1,2,f]phenanthridines (that is, six-membered rings;

Scheme 3). From N-phenylpyrrole and 2-bromobenzenesulfonyl
chloride, the desulfitative direct arylation conditions (that is,

5 mol % of PdCl2(CH3CN)2, Li2CO3, 1,4-dioxane, T = 140 8C) al-
lowed the formation of 2-(2-bromophenyl)-1-phenylpyrrole,

Table 3. Synthesis of 7-aryldibenzo[c,e]pyrrolo[1,2-a]azepine derivatives
by palladium-catalyzed iterative C¢H bond arylations.

Scheme 2. Palladium-catalyzed iterative arylations from 1-(2-bromobenzyl)-2-
(4-cyanophenyl)pyrrole and 1-benzyl-2-(3,5-dichlorophenyl)pyrrole.
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which was not purified. After simple filtration over silica gel to

remove inorganic salts, the crude mixture was directly heated
in the presence of 2 mol % of PdCl(C3H5)(dppb) as the catalyst

and PivOK as the base to give pyrrolo[1,2-f]phenanthridine 37
in 62 % yield over two steps (Scheme 3, top). Then, with similar

reaction conditions for the Pd-catalyzed desulfitative arylation
but with the addition of 2.5 equivalents of 2-bromobenzene-

sulfonyl chloride in two portions, 2,5-bis(2-bromophenyl)-1-

phenylpyrrole 38 was obtained in 73 % yield. Pyrrole 38 was
then subjected to intramolecular arylation with our previous

best conditions (that is, 4 mol % of PdCl(C3H5)(dppb), 4 equiva-
lents of PivOK, DMA, T = 150 8C). Unfortunately, the expected

benzo[7,8]indolizino[6,5,4,3-def]phenanthridine resulting from
two intramolecular C¢H bond arylations was not detected, and
only pyrrolo[1,2,f]phenanthridine 39 was obtained in 43 %

yield. This derivative was generated by an intramolecular direct
arylation and a debromination. We assume that the second in-
tramolecular direct arylation did not occur because of a too
congested structure (Scheme 3, bottom). Similar results were

observed with 1-(4-fluorophenyl)pyrrole, which afforded the
six-membered-ring fused polycyclic derivative 41 in two steps

in 53 % yield.

Conclusions

In summary, we have disclosed a novel iterative C¢H bond ary-

lation pathway for the synthesis of medium-size N-condensed
pyrroles from N-(2-bromobenzyl)pyrrole and N-phenylpyrrole.

These iterative reactions firstly involve an uncommon palladi-

um-catalyzed intermolecular direct arylation followed by
a second palladium-catalyzed intramolecular arylation. These

intermolecular direct arylations were performed though desul-
fitative couplings, which tolerate C¢Br bonds, with a wide vari-

ety of benzenesulfonyl chlorides as arylating agents. Two sets
of reaction conditions have been developed for the selective

synthesis of C2-arylated pyrroles and C2,C5-diarylated pyrroles.
After desulfitative monoarylation, Pd-catalyzed intramolecular

arylation led to new five-membered-ring pyrrolo[2,1,a]isoin-
doles in high yields and regioselectivities, whereas diarylated

pyrroles allowed the formation of seven-membered-ring diben-
zo[c,e]pyrrolo[1,2,a]azepines, also in both high yields and regio-

selectivities, even with unsymmetrical 2,5-diarylpyrroles. Finally,
this iterative process was also employed for an efficient syn-
thesis of six-membered polycyclic pyrroles from simple N-phe-

nylpyrrole and 2-bromobenzenesulfonyl chlorides.

Experimental Section

All reactions were carried out under an argon atmosphere with
standard Schlenk techniques. 1,4-Dioxane and DMA were pur-
chased from Acros Organics and were not purified before use.
1H NMR spectra were recorded on Bruker GPX (400 MHz) spectrom-
eter. Chemical shifts (d) were reported in parts per million relative
to residual chloroform (d = 7.26 ppm for 1H; d = 77.0 ppm for 13C);
coupling constants were reported in Hertz. 1H NMR assignment ab-
breviations were: singlet (s), doublet (d), triplet (t), quartet (q), dou-
blet of doublets (dd), doublet of triplets (dt), and multiplet (m).
13C NMR spectra were recorded at 100 MHz on the same spectrom-
eter and reported in ppm. All reagents were weighed and handled
in air.

Procedure A (desulfitative monoarylation): Arylsulfonyl chlorides
(1 mmol), heteroarene derivatives (1.2–1.5 mmol), Li2CO3 (0.222 g,
3 mmol), 1,4-dioxane (2 mL), and bis(acetonitrile)dichloropalladi-
um(II) (12.9 mg, 0.05 mmol) were successively added to a 5 mL
oven-dried Schlenk tube. The reaction mixture was evacuated by
vacuum–argon cycles (5 times) and stirred at T = 140 8C (oil-bath
temperature) for 16–18 h (see tables and schemes). After the reac-
tion mixture was cooled at room temperature and concentrated,
the crude mixture was purified by silica column chromatography
to afford the desired arylated products.

Procedure B (desulfitative diarylation): Arylsulfonyl chlorides
(1.25 mmol), heteroarene derivatives (1.2–1.5 mmol), Li2CO3

(0.222 g, 3 mmol), 1,4-dioxane (2 mL), and bis(acetonitrile)dichloro-
palladium(II) (12.9 mg, 0.05 mmol) were successively added to
a 5 mL oven-dried Schlenk tube. The reaction mixture was evacuat-
ed by vacuum–argon cycles (5 times) and stirred at T = 140 8C (oil-
bath temperature) for 16–18 h (see tables and schemes). After
15 h, the solution was cooled down, and arylsulfonyl chloride
(1.25 mmol) was added again. The reaction was heated again at
T = 140 8C for 18 h. After the reaction mixture was cooled at room
temperature and concentrated, the crude mixture was purified to
afford the desired diarylated products.

Safety information : The reaction vessel should be opened under
a fume hood because these desulfitative coupling reactions re-
leased sulfur dioxide (SO2) gas, which is toxic.

Procedure C (cyclization): As a typical experiment, the reaction of
the aryl bromide (0.2–0.5 mmol), AcOK (2 equiv.) or PivOK (2 equiv.)
at T = 150 8C for 16 h in DMA (2 mL) in the presence of Pd(OAc)2

(2 mol %), PdCl2 (2 mol %), or PdCl(C3H5)(dppb) (2 mol %) (see tables
and schemes) under argon affords the cyclized product after evap-
oration of the solvent and purification by silica column chromatog-
raphy.

1-(2-Bromobenzyl)-2-(3-fluorophenyl)pyrrole (1): After following
procedure A with 1-(2-bromobenzyl)pyrrole (283 mg, 1.2 mmol)

Scheme 3. Synthesis of pyrrolo[1,2,f]phenanthridine derivatives by iterative
palladium-catalyzed direct arylations.
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and 3-fluorobenzenesulfonyl chloride (133 mL, 1 mmol), the residue
was purified by flash chromatography on silica gel (pentane) to
afford the desired compound 1 (247 mg, 75 %). 1H NMR (400 MHz,
CDCl3): d= 7.47 (dd, J = 1.5, 7.9 Hz, 1 H), 7.22–7.14 (m, 2 H), 7.06 (t,
J = 7.7 Hz, 1 H), 6.96 (d, J = 7.7 Hz, 1 H), 6.94–6.85 (m, 2 H), 6.68 (dd,
J = 1.9, 2.8 Hz, 1 H), 6.55 (d, J = 7.7 Hz, 1 H), 6.27 (dd, J = 1.9, 3.6 Hz,
1 H), 6.24 (t, J = 3.1 Hz, 1 H), 5.12 ppm (s, 2 H); 13C NMR (100 MHz,
CDCl3): d= 162.9 (d, J = 240.8 Hz), 138.1, 135.3 (d, J = 8.6 Hz), 133.9,
132.9, 130.2 (d, J = 8.5 Hz), 129.2, 128.1, 128.0, 124.2, 123.9, 121.9,
115.5 (d, J = 22.2 Hz), 114.1 (d, J = 21.0 Hz), 110.0, 109.2, 53.1 ppm;
elemental analysis: calcd (%) for C17H13BrFN (330.20): C 61.84, H
3.97; found: C 62.06, H 4.02.

