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By choosing DMF and dioxane as solvent, skeletons of ind-
oles and pyrroles were constructed from alkynes and amines
in the presence of PdCl,, respectively. These Pd-catalyzed
reactions were phosphane-free with high atom efficiency and

could be conducted under mild basic conditions. The pro-
posed mechanism for the selective formation of indoles and
pyrroles in different solvents is also discussed in this paper.

Introduction

The importance of indoles and their derivatives in natu-
ral products and pharmaceuticals!!! has prompted the devel-
opment of many useful methods for their preparation.?!
The synthesis most often starts from o-substituted anilines
or o-substituted nitrobenzenes, which need to be pre-pre-
pared or pre-activated. Few examples start from readily
available anilines or N-substituted anilines.’1 With the de-
velopment of transition-metal-catalyzed cyclizations, the
transition-metal-catalyzed heteroannulation has emerged as
a powerful synthetic strategy to construct the indole skel-
eton.[ Recently, Glorius et al. applied the strategy of Pd-
catalyzed C-H activation in the intramolecular oxidative
cyclization of N-aryl-enaminonesP® or N-aryl-enamines,[®!
which efficiently obviated the need for o-substituted ani-
lines. More simply, Fagnou and co-workers described an
Rh-catalyzed intermolecular oxidative coupling of N-acet-
ylanilines and alkynes,”! in which the acetyl moiety acted
as a directing group for o-metalation. Jiao’s group also re-
ported a Pd-catalyzed intermolecular oxidative coupling be-
tween anilines and but-2-ynedioates to form 2,3-bis(alkoxy-
carbonyl)indoles.®] In this case, the alkynes were electron-
deficient, and their reaction was promoted by pivalic acid.
In addition, pentaarylpyrroles have proven to be important
materials in pharmaceutical and materials science.[! Herein,
we are pleased to demonstrate a Pd-catalyzed intermo-
lecular oxidative coupling of anilines and diarylalkynes,
which furnishes 2,3-
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diarylindoles and pentaarylpyrroles under mild basic condi-
tions and in a manner that is controlled by one’s choice of
reaction solvent.

Results and Discussion

Pd-Catalyzed Reaction of Arylamine and Diarylacetylene
for the Construction of 2,3-Diaryl-1H-indoles

Our investigation commenced with the reaction of 1,2-
diphenylethyne (1a) and aniline (2a) in the presence of
PdCl, and Cu(OAc), in N,N-dimethylformamide (DMF).
To our delight, 2,3-diphenyl-1H-indole (3a) was obtained
as a major product as expected.' In order to have the
optimized reaction conditions for the formation of 3a, we
explored the source of Pd, the source of Cu salt, the base
additive, the reaction solvent, and the reaction temperature.
The best result (58 % isolated yield of 3a) was achieved with
10 mol-% PdCl, and 1.0 equiv. of Cu(OAc), in DMF under
N, at 100 °C for 6 h (Table 1, Entry 1). PdCl,, PdBr,, and
Pd(OAc),, without triphenylphosphane as the ligand,!'!]
worked well for this reaction (Table 1, Entries 1-4). Replac-
ing Cu(OAc), by CuCl, or CuBr,, the yields of 3a were
decreased (Table 1, Entries 5-6). As Cu'! functioned as the
oxidant in this reaction, 2.0 equiv. of Cu' salt was used.
Thus, CuCl, CuBr, and Cul were tested, and yields of 3a
were determined to be 45%, 36%, and 32%, respectively
(Table 1, Entries 7-9). Increasing the amount of Cu(OAc),
to 2.0 equiv. decreased the yield of 3a (Table 1, Entry 10).
The reaction relied heavily on the solvent. Polar aprotic sol-
vents, such as dimethylacetamide (DMA) and dimethyl sulf-
oxide (DMSO), worked for the construction of the indole
skeleton, but the yields were poor (Table 1, Entries 11 and
12). When acetonitrile was used as solvent, 3a was not de-
tected, although reactant 1la disappeared completely
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(Table 1, Entry 13). In polar protic solvent, such as meth-
anol, 3a was also not detected, although 1a was consumed
(Table 1, Entry 14). When altering the solvent to 1,4-diox-
ane or tetrahydrofuran (THF), an interesting result was ob-
served in that pentaphenylpyrrole 4al®) was obtained
(Table 1, Entries 15 and 16). By decreasing the DMF ratio
in the co-solvent of DMF and dioxane, the yield of 3a was
diminished (Table 1, Entries 17and 18). Decreasing the re-
action temperature to 60 °C, produced 3a in 43% yield,
whereas 1a could be quantitatively recovered when the reac-
tion was conducted at room temperature (Table 1, En-
tries 19 and 20). In addition, the relatively stronger basicity
of Cu(OAc), relative to CuCl was evaluated by using a base
additive. Addition of 0.25 equiv. of Na,CO; to reactions
mixtures involving PdCl,/CuCl (2.0 equiv.) afforded 3a,
which was isolated in 54% yield (Table 1, Entry 21), a yield
comparable to that of Entry 1 in Table 1. When increasing
the amount of Na,COj3 to 0.5 equiv., it was found that 1a
failed to react and could be recovered (Table 1, Entry 22).
A similar result was observed for the addition of an organic
base, such as triethylamine (Et;N) (Table 1, Entries 23 and
24). On the basis of these results it seemed advisable that a
relatively weak base was necessary for this reaction to pro-
ceed. It was also noted that 1a did not react when the reac-