1-(2-Bromobenzyl)-2,5-bis(3-fluorophenyl)pyrrole (2): After fol-
lowing procedure B with 1-(2-bromobenzyl)pyrrole (235 mg,
1 mmol) and 3-fluorobenzenesulfonyl chloride (332 mL, 2.5 mmol),
the residue was purified by flash chromatography on silica gel
(pentane) to afford the desired compound 2 (368 mg, 87 %).
1H NMR (400 MHz, CDCl3): d= 7.32 (d, J = 7.9 Hz, 1 H), 7.21–7.15 (m,
2 H), 7.09 (t, J = 7.7 Hz, 1 H), 7.01 (d, J = 7.9 Hz, 2 H), 6.98–6.92 (m,
3 H), 6.88 (dt, J = 2.6, 8.6 Hz, 2 H), 6.34 (s, 2 H), 6.33–6.31 (m, 1 H),
5.17 ppm (s, 2 H); 13C NMR (100 MHz, CDCl3): d= 162.7 (d, J =
244.8 Hz), 138.0, 135.8, 135.1 (d, J = 8.2 Hz), 132.5, 129.9 (d, J =
9.3 Hz), 128.7, 127.8, 127.4, 124.3, 120.9, 115.7 (d, J = 22.0 Hz), 114.2
(d, J = 21.5 Hz), 110.6, 49.2 ppm; elemental analysis : calcd (%) for
C23H16BrF2N (424.29): C 65.11, H 3.80; found: C 65.27, H 3.67.

3-(3-Fluorophenyl)pyrrolo[2,1-a]isoindole (3): After following pro-
cedure C with 1-(2-bromobenzyl)-2-(3-(fluorophenyl)pyrrole (1;
165 mg, 0.5 mmol), the residue was purified by flash chromatogra-
phy on silica gel (pentane) to afford the desired compound 3
(102 mg, 82 %). 1H NMR (400 MHz, CDCl3): d= 7.57 (d, J = 7.6 Hz,
1 H), 7.44–7.32 (m, 5 H), 7.23 (t, J = 7.4 Hz, 1 H), 6.96 (ddt, J = 1.6, 2.6
and 8.1 Hz, 1 H), 6.70 (d, J = 3.8 Hz, 1 H), 6.46 (d, J = 3.8 Hz, 1 H),
5.14 ppm (s, 2 H); 3C NMR (100 MHz, CDCl3): d= 163.2 (d, J =

245.9 Hz), 140.5, 139.7, 134.9 (d, J = 9.0 Hz), 133.1, 130.2 (d, J =
9.0 Hz), 129.5, 128.1, 125.2, 122.9, 120.1, 118.7, 112.7 (d, J =
21.6 Hz), 112.3, 111.2 (d, J = 21.6 Hz), 99.8, 51.5 ppm; elemental
analysis: calcd (%) for C17H12FN (249.29): C 81.91, H 4.85; found: C
82.16, H 4.65.

1-Fluoro-7-(3-fluorophenyl)dibenzo[c,e]pyrrolo[1,2-a]azepine (4):
After following procedure C with 1-(2-bromobenzyl)-2,5-bis(3-fluo-
rophenyl)pyrrole (2 ; 212 mg, 0.5 mmol), the residue was purified
by flash chromatography on silica gel (pentane–Et2O, 85:15) to
afford the desired compound 4 (153 mg, 89 %). 1H NMR (400 MHz,
CDCl3): d= 7.72 (dt, J = 2.9, 5.8 Hz, 1 H), 7.47 (t, J = 8.3 Hz, 2 H),
7.44–7.35 (m, 3 H), 7.34–7.30 (m, 1 H), 7.24 (d, J = 7.7 Hz, 1 H), 7.19–
7.14 (m, 2 H), 7.13–7.06 (m, 1 H), 6.49 (d, J = 3.7 Hz, 1 H), 6.26 (d, J =
3.7 Hz, 1 H), 5.04 (d, J = 14.0 Hz, 1 H), 4.69 ppm (d, J = 14.2 Hz, 1 H);
13C NMR (100 MHz, CDCl3): d= 162.8 (d, J = 249.5 Hz), 160.2 (d, J =
249.5 Hz), 138.0, 135.1 (d, J = 8.1 Hz), 134.7, 133.9, 133.0, 132.2 (d,
J = 7.8 Hz), 130.1 (d, J = 8.7 Hz), 129.1, 128.4, 127.5 (d, J = 8.2 Hz),
125.2 (dd, J = 3.3, 24.3 Hz), 123.8, 119.3, 116.4, 116.2, 114.4, 114.3,
114.1, 109.8, 108.0, 47.7 ppm; elemental analysis : calcd (%) for
C23H15F2N (343.38): C 80.45, H 4.40; found: C 80.68, H 4.67.

1-(2-Bromobenzyl)-2-(4-nitrophenyl)pyrrole (5): After following
procedure A with 1-(2-bromobenzyl)pyrrole (283 mg, 1.2 mmol)
and 4-nitrobenzenesulfonyl chloride (222 mg, 1 mmol), the residue
was purified by flash chromatography on silica gel (pentane) to
afford the desired compound 5 (278 mg, 78 %). 1H NMR (400 MHz,
CDCl3): d= 8.09 (d, J = 8.8 Hz, 2 H), 7.49 (dd, J = 1.4, 7.9 Hz, 1 H),
7.33 (d, J = 8.8 Hz, 2 H), 1.19–7.15 (m, 1 H), 6.77 (dd, J = 1.8, 2.8 Hz,
1 H), 6.58 (dd, J = 1.8, 7.7 Hz, 1 H), 6.42 (dd, J = 1.8, 3.7 Hz, 1 H), 6.29

(dd, J = 2.8, 3.7 Hz, 1 H), 5.16 ppm (s, 2 H); 13C NMR (100 MHz,
CDCl3): d) = 145.2, 141.6, 138.3, 131.9, 131.6, 128.3, 127.1, 127.0,
126.7, 124.8, 123.0, 120.6, 110.8, 108.8, 50.6 ppm; elemental analy-
sis : calcd (%) for C17H13BrN2O2 (357.21): C 57.16, H 3.67; found: C
57.33, H 3.79.

1-(2-Bromobenzyl)-2-(4-(trifluoromethyl)phenyl)pyrrole (7): After
following procedure A with 1-(2-bromobenzyl)pyrrole and 4-(tri-
fluoromethyl)benzenesulfonyl chloride (160 mL, 1 mmol), the resi-
due was filtrated on a silica plug and directly used in the next reac-
tion.

3-(4-(Trifluoromethyl)phenyl)pyrrolo[2,1-a]isoindole (8): After fol-
lowing procedure C with the crude mixture of 1-(2-bromobenzyl)-
2-(4-(trifluoromethyl)phenyl)pyrrole (7), the residue was purified by
flash chromatography on silica gel (pentane) to afford the desired
compound 7 (170 mg, 57 %). 1H NMR (400 MHz, CDCl3): d= 7.72 (d,
J = 8.4 Hz, 2 H), 7.66 (d, J = 8.4 Hz, 2 H), 7.56 (d, J = 7.8 Hz, 1 H), 7.43
(d, J = 7.3 Hz, 1 H), 7.37 (t, J = 7.7 Hz, 1 H), 7.23 (t, J = 7.0 Hz, 1 H),
6.75 (d, J = 3.8 Hz, 1 H), 6.46 (d, J = 3.8 Hz, 1 H), 5.16 ppm (s, 2 H);
13C NMR (100 MHz, CDCl3): d= 141.2, 139.6, 136.2, 132.9, 129.2,
127.6 (q, J = 33.2 Hz), 125.9, 125.8, 125.5, 124.3 (q, J = 270 Hz),
124.3, 123.0, 118.9, 113.1, 100.1, 51.8 ppm; elemental analysis:
calcd (%) for C18H12F3N (299.30): C 72.24, H 4.04; found: C 74.58, H
4.23.

1-(2-Bromobenzyl)-2-(4-cyanophenyl)pyrrole (9): After following
procedure A with 1-(2-bromobenzyl)pyrrole (283 mg, 1.2 mmol)
and 4-cyanobenzenesulfonyl chloride (201 mg, 1 mmol), the resi-
due was purified by flash chromatography on silica gel (pentane–
Et2O, 95:5) to afford the desired compound 9 (239 mg, 71 %).
1H NMR (400 MHz, CDCl3): d= 7.62–7.56 (m, 3 H), 7.38 (d, J = 8.3 Hz,
2 H), 7.28–7.24 (m, 1 H), 7.17 (ddd, J = 1.6, 7.4, 8.0 Hz, 1 H), 6.84 (dd,
J = 1.8, 2.8 Hz, 1 H), 6.66 (dd, J = 1.8, 7.7 Hz, 1 H), 6.46 (dd, J = 1.8,
3.7 Hz, 1 H), 6.37 (dd, J = 2.8, 3.7 Hz, 1 H), 5.22 ppm (s, 2 H); 13C NMR
(100 MHz, CDCl3): d= 137.5, 137.4, 132.9, 132.8, 132.4, 129.2, 128.2,
128.0, 127.8, 125.3, 121.7, 118.9, 111.2, 110.1, 109.6, 51.5 ppm; ele-
mental analysis: calcd (%) for C18H13BrN2 (337.22): C 64.11, H 3.89;
found: C 63.38, H 3.86.

3-(4-(Cyanophenyl)pyrrolo[2,1-a]isoindole (10): After following
procedure C with 1-(2-bromobenzyl)-2-(4-cyanophenyl)pyrrole (9 ;
169 mg, 0.5 mmol), the residue was purified by flash chromatogra-
phy on silica gel (pentane) to afford the desired compound 10
(118 mg, 92 %). 1H NMR (400 MHz, CDCl3): d= 7.73–7.68 (m, 4 H),
7.60 (d, J = 7.6 Hz, 1 H), 7.47 (d, J = 7.3 Hz, 1 H), 7.41 (t, J = 7.5 Hz,
1 H), 7.27–7.24 (m, 1 H), 6.83 (d, J = 3.9 Hz, 1 H), 6.50 (d, J = 3.9 Hz,
1 H), 5.20 ppm (s, 2 H); 13C NMR (75 MHz, CDCl3): d= 142.1, 139.7,
136.9, 132.7, 128.7, 128.3, 125.8, 124.1, 123.0, 119.2, 119.1, 114.1,
108.5, 100.6, 52.0 ppm; elemental analysis : calcd (%) for C18H12N2

(256.31): C 84.35, H 4.72; found: C 84.56, H 4.93.

1-(2-Bromobenzyl)-2-(4-methylphenyl)pyrrole (11): After follow-
ing procedure A with 1-(2-bromobenzyl)pyrrole (283 mg, 1.2 mmol)
and 4-methylbenzenesulfonyl chloride (191 mg, 1 mmol), the resi-
due was purified by flash chromatography on silica gel (pentane)
to afford the desired compound 11 (137 mg, 42 %). 1H NMR
(400 MHz, CDCl3): d = 7.56 (d, J = 8.0 Hz, 1 H), 7.27–7.13 (m, 6 H),
6.74 (t, J = 2.3 Hz, 1 H), 6.66 (dd, J = 1.8, 7.8 Hz, 1 H), 6.34–6.30 (m,
2 H), 5.19 (s, 2 H), 2.36 ppm (m, 3 H); 13C NMR (100 MHz, CDCl3): d=
138.4, 136.8, 135.0, 132.5, 130.1, 129.2, 128.8, 128.5, 128.0, 127.8,
122.7, 121.6, 108.8, 108.7, 51.0, 21.1 ppm; elemental analysis: calcd
(%) for C18H16BrN (326.23): C 66.27, H 4.94; found: C 66.49, H 5.11.

3-(4-(Methylphenyl)pyrrolo[2,1-a]isoindole (12): After following
procedure C with 1-(2-bromobenzyl)-2-(4-methylphenyl)pyrrole (11;
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163 mg, 0.5 mmol), the residue was purified by flash chromatogra-
phy on silica gel (pentane) to afford the desired compound 12
(108 mg, 88 %). 1H NMR (400 MHz, CDCl3): d= 7.58–7.53 (m, 3 H),
7.42 (d, J = 7.4 Hz, 1 H), 7.37 (t, J = 7.5 Hz, 1 H), 7.26 (d, J = 7.6 Hz,
2 H), 7.20 (t, J = 7.7 Hz, 1 H), 6.63 (d, J = 3.7 Hz, 1 H), 6.44 (d, J =

3.7 Hz, 1 H), 5.15 (s, 2 H), 2.42 ppm (s, 3 H); 13C NMR (75 MHz,
CDCl3): d= 139.7, 139.6, 136.0, 133.5, 130.9, 130.2, 129.5, 128.1,
124.9, 124.7, 122.9, 118.5, 110.9, 99.5, 51.4, 21.2 ppm; elemental
analysis : calcd (%) for C18H15N (245.33): C 88.13, H 6.16; found: C
88.45, H 6.28.

1-(2-Bromobenzyl)-2-(3-(trifluoromethyl)phenyl)pyrrole (13):
After following procedure A with 1-(2-bromobenzyl)pyrrole and 3-
(trifluoromethyl)benzenesulfonyl chloride (160 mL, 1 mmol), the res-
idue was filtrated on a silica plug and directly used in the next re-
action.

3-(3-(Trifluoromethyl)phenyl)pyrrolo[2,1-a]isoindole (14): After
following procedure C with the crude mixture of 1-(2-bromoben-
zyl)-2-(3-(trifluoromethyl)phenyl)pyrrole (13), the residue was puri-
fied by flash chromatography on silica gel (pentane) to afford the
desired compound 14 (203 mg, 68 % over two steps). 1H NMR
(400 MHz, CDCl3): d= 7.78 (br s, 1 H), 7.72 (d, J = 7.2 Hz, 1 H), 7.49–
7.44 (m, 2 H), 7.42–7.35 (m, 2 H), 7.3 (t, J = 7.4 Hz, 1 H), 7.15 (t, J =
7.5 Hz, 1 H), 6.64 (d, J = 3.78 Hz, 1 H), 6.37 (d, J = 3.76 Hz, 1 H),
5.09 ppm (s, 2 H); 13C NMR (100 MHz, CDCl3): d= 140.9, 139.5, 135.9,
133.6, 133.0, 129.3, 129.2, 128.2, 127.5, 127.5, 125.4, 123.0, 122.5 (q,
J = 4.5 Hz), 121.0 (q, J = 4.5 Hz), 118.8, 112.5, 100.0, 51.5 ppm; ele-
mental analysis: calcd (%) for C18H12F3N (299.30): C 72.24, H 4.04;
found: C 74.58, H 4.23.

1-(2-Bromobenzyl)-2-(3,5-dichlorophenyl)pyrrole (15): After fol-
lowing procedure A with 1-(2-bromobenzyl)pyrrole (283 mg,
1.2 mmol) and 3,5-dichlorobenzenesulfonyl chloride (245 mg,
1 mmol), the residue was purified by flash chromatography on
silica gel (pentane) to afford the desired compound 15 (308 mg,
81 %). 1H NMR (400 MHz, CDCl3): d= 7.58 (dd, J = 1.4, 7.9 Hz, 1 H),
7.28–7.22 (m, 2 H), 7.19–7.14 (m, 3 H), 6.8 (dd, J = 1.8, 2.8 Hz, 1 H),
6.65 (dd, J = 1.8, 7.7 Hz, 1 H), 6.38–6.36 (m, 1 H), 6.33 (dd, J = 2.7,
3.5 Hz, 1 H), 5.2 ppm (s, 2 H); 13C NMR (100 MHz, CDCl3): d= 137.5,
135.8, 134.9, 132.8, 132.0, 129.2, 128.0, 127.9, 126.9, 126.6, 124.5,
121.8, 110.7, 109.2, 51.3 ppm; elemental analysis : calcd (%) for
C17H12BrCl2N (381.09): C 53.58, H 3.17; found: C 53.41, H 2.26.

3-(3,5-Dichlorophenyl)pyrrolo[2,1-a]isoindole (16): After following
procedure C with 1-(2-bromobenzyl)-2-(3,5-dichlorophenyl)pyrrole
(15 ; 191 mg, 0.5 mmol), the residue was purified by flash chroma-
tography on silica gel (pentane) to afford the desired compound
16 (124 mg, 83 %). 1H NMR (400 MHz, CDCl3): d= 7.54 (d, J = 7.9 Hz,
1 H), 7.46 (d, J = 1.9 Hz, 2 H), 7.43 (d, J = 7.5 Hz, 1 H), 7.37 (t, J =
7.6 Hz, 1 H), 7.23 (d, J = 7.31 Hz, 1 H), 7.21–7.19 (m, 1 H), 6.68 (d, J =

3.9 Hz, 1 H), 6.42 (d, J = 3.9 Hz, 1 H), 5.10 ppm (s, 2 H); 13C NMR
(100 MHz, CDCl3): d= 141.3, 139.6, 135.6, 135.4, 132.8, 128.3, 127.8,
125.6, 125.5, 123.0, 122.5, 118.9, 113.2, 100.2, 51.6 ppm; elemental
analysis : calcd (%) for C17H11Cl2N (300.18): C 68.02, H 3.69; found: C
68.31, H 3.85.