tion was conducted in the presence of air, though aniline
was consumed completely (Table 1, Entry 25). Based on this
fact, we tested the stability of aniline by TLC in air without
diphenylacetylene (1a). It was clearly noticed that aniline
was easily oxidized and consumed in DMF after 1 h.[%]

With the reaction conditions optimized (Table 1, En-
try 1), we then tested the substrate diversity for the cycliza-
tion. Various anilines (2a-2i) were suitable for this transfor-
mation. Thus, 2,3-diphenylindoles 3a-3i were prepared in
yields between 36% and 64 % (Figure 1). Substituents, both
electron-donating (such as methyl and methoxy) and elec-
tron-withdrawing (such as fluoro, chloro, bromo), were tol-
erated in this reaction and failed to exert detrimental elec-
tronic effects. When the aniline was meta-substituted (2¢
and 2g), oxidative coupling products 3ca and 3cb were ob-
tained regioselectively with a total yield of 47%, and the
unique product 3g was isolated in 59% yield. It was also
noted that 7-chloro-2,3-diphenylindole (3h) was obtained in
62 % yield when 2-chloroaniline (2h) was used as a starting
material. The chlorine atom was indeed retained in product
3h. However, a Larock-type annulation!**#®! occurred when
either 2-bromoaniline (2j) or 2-iodoaniline (2k) reacted with
1a under the same reaction conditions (Figure 2). In these
cases, 3a was obtained.

Table 1. Optimization of reaction conditions for the formation of 3a.[l

Ph
Ph—=—Ph + PhNH, L @
solvent Ph
1a 2a base N
T,6h 3a
Entry Pd!t Cu salt/ Solvent. Temp. Yield of 3al®!
[equiv] [C] [%]
1 PdCl, Cu(OAc), [1.0] DMF 100 58
2 PdBr, Cu(OAc), [1.0] DMF 100 53
3 Pd(OAc), Cu(OAc), [1.0] DMF 100 56
4 Pd(PPhs),Cl, Cu(OAc), [1.0] DMF 100 n.r.c
5 PdCl, CuCl, [1.0] DMF 100 33
6 PdCl, CuBr; [1.0] DMF 100 24
7 PdCl, CuCl [2.0] DMF 100 45
8 PdCl, CuBr [2.0] DMF 100 36
9 PdCl, Cul [2.0] DMF 100 32
10 PdCl, Cu(OAc), [2.0] DMF 100 50
11 PdCl, Cu(OAc), [1.0] DMA 100 33
12 PdCl, Cu(OAc), [1.0] DMSO 100 10
13 PdCl, Cu(OAc), [1.0] CH;CN reflux n.d.[d]
14 PdCl, Cu(OAc), [1.0] CH;0OH reflux n.d.
15 PdCl, Cu(OAc), [1.0] dioxane reflux 4a (12%)
16 PdCl, Cu(OAc), [1.0] THF reflux 4a (8%)
17 PdCl, Cu(OAc), [1.0] dioxane/DMF (1:1) reflux 3a (46%) + 4a (<5%)
18 PdCl, Cu(OAc), [1.0] dioxane/DMF (1:9) reflux 3a (53%) + 4a (< 5%)
19 PdCl, Cu(OAc), [1.0] DMF 60 43
20 PdCl, Cu(OAc), [1.0] DMF room temp. n.r.
21l PdCl, CuCl [2.0] DMF 100 54
2211 PdCl, CuCl [2.0] DMF 100 n.r.
23el PdCl, CuCl [2.0] DMF 100 50
24(h] PdCl, CuCl [2.0] DMF 100 n.r.
25t PdCl, Cu(OAc), [1.0] DMF 100 n.r..

[a] Conditions: 1a (0.5 mmol), 2a (0.75 mmol), Pd source (0.05 mmol, 10 mol-%), solvent (2 mL), under N,, 100 °C, 6 h. [b] Isolated yield.
[c] n.r. = no reaction. [d]n.d. = not detected. [e] Na,CO5 (0.125 mmol, 0.25 equiv.) was the base additive in the reaction. [f] Na,CO;
(0.25 mmol, 0.50 equiv.) was the base additive in the reaction. [g] EtzN (0.025 mmol, 0.05 equiv.) was the base additive in the reaction.
[h] EtsN (0.05 mmol, 0.10 equiv.) was the base additive in the reaction. [i] Reaction conducted in the presence of air.
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Ph—=—Ph +
H N H
1a 2 (1.5 equiv.)
2a:R=H 2f: R=4-Br
2b:R=4-CH; 2g:R=3-Br
2c:R=3-CHz 2h:R=2-Cl
2d:R=2-CH; 2i:R=4F
2e: R = 4-OCHjs

Figure 1. Formation of indoles 3a-3i from various anilines 2.

10 mol-% PdCl, Ph
_ « Cu(OAc), (1.0 equiv.) Q—g\Ph

Ph——
DMF, Ny, 100 °C, 6 h
1a HNH 2 N
(1.5 equiv.) 3a
2j: X = Br X = Br; 76%
2k: X =1 A =162k

Figure 2. Larock-type indole formation of 3a from 2j or 2k.

An electronic effect was observed when the para position
of the diarylethyne was substituted (Figure 3). Electron-
withdrawing groups (1d and 1le) increased product yields
(3k and 3l), whereas electron-donating groups decreased
yields (3j). In addition, the structure of 3l was established
by crystallographic analyses.['3] No main product was de-
tected by TLC when 1,2-bis(4-methoxyphenyl)ethyne (1c)
was used, although 1c¢ was completely consumed during the
reaction. When 1,2-bis(4-acetylphenyl)ethyne (1f) was used
as a reactant, it was completely recovered after 6 h of expo-
sure to the reaction conditions. Unsymmetrical diaryl-
acetylenes 1g—1j afforded indoles 3m—3p with no regioselec-
tivity. Due to the relative reactivity of 1b and 1d, we envi-
sioned that R* in 3 would be more electron-withdrawing
when the diarylacetylene was unsymmetrical. Unfortu-
nately, aliphatic acetylenes did not work well for the con-
struction of the indole ring system. None of the expected
product could be isolated from the reaction mixture of hex-
1-ynylbenzene and 2a.

DMF, Ny, 100 °C, 6 h B 6N~

3a: R = H; 58%; 3b: R = 5-CH3; 52%

3ca (R = 6-CHj) + 3cb (R= 4-CH3) (3:1); 47%
3d: R = 7-CHj3; 42%; 3e: R = 5-OCHj3; 36%
3f: R = 5-Br; 64%; 39: R = 6-Br; 59%

3h: R =7-Cl; 62%; 3i: R = 5-F; 72%

Pd-Catalyzed Reaction of Arylamines and Diarylacetylenes
for the Construction of Pentaarylpyrroles

As mentioned above, 4a could be efficiently obtained
from 1a and 2a when using 1,4-dioxane or THF as solvent
(Table 1, Entries 15 and 16).) We tried to optimize the re-
action conditions and to investigate the substrate diversity
for the formation of pentaarylpyrroles. The function of the
Cu! species proved to be superior to Cu'' (Table 2, En-
tries 1-6). Among these copper salts, CuCl worked the best.
By adding 1.0 equiv. of Na,COs, 4a was obtained in 57%
yield. Triethylamine also enhanced this reaction as a com-
parable yield was achieved (Table 2, Entries 7 and 8). Other
Pd" sources, without triphenylphosphane, also worked for
the reaction (Table 2, Entries 9-11).'!1 A decreased yield of
4a was observed as the amount of DMF in the co-solvent of
DMF and dioxane increased (Table 2, Entries 12 and 13).
Additionally, lowering the reaction temperature was found
to influence the yield of 4a (Table 2, Entries 14 and 15).
When the reaction vessel was opened to air, 4a could still
be obtained in 41% yield (Table 2, Entry 16); aniline in 1,4-
dioxane seemed relatively stable even when freely exposed
to air. Finally, the optimized reaction conditions were estab-
lished (Table 2, Entry 7).