1-(2-Bromobenzyl)-2-(2-fluorophenyl)pyrrole (17): After following
procedure A with 1-(2-bromobenzyl)pyrrole (283 mg, 1.2 mmol)
and 2-fluorobenzenesulfonyl chloride (132 mL, 1 mmol), the residue
was purified by flash chromatography on silica gel (pentane) to
afford the desired compound 17 (215 mg, 65 %). 1H NMR (400 MHz,
CDCl3): d= 7.50 (dd, J = 1.5, 7.9 Hz, 1 H), 7.33–7.20 (m, 3 H), 7.15–
7.09 (m, 3 H), 6.79 (t, J = 2.3 Hz, 1 H), 6.65 (dd, J = 1.8, 7.8 Hz, 1 H),
7.37–7.33 (m, 2 H), 5.13 ppm (s, 2 H); 13C NMR (100 MHz, CDCl3):
160.0 (d, J = 243.2 Hz), 137.8, 132.4, 132.0, 132.0, 129.5, 129.4,

128.8, 128.3, 127.7, 124.1 (d, J = 5.2 Hz), 123.0, 115.9, 115.7, 110.7,
108.9, 51.2 ppm; elemental analysis: calcd (%) for C17H13BrFN
(330.20): C 61.84, H 3.97; found: C 62.08, H 4.11.

3-(2-Fluorophenyl)pyrrolo[2,1-a]isoindole (18): After following
procedure C with 1-(2-bromobenzyl)-2-(2-fluorophenyl)pyrrole (17;
165 mg, 0.5 mmol), the residue was purified by flash chromatogra-
phy on silica gel (pentane) to afford the desired compound 18
(96 mg, 77 %). 1H NMR (400 MHz, CDCl3): d= 7.61–7.55 (m, 2 H),
7.42–7.35 (m, 2 H), 7.33–7.27 (m, 1 H), 7.25–7.17 (m, 3 H), 6.65 (dd,
J = 1.6, 3.7 Hz, 1 H), 6.47 (d, J = 3.7 Hz, 1 H), 5.06 ppm (s, 2 H);
13C NMR (100 MHz, CDCl3): d= 159.3 (d, J = 242.6 Hz), 140.9 (d, J =
14.3 Hz), 133.4, 128.9 (d, J = 2.9 Hz), 128.2 (d, J = 8.3 Hz), 128.0,
125.2, 125.1, 124.3, 124.2, 122.9, 121.0 (d, J = 13.9 Hz), 118.7, 116.2
(d, J = 22.7 Hz), 114.4 (d, J = 4.4 Hz), 99.4, 51.2 ppm; elemental anal-
ysis : calcd (%) for C17H12FN (249.29): C 81.91, H 4.85; found: C
82.16, H 4.65.

1-(2-Bromobenzyl)-2-(2,3,4-trifluorophenyl)pyrrole (19): After fol-
lowing procedure A with 1-(2-bromobenzyl)pyrrole (283 mg,
1.2 mmol) and 2,3,4-trifluorobenzenesulfonyl chloride (141 mL,
1 mmol), the residue was filtrated on a silica plug and directly used
in the next reaction.

3-(2,3,4-trifluorophenyl)pyrrolo[2,1-a]isoindole (20): After follow-
ing procedure C with the crude mixture of 1-(2-bromobenzyl)-2-
(2,3,4,-trifluorophenyl)pyrrole (19), the residue was purified by flash
chromatography on silica gel (pentane) to afford the desired com-
pound 20 (188 mg, 66 %). 1H NMR (300 MHz, CDCl3): d= 7.47 (d, J =
7.6 Hz, 1 H), 7.32–7.26 (m, 2 H), 7.18–7.10 (m, 2 H), 6.96 (ddt, J = 2.0,
7.0, 9.4 Hz, 1 H), 6.52 (dd, J = 1.7, 3.8 Hz, 1 H), 6.37 (d, J = 3.8 Hz,
1 H), 4.93 ppm (s, 2 H); 13C NMR (75 MHz, CDCl3): d= 150.0 (d, J =
250.0 Hz), 149.9 (d, J = 250.0 Hz), 148.3 (d, J = 250.0 Hz), 141.9,
140.6, 139.9, 133.1, 128.1, 125.4, 123.2, 122.9, 121.8 (m), 118.9,
114.8 (dd, J = 3.4, 7.7 Hz), 112.2 (d, J = 3.7 Hz), 99.6, 51.2 ppm; ele-
mental analysis: calcd (%) for C17H10F3N (285.27): C 71.58, H 3.53;
found: C 71.67, H 3.84.

1-(2-Bromobenzyl)-2,5-di-p-tolylpyrrole (21): After following pro-
cedure B with 1-(2-bromobenzyl)pyrrole (236 mg, 1 mmol) and 4-
methylbenzenesulfonyl chloride (476 mg, 2.5 mmol), the residue
was purified by flash chromatography on silica gel (pentane–Et2O,
85:15) to afford the desired compound 21 (321 mg, 77 %). 1H NMR
(400 MHz, CDCl3): d= 7.41 (d, J = 8.0 Hz, 1 H), 7.24–7.17 (m, 5 H),
7.12 (d, J = 8.2 Hz, 4 H), 7.04 (t, J = 7.9 Hz, 1 H), 7.04 (t, J = 7.9 Hz,
1 H), 6.39 (s, 2 H), 5.24 (s, 2 H), 2.34 ppm (s, 6 H); 13C NMR (100 MHz,
CDCl3): d= 138.9, 136.9, 136.3, 132.2, 130.5, 129.1, 128.7, 128.4,
127.7, 127.6, 120.8, 109.5, 49.1, 21.2 ppm; elemental analysis: calcd
(%) C25H22BrN for (416.36): C 72.12, H 5.33; found: C 72.47, H 5.01.

2-Methyl-7-(p-tolyl)dibenzo[c,e]pyrrolo[1,2-a]azepine (22): After
following procedure C with 1-(2-bromobenzyl)-2,5-di-p-tolylpyrrole
(21; 208 mg, 0.5 mmol), the residue was purified by flash chroma-
tography on silica gel (pentane–Et2O, 85:15) to afford the desired
compound 30 (64 mg, 38 %). 1H NMR (400 MHz, CDCl3): d= 7.67 (d,
J = 7.4 Hz, 1 H), 7.64 (d, J = 7.9 Hz, 1 H), 7.47 (s, 1 H), 7.44–7.38 (m,
3 H), 7.34 (d, J = 7.35 Hz, 2 H), 7.29–7.25 (m, 1 H), 7.18–7.12 (m, 2 H),
6.48 (d, J = 3.7 Hz, 1 H), 6.26 (d, J = 3.7 Hz, 1 H), 5.07 (d, J = 14.1 Hz,
1 H), 4.7 (d, J = 14.0 Hz, 1 H), 2,50 (s, 3 H), 2.47 ppm (s, 3 H); 13C NMR
(100 MHz, CDCl3): d= 140.4, 139.5, 137.7, 136.6, 135.9, 134.5, 134.5,
130.9, 130.8, 130.1, 129.8, 129.4, 129.2, 129.0, 128.9, 127.3, 126.7,
125.9, 108.8, 106.6, 47.9, 21.2, 21.1 ppm; elemental analysis: calcd
(%) for C25H21N (335.45): C 89.51, H 6.31; found: C 89.76, H 6.12.

4,4’-(1-(2-Bromobenzyl)pyrrole-2,5-diyl)dibenzonitrile (23): After
following procedure B with 1-(2-bromobenzyl)pyrrole (236 mg,
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1 mmol) and 4-cyanobenzenesulfonyl chloride (504 mg, 2.5 mmol),
the residue was purified by flash chromatography on silica gel
(pentane–Et2O, 85:15) to afford the desired compound 23 (333 mg,
76 %). 1H NMR (400 MHz, CDCl3): d= 7.62 (d, J = 8.3 Hz, 4 H), 7.47–
7.41 (m, 5 H), 7.19 (t, J = 7.4 Hz, 1 H), 7.09 (t, J = 7.7 Hz, 1 H), 6.55 (s,
2 H), 6.42 (d, J = 7.7 Hz, 1 H), 5.27 ppm (s, 2 H); 13C NMR (100 MHz,
CDCl3): d= 137.3, 137.1, 136.4, 132.8, 132.4, 129.2, 128.8, 128.0,
127.1, 121.0, 118.7, 112.3, 110.9, 49.6 ppm; elemental analysis: calcd
(%) for C25H16BrN3 (438.32): C 68.50, H 3.68; found: C 68.64, H 3.89.

7-(4-Cyanophenyl)dibenzo[c,e]pyrrolo[1,2-a]azepine-2-carboni-
trile (24): After following procedure C with 4,4’-(1-(2-bromobenzyl)-
pyrrole-2,5-diyl)dibenzonitrile (23 ; 219 mg, 0.5 mmol), the residue
was purified by flash chromatography on silica gel (pentane–Et2O,
85:15) to afford the desired compound 24 (111 mg, 62 %). 1H NMR
(400 MHz, CDCl3): d= 7.93 (s, 1 H), 7.79 (t, J = 8.9 Hz, 3 H), 7.70 (d,
J = 8.2 Hz, 1 H), 7.63 (d, J = 7.3 Hz, 1 H), 7.57 (d, J = 8.3 Hz, 2 H), 7.50
(quint. , J = 6.5 Hz, 2 H), 7.34 (d, J = 7.5 Hz, 1 H), 6.62 (d, J = 3.9 Hz,
1 H), 6.39 (d, J = 3.9 Hz, 1 H), 5.02 (d, J = 14.2 Hz, 1 H), 4.72 ppm (d,
J = 14.3 Hz, 1 H); 13C NMR (100 MHz, CDCl3): d= 146.4, 138.3, 137.1,
137.0, 136.8, 135.7, 134.9, 134.4, 132.5, 131.0, 130.4, 129.9, 129.4,
129.2, 129.1, 128.0, 127.5, 118.8, 111.7, 110.9, 110.6, 110.0,
48.2 ppm; elemental analysis : calcd (%) for C25H15N3 (357.41): C
84.01, H 4.23; found: C 83.86, H 4.38.

1-(2-Bromobenzyl)-2,5-bis(4-(trifluoromethyl)phenyl)pyrrole (25):
After following procedure B with 1-(2-bromobenzyl)pyrrole
(118 mg, 0.5 mmol) and 4-(trifluoromethyl)benzenesulfonyl chloride
(306 mg, 1.25 mmol), the residue was filtrated on a silica plug and
directly used in the next reaction.

2-(Trifluoromethyl)-7-(4-(trifluoromethyl)phenyl)dibenzo[c,e]pyr-
rolo[1,2-a]azepine (26): After following procedure C with the
crude mixture of 1-(2-bromobenzyl)-2,5-bis(4-(trifluoromethyl)phe-
nyl)pyrrole (25), the residue was purified by flash chromatography
on silica gel (pentane–Et2O, 85:15) to afford the desired compound
26 (171 mg, 77 %). 1H NMR (300 MHz, CDCl3): d= 7.81 (br s, 1 H),
7.75–7.66 (m, 3 H), 7.62–7.57 (m, 2 H), 7.51 (d, J = 8.1 Hz, 2 H), 7.40
(qq, J = 6.7, 7.4 Hz, 2 H), 7.26 (dd, J = 1.9, 7.2 Hz, 1 H), 6.51 (d, J =
3.8 Hz, 1 H), 6.27 (d, J = 3.8 Hz, 1 H), 4.96 (d, J = 14.2 Hz, 1 H),
4.64 ppm (d, J = 14.1 Hz, 1 H); 13C NMR (75 MHz, CDCl3): d= 139.1,
137.4, 136.4, 135.1, 134.5, 134.4, 130.3, 129.7, 129.6, 129.4 (q, J =
30.1 Hz), 129.3, 129.0 (q, J = 29.5 Hz), 128.9, 128.7, 125.6, 125.5 (q,
J = 270.3 Hz), 124.6 (m), 124.2 (q, J = 271.3 Hz), 110.8, 109.0,
48.1 ppm; elemental analysis : calcd (%) for C25H15F6N (443.38): C
67.72, H 3.41; found: C 67.99, H 3.18.

1-(2-Bromobenzyl)-2,5-bis(3-(trifluoromethyl)phenyl)pyrrole (27):
After following procedure B with 1-(2-bromobenzyl)pyrrole
(118 mg, 0.5 mmol) and 3-(trifluoromethyl)benzenesulfonyl chloride
(306 mg, 1.25 mmol), the residue was filtrated on a silica plug and
directly used in the next reaction.

3-(Trifluoromethyl)-7-(3-(trifluoromethyl)phenyl)dibenzo[c,e]pyr-
rolo[1,2-a]azepine (28): After following procedure C with the
crude mixture of 1-(2-bromobenzyl)-2,5-bis(3-(trifluoromethyl)phe-
nyl)pyrrole (27), the residue was purified by flash chromatography
on silica gel (pentane–Et2O, 85:15) to afford the desired compound
28 (109 mg, 49 %). 1H NMR (400 MHz, CDCl3): d= 7.94 (s, 1 H), 7.77–
7.73 (m, 2 H), 7.69–7.64 (m, 4 H), 7.63 (s, 1 H), 7.52–7.45 (m, 2 H),
7.39–7.34 (m, 1 H), 6.59 (d, J = 3.8 Hz, 1 H), 6.35 (d, J = 3.8 Hz, 1 H),
4.99 (d, J = 14.3 Hz, 1 H), 4.71 ppm (d, J = 14.2 Hz, 1 H); 13C NMR
(100 MHz, CDCl3): d= 139.2, 139.0, 137.6, 134.3, 134.0, 133.6, 132.5,
131.1 (q, J = 30.6 Hz), 131.0, 130.5, 130.31 (q, J = 30.6 Hz), 129.2,
128.9, 128.8, 127.5, 126,2 (q, J = 3.7 Hz), 125.9 (q, J = 3.7 Hz), 124.2
(q, J = 272.0 Hz), 124.1 (q, J = 272.0 Hz), 124.0 (q, J = 3.7 Hz), 123.4

(q, J = 3.7 Hz), 110.5, 108.4, 48.0 ppm; elemental analysis: calcd (%)
for C25H15F6N (443.38): C 67.72, H 3.41; found: C 67.51, H 3.59.

1-(2-Bromobenzyl)-2,5-bis(3,5-dichlorophenyl)pyrrole (29): After
following procedure B with 1-(2-bromobenzyl)pyrrole (118 mg,
0.5 mmol) and 3,5-dichlorobenzenesulfonyl chloride (306 mg,
1.25 mmol), the residue was filtrated on a silica plug and directly
used in the next reaction.

1,3-Dichloro-7-(3,5-dichlorophenyl)dibenzo[c,e]pyrrolo[1,2-a]aze-
pine (30): After following procedure C with the crude mixture of 1-
(2-bromobenzyl)-2,5-bis(3,5-dichlorophenyl)pyrrole (29 ; 158 mg,
0.3 mmol), the residue was purified by flash chromatography on
silica gel (pentane–Et2O, 85:15) to afford the desired compound 30
(122 mg, 91 %). 1H NMR (400 MHz, CDCl3): d= 7.76 (dd, J = 2.6,
6.9 Hz, 1 H), 7.57 (d, J = 2.2 Hz, 1 H), 7.53 (d, J = 2.2 Hz, 1 H), 7.44–
7.38 (m, 3 H), 7.34 (d, J = 2.0 Hz, 2 H), 7.30–7.27 (m, 2 H), 6.50 (d, J =
3.8 Hz, 1 H), 6.26 (d, J = 3.8 Hz, 1 H), 4.98 (d, J = 13.9 Hz, 1 H),
4.69 ppm (d, J = 14.1 Hz, 1 H); 13C NMR (100 MHz, CDCl3): d= 138.0,
135.6, 135.6, 135.1, 134.8, 134.3, 133.7, 133.3, 132.8, 132.7, 132.5,
128.8, 128.8, 128.1, 127.5, 127.3, 127.1, 127.0, 110.5, 108.8,
47.7 ppm; elemental analysis: calcd (%) for C23H13Cl4N (445.16): C
62.06, H 2.94; found: C 62.01, H 3.07.

1-(2-Bromobenzyl)-2,5-bis(2,3,4-trifluorophenyl)pyrrole (31):
After following procedure B with 1-(2-bromobenzyl)pyrrole
(236 mg, 1 mmol) and 2,3,4-trifluorobenzenesulfonyl chloride
(288 mg, 1.25 mmol), the residue was filtrated on a silica plug and
directly used in the next reaction.