With the optimized reaction conditions in hand, we next
tested the scope of substrates possible for the formation of
pentaarylpyrroles 4. As shown in Figure 4, this methodol-
ogy tolerated a variety of substituents at different positions
on the aniline (2a-2n) when treated with diphenylacetylene
(1a). Anilines with electron-withdrawing groups (such as

R3

=
1
1b: R'=R2=CHj,
1c: R'=R?= OCHjg
1d: R'=R2=F
1e:R'=R2=Br

1f: R'=R?=COCH;

19:R'=H; R?=F
1h: R'=H; R?=Br

1i: R'=CHg; R2=F

1j: R'=CHg; R?=B

O R?+ PhNH,

10 mol-% PdCl,
Cu(OAc), (1.0 equiv.)
Sbachol Suiibd /R bk beoh

DMF, N, 100 °C, 6 h
(1.5 equiv.) N
H

3j: R®=R*= CHj3; 53% 3
3k: R®=R*=F; 74%
31: R®= R*=Br; 69%

W

3ma (R®=H; R*=F) + 3mb (R®=F; R*=H), (5:3); 68%
3na (R®=H; R*=Br) + 3nb (R®=Br; R*=H), (5:3); 65%

r

Figure 3. Formation of indoles 3j-3p from various alkynes 1.
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30a (R®= CHg; R* = F) 44%; 30b (R®=F; R* = CH3); 18%
3pa (R3= CHg; R* = Br) +3pb (R® = Br; R* = CH3) (5:2); 59%
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Table 2. Optimization of reaction conditions for formation of 4a.[

Ph Ph
Ph Ph + PhNH, ['::)i]/&» l_g\
1a 2a 1 ,4-£g§ane Ph N .
6h Ph
4a
Entry pd! Cu salt Temp. Base Yield of 4al®!
[equiv.] [°C] [equiv.] [%6]
1 PdCl, CuCl [4.0] 100 - 45
2 PdCl, CuBr [4.0] 100 - 39
3 PdCl, Cul [4.0] 100 - 36
4 PdCl, Cu(OAc), [2.0] 100 - 12
5 PdCl, CuCl, [2.0] 100 - <5
6 PdCl, CuBr, [2.0] 100 - <5
7 PdCl, CuClb [4.0] 100 Na,COs [1.0] 57
8 PdCl, CuCl [4.0] 100 EtN [0.2] 53
9 PdBr, CuCl [4.0] 100 Na,COs; [1.0] 54
10 Pd(OAc), CuCl [4.0] 100 Na,COs; [1.0] 42
11 Pd(PPhs),Cl, CuCl [4.0] 100 Na,COs; [1.0] nr.
126! PdCl, CuCl [4.0] 100 Na,CO; [1.0] 3a (37%) + 4a (26%)
134 PdCl, CuCl [4.0] 100 Na,CO; [1.0] 3a (28%) + 4a (30%)
14 PdCl, CuCl [4.0] 60 Na,COs; [1.0] 36
15 PdCl, CuCl [4.0] room temp. Na,COs; [1.0] n.r.
16! PdCl, CuCl [4.0] 100 Na,COs; [1.0] 41

[a] Conditions: 1a (0.50 mmol), 2a (0.25 mmol), Pd source (0.025 mmol, 10 mol-%), 1,4-dioxane (2 mL), under N», 100 °C, 6 h. [b] Isolated
yield. [c] A mixture of DMF/dioxane (1:1) was utilized as solvent. [d] A mixture of DMF/dioxane (1:9) was utilized as solvent. [e] Reaction

conducted in the presence of air.

10 mol-% PdCl,

B B R _:) _CuCl (4.0 equiv) _ IEN ,@
XX Na2C03 (1.0 equiv.)