2,3,4-Trifluoro-7-(2,3,4-trifluorophenyl)dibenzo[c,e]pyrrolo[1,2-
a]azepine (32): After following procedure C with the crude mixture
of 1-(2-bromobenzyl)-2,5-bis(2,3,4-trifluorophenyl)pyrrole (31), the
residue was purified by flash chromatography on silica gel (pen-
tane–Et2O, 85:15) to afford the desired compound 32 (270 mg,
65 %). 1H NMR (400 MHz, CDCl3): d= 7.49 (d, J = 7.5 Hz, 1 H), 7.41
(dt, J = 1.6, 7.5 Hz, 1 H), 7.34 (dt, J = 1.6, 7.1 Hz, 1 H), 7.26–7.21 (m,
1 H), 7.12–7.06 (m, 3 H), 6.63 (dd, J = 3.8, 4.8 Hz, 1 H), 6.31 (d, J =
3.8 Hz, 1 H), 4.75 ppm (s, 2 H); 13C NMR (100 MHz, CDCl3): d= 142.9
(dm, J = 246.3 Hz), 141.8 (dm, J = 246.3 Hz), 140.4 (dm, J =
246.3 Hz), 139.8 (dm, J = 246.3 Hz), 137.7, 137.1, 133.2 (m), 130.0,
128.9 (d, J = 6.7 Hz), 127.7, 126.5 (dm, J = 237.2 Hz), 125.9 (t, J =
5.9 Hz), 125.8, 124.4, 123.7 (dm, J = 246.3 Hz), 122.4, 118.4 (d, J =
13.3 Hz), 118.3 (d, J = 13.3 Hz), 113.2 (dd, J = 3.5 and 18.6 Hz), 112.2
(dd, J = 4.2, 18.6 Hz), 111.7 (d, J = 7.6 Hz),111.3, 48.3 ppm; elemental
analysis: calcd (%) for C23H11F6N (415.34): C 66.51, H 2.67; found: C
66.89, H 2.94.

Methyl 3-(1-(2-bromobenzyl)-5-(4-isocyanophenyl)pyrrol-2-yl)-
thiophene-2-carboxylate (33): After following procedure A with 1-
(2-bromobenzyl)-2-(4-cyanophenyl)pyrrole (337 mg, 1 mmol) and 4-
cyanobenzenesulfonyl chloride (300 mg, 1.25 mmol), the residue
was purified by flash chromatography on silica gel (pentane-Et2O,
65-35) to afford the desired compound 33 (220 mg, 46 %). 1H NMR
(400 MHz, CDCl3): d= 7.58 (d, J = 8.0 Hz, 2 H), 7.44 (d, J = 8.0 Hz,
2 H), 7.38 (d, J = 5.1 Hz, 1 H), 7.33 (d, J = 8.0 Hz, 1 H), 7.09 (t, J =

7.6 Hz, 1 H), 6.97 (dd, J = 7.2, 8.0 Hz, 1 H), 6.85 (d, J = 5.1 Hz, 1 H), 6.5
(d, J = 3.7 Hz, 1 H), 6.41 (d, J = 8.6 Hz, 1 H), 6.38 (d, J = 3.7 Hz, 1 H),
5.15 (s, 2 H), 3.83 ppm (s, 3 H); 1H NMR (400 MHz, CDCl3): d= 161.9,
138.5, 137.7, 137.6, 134.5, 132.4, 132.3, 131.8, 131.0, 130.5, 129.4,
128.6, 127.6, 121.2, 119.0, 111.6, 111.3, 110.2, 52.2, 49.3 ppm; ele-
mental analysis: calcd (%) for C24H17BrN2O2S (477.38): C 60.39, H
3.59; found: C 60.76, H 3.85.

4-(Benzo[e]pyrrolo[1,2-a]thieno[3,4-c]azepin-6-yl)benzonitrile
(34): After following procedure C with methyl 3-(1-(2-bromoben-
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zyl)-5-(4-isocyanophenyl)pyrrol-2-yl)thiophene-2-carboxylate (33 ;
239 mg, 0.5 mmol), the residue was purified by flash chromatogra-
phy on silica gel (pentane–Et2O, 85:15) to afford the desired com-
pound 34 (172 mg, 87 %). 1H NMR (400 MHz, CDCl3): d= 7.77 (d, J =
8.2 Hz, 2 H), 7.71 (d, J = 7.4 Hz, 1 H), 7.57 (s, 1 H), 7.56 (d, J = 8.2 Hz,
2 H), 7.52 (d, J = 3.1 Hz, 1 H), 7.47–7.36 (m, 3 H), 6.49 (d, J = 3.6 Hz,
1 H), 6.34 (d, J = 3.6 Hz, 1 H), 4.86 ppm (br s, 2 H); 13C NMR (75 MHz,
CDCl3): d= 138.9, 137.8, 136.1, 135.1, 133.4, 133.4, 133.0, 132.6,
129.5, 129.2, 129.1, 128.3, 128.2, 123.8, 122.2, 119.2, 111.2, 110.2,
107.6, 48.9 ppm; elemental analysis: calcd (%) for C24H16N2O2S
(396.09): C 72.71, H 4.07; found: C 73.02, H 3.84.

1-Benzyl-2-(2-bromophenyl)-5-(3,5-dichlorophenyl)pyrrole (35):
After following procedure A with 1-benzyl-2-(3,5-dichlorophenyl)-
pyrrole (302 mg, 1 mmol) and 2-bromobenzenesulfonyl chloride
(319 mg, 1.25 mmol), the residue was purified by flash chromatog-
raphy on silica gel (pentane–Et2O, 85:15) to afford the desired com-
pound 35 (238 mg, 52 %). 1H NMR (400 MHz, CDCl3): d= 7.63 (dd,
J = 1.8, 7.9 Hz, 1 H), 7.32 (dd, J = 1.6, 7.9 Hz, 1 H), 7.25 (s, 1 H), 7.23
(t, J = 2.3 Hz, 1 H), 7.21–7.16 (m, 5 H), 7.12 (t, J = 7.3 Hz, 1 H), 6.98
(dt, J = 1.7, 7.6 Hz, 1 H), 6.44 (d, J = 3.7 Hz, 1 H), 6.35 (d, J = 7.5 Hz,
1 H), 6.33 (d, J = 3.7 Hz, 1 H), 5.11 ppm (s, 2 H); 13C NMR (100 MHz,
CDCl3): d= 137.5, 136.0, 135.9, 134.9, 133.8, 133.1, 133.0, 132.8,
132.3, 129.8, 128.6, 127.6, 127.2, 127.0, 126.9, 125.4, 121.2, 110.8,
110.7, 49.0 ppm; elemental analysis: calcd (%) for C23H16BrCl2N
(457.19): C 60.42, H 3.53; found: C 60.62, H 3.73.

Pyrrolo[1,2-f]phenanthridine (37): After following procedure A
with 1-phenylpyrrole (246 mg, 2 mmol) and 2-bromobenzenesul-
fonyl chloride (256 mg, 1 mmol), the crude mixture was filtrated on
a silica plug and directly used in the next reaction following proce-
dure C. The residue was purified by flash chromatography on silica
gel (pentane–Et2O, 85:15) to afford the desired compound 37
(135 mg, 62 %). 1H NMR (400 MHz, CDCl3): d) = 8.35 (d, J = 8.0 Hz,
1 H), 8.26 (d, J = 8.0 Hz, 1 H), 8.02 (d, J = 8.0 Hz, 1 H), 7.87 (d, J =
8.4 Hz, 1 H), 7.78–7.79 (m, 1 H), 7.46–7.55 (m, 2 H), 7.37–7.44 (m,
2 H), 6.97 (dd, J = 1.2, 3.6 Hz, 1 H), 6.74 ppm (t, J = 3.2 Hz, 1 H); this
is a known compound, and the spectral data are identical to those
reported in the literature.[17]

2,5-Bis(2-bromophenyl)-1-phenylpyrrole (38): After following pro-
cedure B with 1-phenylpyrrole (143 mg, 1 mmol) and 2-bromoben-
zenesulfonyl chloride (638 mg, 2.5 mmol), the residue was purified
by flash chromatography on silica gel (pentane-Et2O, 85:15) to
afford the desired compound 38 (331 mg, 73 %). 1H NMR (400 MHz,
CDCl3): d= 7.54 (d, J = 8.0 Hz, 2 H), 7.21 (dd, J = 2.0, 7.3 Hz, 2 H),
7.16 (t, J = 7.6 Hz, 2 H), 7.11–7.04 (m, 5 H), 7.00–6.94 (m, 2 H),
6.50 ppm (s, 2 H); 13C NMR (100 MHz, CDCl3): d= 138.4, 134.9, 133.3,
133.1, 132.7, 130.8, 129.0, 128.2, 128.1, 126.6, 125.5, 110.6 ppm; ele-
mental analysis: calcd (%) for C22H15Br2N (453.17): C 58.31, H 3.34;
found: C 58.62, H 3.18.

3-Phenylpyrrolo[1,2-f]phenanthridine (39): After following proce-
dure C with 2,5-bis(2-bromophenyl)-1-phenylpyrrole (38 ; 227 mg,
0.5 mmol), the residue was purified by flash chromatography on
silica gel (pentane–Et2O, 85:15) to afford the desired compound 39
(63 mg, 43 %). 1H NMR (400 MHz, CDCl3): d= 8.32 (d, J = 8.0 Hz, 1 H),
8.26 (d, J = 7.8 Hz, 1 H), 8.05 (d, J = 7.7 Hz, 1 H), 7.53–7.37 (m, 8 H),
7.29 (t, J = 7.7 Hz, 1 H), 7.13 (t, J = 7.7 Hz, 1 H), 7.06 (d, J = 4.0 Hz,
1 H), 6.66 ppm (d, J = 4.0 Hz, 1 H); 13C NMR (100 MHz, CDCl3): d=
135.7, 134.1, 131.6, 131.5, 129.0, 128.6, 128.2, 127.5, 127.1, 126.8,
126.0, 125.3, 124.0, 123.7, 123.1, 122.7, 122.4, 119.1, 116.0,
102.1 ppm; elemental analysis : calcd (%) for C22H15N (293.36): C
90.07, H 5.15; found: C 90.32, H 5.39.

2,5-Bis(2-bromophenyl)-1-(4-fluorophenyl)pyrrole (40): After fol-
lowing procedure B with 1-(4-fluorophenyl)pyrrole (161 mg,
1 mmol) and 2-bromobenzenesulfonyl chloride (638 mg, 2.5 mmol),
the residue was purified by flash chromatography on silica gel
(pentane–Et2O, 85:15) to afford the desired compound 40 (372 mg,
79 %). 1H NMR (400 MHz, CDCl3): d= 7.54 (d, J = 7.9 Hz, 2 H), 7.25–
7.17 (m, 4 H), 7.11 (dt, J = 1.6, 7.4 Hz, 2 H) 6.95 (dd, J = 5.0, 8.9 Hz,
2 H), 6.75 (t, J = 8.6 Hz, 2 H), 6.48 ppm (s, 2 H); 13C NMR (100 MHz,
CDCl3): d= 160.9 (d, J = 248.0 Hz), 134.3, 133.9, 133.2, 133.1, 132,6,
129.6, 129.1, 125.6, 125.4 (d, J = 9.0 Hz), 114.8 (d, J = 25.0 Hz),
110.4 ppm; elemental analysis: calcd (%) for C22H14Br2FN (471.17): C
56.08, H 3.00; found: C 56.17, H 2.83.

7-Fluoro-3-phenylpyrrolo[1,2-f]phenanthridine (41): After follow-
ing procedure C with 2,5-bis(2-bromophenyl)-1-(4-fluorophenyl)pyr-
role (40 ; 236 mg, 0.5 mmol), the residue was purified by flash chro-
matography on silica gel (pentane–Et2O, 85:15) to afford the de-
sired compound 41 (83 mg, 53 %). 1H NMR (400 MHz, CDCl3): d=
8.13 (d, J = 7.9 Hz, 1 H), 8.04 (d, J = 8.3 Hz, 1 H), 7.94 (dd, J = 2.8,
10.3 Hz, 1 H), 7.54–7.46 (m, 4 H), 7.45–4.39 (m, 4 H), 7.05 (d, J =
3.9 Hz, 1 H), 6.84 (ddd, J = 2.6, 7.8, 9.0 Hz, 1 H), 6.65 ppm (d, J =
3.9 Hz, 1 H); 13C NMR (100 MHz, CDCl3): d= 159.7 (d, J = 241.7 Hz),
135.4, 131.6, 131.1, 130.5, 129.0, 128.8, 128.7, 127.7, 127.0, 126.1,
125.1 (d, J = 8.0 Hz), 124.6, 122.7 (d, J = 14.3 Hz), 120.5 (d, J =
8.4 Hz), 115.9, 114.4 (d, J = 23.4 Hz), 109.9, 109.6, 102.3 ppm; ele-
mental analysis calcd (%) for C22H14FN (311.36): C 84.87, H 4.53;
found: C 89.13, H 4.75.
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[12] X. Zhao, E. Dimitrijević, V. M. Dong, J. Am. Chem. Soc. 2009, 131, 3466 –
3467.

[13] a) M. Zhang, S. Zhang, M. Liu, J. Cheng, Chem. Commun. 2011, 47,
11522 – 11524; b) X. Yu, X. Li, B. Wan, Org. Biomol. Chem. 2012, 10,
7479 – 7482; c) F. Jafarpour, M. B. A. Olia, H. Hazrati, Adv. Synth. Catal.
2013, 355, 3407 – 3412; d) T. Miao, P. Li, G.-W. Wang, L. Wang, Chem.
Asian J. 2013, 8, 3185 – 3190; e) A. Beladhria, K. Yuan, H. Ben Ammar, J.-
F. Soul¦, R. Ben Salem, H. Doucet, Synthesis 2014, 46, 2515 – 2523; f) K.
Yuan, H. Doucet, Chem. Sci. 2014, 5, 392 – 396; g) R. Jin, K. Yuan, E. Cha-
telain, J.-F. Soul¦, H. Doucet, Adv. Synth. Catal. 2014, 356, 3831 – 3841;
h) A. Hfaiedh, K. Yuan, H. Ben Ammar, B. Ben Hassine, J.-F. Soul¦, H.
Doucet, ChemSusChem 2015, 8, 1794 – 1804.

[14] A. Skhiri, A. Beladhria, K. Yuan, J.-F. Soul¦, R. Ben Salem, H. Doucet, Eur.
J. Org. Chem. 2015, 4428 – 4436.

[15] T. Yan, L. Zhao, M. He, J.-F. Soul¦, C. Bruneau, H. Doucet, Adv. Synth.
Catal. 2014, 356, 1586 – 1596.

[16] I. Smari, C. Youssef, H. Ben Ammar, B. Ben Hassine, J.-F. Soul¦, H.
Doucet, Tetrahedron 2015, 71, 6586 – 6593.

[17] L. Yan, D. Zhao, J. Lan, Y. Cheng, Q. Guo, X. Li, N. Wu, J. You, Org.
Biomol. Chem. 2013, 11, 7966 – 7977.

Received: June 9, 2015

Published online on September 23, 2015

ChemCatChem 2015, 7, 3544 – 3554 www.chemcatchem.org Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3554

Full Papers

http://dx.doi.org/10.1021/jo9607267
http://dx.doi.org/10.1021/jo9607267
http://dx.doi.org/10.1021/jo9607267
http://dx.doi.org/10.1021/jo9716183
http://dx.doi.org/10.1021/jo9716183
http://dx.doi.org/10.1021/jo9716183
http://dx.doi.org/10.1055/s-2008-1067256
http://dx.doi.org/10.1055/s-2008-1067256
http://dx.doi.org/10.1055/s-2008-1067256
http://dx.doi.org/10.1002/ange.200902996
http://dx.doi.org/10.1002/ange.200902996
http://dx.doi.org/10.1002/ange.200902996
http://dx.doi.org/10.1016/j.tet.2009.10.015
http://dx.doi.org/10.1016/j.tet.2009.10.015
http://dx.doi.org/10.1016/j.tet.2009.10.015
http://dx.doi.org/10.1016/j.tet.2009.10.015
http://dx.doi.org/10.1002/anie.200806273
http://dx.doi.org/10.1002/anie.200806273
http://dx.doi.org/10.1002/anie.200806273
http://dx.doi.org/10.1002/ange.200806273
http://dx.doi.org/10.1002/ange.200806273
http://dx.doi.org/10.1002/ange.200806273
http://dx.doi.org/10.1002/ange.200806273
http://dx.doi.org/10.1021/cr900184e
http://dx.doi.org/10.1021/cr900184e
http://dx.doi.org/10.1021/cr900184e
http://dx.doi.org/10.1007/128_2009_15
http://dx.doi.org/10.1007/128_2009_15
http://dx.doi.org/10.1007/128_2009_15
http://dx.doi.org/10.1002/cctc.200900074
http://dx.doi.org/10.1002/cctc.200900074
http://dx.doi.org/10.1002/cctc.200900074
http://dx.doi.org/10.1055/s-0030-1258225
http://dx.doi.org/10.1055/s-0030-1258225
http://dx.doi.org/10.1055/s-0030-1258225
http://dx.doi.org/10.1039/b908581e
http://dx.doi.org/10.1039/b908581e
http://dx.doi.org/10.1039/b908581e
http://dx.doi.org/10.1039/c1cs15082k
http://dx.doi.org/10.1039/c1cs15082k
http://dx.doi.org/10.1039/c1cs15082k
http://dx.doi.org/10.1002/anie.201203269
http://dx.doi.org/10.1002/anie.201203269
http://dx.doi.org/10.1002/anie.201203269
http://dx.doi.org/10.1002/anie.201203269
http://dx.doi.org/10.1002/ange.201203269
http://dx.doi.org/10.1002/ange.201203269
http://dx.doi.org/10.1002/ange.201203269
http://dx.doi.org/10.1039/c2cs35096c
http://dx.doi.org/10.1039/c2cs35096c
http://dx.doi.org/10.1039/c2cs35096c
http://dx.doi.org/10.1039/C2SC21524A
http://dx.doi.org/10.1039/C2SC21524A
http://dx.doi.org/10.1039/C2SC21524A
http://dx.doi.org/10.1039/C2SC21524A
http://dx.doi.org/10.1002/cctc.201402020
http://dx.doi.org/10.1002/cctc.201402020
http://dx.doi.org/10.1002/cctc.201402020
http://dx.doi.org/10.1002/adsc.201300922
http://dx.doi.org/10.1002/adsc.201300922
http://dx.doi.org/10.1002/adsc.201300922
http://dx.doi.org/10.1002/adsc.201300922
http://dx.doi.org/10.1021/cs501686d
http://dx.doi.org/10.1021/cs501686d
http://dx.doi.org/10.1021/cs501686d
http://dx.doi.org/10.1021/ja055819x
http://dx.doi.org/10.1021/ja055819x
http://dx.doi.org/10.1021/ja055819x
http://dx.doi.org/10.1021/ja055819x
http://dx.doi.org/10.1021/ja056165v
http://dx.doi.org/10.1021/ja056165v
http://dx.doi.org/10.1021/ja056165v
http://dx.doi.org/10.1002/anie.200600111
http://dx.doi.org/10.1002/anie.200600111
http://dx.doi.org/10.1002/anie.200600111
http://dx.doi.org/10.1002/ange.200600111
http://dx.doi.org/10.1002/ange.200600111
http://dx.doi.org/10.1002/ange.200600111
http://dx.doi.org/10.1002/ange.200600111
http://dx.doi.org/10.1002/asia.200600398
http://dx.doi.org/10.1002/asia.200600398
http://dx.doi.org/10.1002/asia.200600398
http://dx.doi.org/10.1002/asia.200600398
http://dx.doi.org/10.1021/jo3000404
http://dx.doi.org/10.1021/jo3000404
http://dx.doi.org/10.1021/jo3000404
http://dx.doi.org/10.1021/jo3000404
http://dx.doi.org/10.1021/ja3108966
http://dx.doi.org/10.1021/ja3108966
http://dx.doi.org/10.1021/ja3108966
http://dx.doi.org/10.1021/ja3108966
http://dx.doi.org/10.1021/ol4037055
http://dx.doi.org/10.1021/ol4037055
http://dx.doi.org/10.1021/ol4037055
http://dx.doi.org/10.1021/ol4037055
http://dx.doi.org/10.1002/ejoc.201402395
http://dx.doi.org/10.1002/ejoc.201402395
http://dx.doi.org/10.1002/ejoc.201402395
http://dx.doi.org/10.1002/ejoc.201402395
http://dx.doi.org/10.1021/jo201237h
http://dx.doi.org/10.1021/jo201237h
http://dx.doi.org/10.1021/jo201237h
http://dx.doi.org/10.1002/adsc.200900368
http://dx.doi.org/10.1002/adsc.200900368
http://dx.doi.org/10.1002/adsc.200900368
http://dx.doi.org/10.1002/adsc.200900368
http://dx.doi.org/10.1021/jm0103256
http://dx.doi.org/10.1021/jm0103256
http://dx.doi.org/10.1021/jm0103256
http://dx.doi.org/10.1021/jm0103256
http://dx.doi.org/10.1039/c39810000254
http://dx.doi.org/10.1039/c39810000254
http://dx.doi.org/10.1039/c39810000254
http://dx.doi.org/10.1039/c39810000254
http://dx.doi.org/10.1021/ja043273t
http://dx.doi.org/10.1021/ja043273t
http://dx.doi.org/10.1021/ja043273t
http://dx.doi.org/10.1021/ja060809x
http://dx.doi.org/10.1021/ja060809x
http://dx.doi.org/10.1021/ja060809x
http://dx.doi.org/10.1021/ja060809x
http://dx.doi.org/10.1021/ja710731a
http://dx.doi.org/10.1021/ja710731a
http://dx.doi.org/10.1021/ja710731a
http://dx.doi.org/10.1021/ja710731a
http://dx.doi.org/10.1002/adsc.200900196
http://dx.doi.org/10.1002/adsc.200900196
http://dx.doi.org/10.1002/adsc.200900196
http://dx.doi.org/10.1002/adsc.200900196
http://dx.doi.org/10.1021/jo902124c
http://dx.doi.org/10.1021/jo902124c
http://dx.doi.org/10.1021/jo902124c
http://dx.doi.org/10.1021/jo902739n
http://dx.doi.org/10.1021/jo902739n
http://dx.doi.org/10.1021/jo902739n
http://dx.doi.org/10.1021/jo1018969
http://dx.doi.org/10.1021/jo1018969
http://dx.doi.org/10.1021/jo1018969
http://dx.doi.org/10.1002/adsc.201000723
http://dx.doi.org/10.1002/adsc.201000723
http://dx.doi.org/10.1002/adsc.201000723
http://dx.doi.org/10.1002/cctc.201300099
http://dx.doi.org/10.1002/cctc.201300099
http://dx.doi.org/10.1002/cctc.201300099
http://dx.doi.org/10.1002/cctc.201200521
http://dx.doi.org/10.1002/cctc.201200521
http://dx.doi.org/10.1002/cctc.201200521
http://dx.doi.org/10.1016/j.tet.2014.06.002
http://dx.doi.org/10.1016/j.tet.2014.06.002
http://dx.doi.org/10.1016/j.tet.2014.06.002
http://dx.doi.org/10.1039/C4CC04307C
http://dx.doi.org/10.1039/C4CC04307C
http://dx.doi.org/10.1039/C4CC04307C
http://dx.doi.org/10.1021/om5006275
http://dx.doi.org/10.1021/om5006275
http://dx.doi.org/10.1021/om5006275
http://dx.doi.org/10.1021/om5006275
http://dx.doi.org/10.1021/ja900200g
http://dx.doi.org/10.1021/ja900200g
http://dx.doi.org/10.1021/ja900200g
http://dx.doi.org/10.1039/c1cc14718h
http://dx.doi.org/10.1039/c1cc14718h
http://dx.doi.org/10.1039/c1cc14718h
http://dx.doi.org/10.1039/c1cc14718h
http://dx.doi.org/10.1039/c2ob26270c
http://dx.doi.org/10.1039/c2ob26270c
http://dx.doi.org/10.1039/c2ob26270c
http://dx.doi.org/10.1039/c2ob26270c
http://dx.doi.org/10.1002/adsc.201300707
http://dx.doi.org/10.1002/adsc.201300707
http://dx.doi.org/10.1002/adsc.201300707
http://dx.doi.org/10.1002/adsc.201300707
http://dx.doi.org/10.1002/asia.201300913
http://dx.doi.org/10.1002/asia.201300913
http://dx.doi.org/10.1002/asia.201300913
http://dx.doi.org/10.1002/asia.201300913
http://dx.doi.org/10.1039/C3SC52420E
http://dx.doi.org/10.1039/C3SC52420E
http://dx.doi.org/10.1039/C3SC52420E
http://dx.doi.org/10.1002/adsc.201400736
http://dx.doi.org/10.1002/adsc.201400736
http://dx.doi.org/10.1002/adsc.201400736
http://dx.doi.org/10.1002/cssc.201403429
http://dx.doi.org/10.1002/cssc.201403429
http://dx.doi.org/10.1002/cssc.201403429
http://dx.doi.org/10.1002/ejoc.201500354
http://dx.doi.org/10.1002/ejoc.201500354
http://dx.doi.org/10.1002/ejoc.201500354
http://dx.doi.org/10.1002/ejoc.201500354
http://dx.doi.org/10.1002/adsc.201400038
http://dx.doi.org/10.1002/adsc.201400038
http://dx.doi.org/10.1002/adsc.201400038
http://dx.doi.org/10.1002/adsc.201400038
http://dx.doi.org/10.1039/c3ob41760c
http://dx.doi.org/10.1039/c3ob41760c
http://dx.doi.org/10.1039/c3ob41760c
http://dx.doi.org/10.1039/c3ob41760c
http://www.chemcatchem.org