1,4-dioxane

1a NH, 100 °C, 6 h
2 (0.5 equiv.)

2a:R=H 2h: R = o-Cl 4a:R=H;57% 4h: R = 0-Cl; 75%
2b:R=p-CH; 2i:R=p-F 4b: R = p-CH3; 51% 4i: R=p-F; 77%
2c:R=m-CH; 2j:R=0-Br 4c: R =m-CHg3; 49% 4j: R = 0-Br; 58%
2d: R=0-CH; 2k:R=o-l 4d: R = 0-CH3; 46% 4k: R = 0-l; 49%
2e: R =p-OCHj; 2I: R =p-NO, 4e: R = p-OCHg; 33% 4l: R = p-NO»; 90%
2f: R = p-Br 2m:R=m-NO, 4f:R=p-Br;72% 4m: R = m-NO,; 86%
2g: R =m-Br 2n: R = 0-NO, 49: R=m-Br; 73% 4n: R =0-NOy; 72%

Figure 4. Formation of pyrroles 4a—4n from various anilines 2.

the nitro group in ortho, meta, and para positions) afforded
the corresponding pentaarylpyrroles 4l-4n in  90%,
86%,and 72% yields, respectively. The yields were appar-
ently higher than those obtained with methyl-substituted
anilines (4b—4d). Notably, p-methoxyaniline (2e) gave 4e in
only 36% yield. Relatively low yields were also observed for
anilines bearing ortho substituents (4d, 4j and 4n) relative
to those with para substituents (4b, 4f and 41). We hypothe-
size that this may be due to steric hindrance imposed by
ortho (but not para) substituents of the aniline substrate. It
was also noticeable that o-iodoaniline (2k) and o-bromoan-
iline (21) were suitable for the formation of the correspond-
ing pyrroles (4k and 41) — though again, in only moderate
to poor yields. Importantly, the ability to generate 4k and
4] indicates the survival of the ortho C-I1 and C-Br of ani-
lines in this Pd-catalyzed system. This is in stark contrast
4
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to the cases of indole formation (Figure 2). Reactions in-
volving symmetrical diarylacetylenes 1b, 1d and le pro-
duced 4o, 4p and 4q in 48%, 67% and 62% yields, respec-
tively (Figure 5). Reaction of 1¢, containing the strong elec-
tron-donating group, failed to produce the pyrrole product,
though 1c¢ was completely consumed. Starting material 1f,
with the acetyl group in the para position of diarylacetyl-
ene, was recovered after attempted coupling with 2a under
the same reaction conditions. Reactions involving unsym-
metrical diarylacetylenes 1g—1j afforded 3 kinds of isomers,
which were formed with little to no regioselectivity (Fig-
ure 6). Unfortunately, neither aliphatic amines nor aliphatic
acetylenes worked well for the construction of the pyrrole
ring. No expected product could be isolated from either the
reaction mixture of hex-1-ynylbenzene and 2a or the reac-
tion mixture of 1a and butan-1-amine.

Eur. J. Org. Chem. 0000, 0-0
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10 mol-% PdCl,

R3 R®
R’ O -l O RZ + phNH, —CuCl(4.0equiv.)
1,4-dioxane
NayCO; (1.0 equiv.) O I\ Q
N
4
K Ph

1b: R'=R?= CHj, 2a. 100°C, 6 h R4
1c: R'=R2 = OCHs {0.5:5g0ii)

1d:R'=R2=F 40: R®= R* = CHj3; 48%
1e:R'=R?=Br 4p:R¥=R*=F; 67%
1f: R'=R2=COCH; 4q: R®= R* = Br; 62%

Figure 5. Formation of pyrroles 40-4q from symmetrical diarylacetylenes 1b-1f.

10 mol-% PdCl
= 2
R+ | Phbf, CuCl (4.0 equiv.)

2a 1,4-dioxane
B i B2 ; _
fg: R =, R 2F (05equiv)  NayCOjs (1.0 equiv.)
1h: R'= H; R2= Br 100°G. 6t

1i:R'=CHy; R2=F
1j: R' = CHg; R?=Br

575836
Nea'adWea'agWNg 'ase

4ra + 4rb + 4rc (R® = H; R* = F): 60%; 4sa + 4sb + 4sc (R®=H; R* = Br): 57%
4ta + 4tb + 4tc (R® = CH3; R* = F): 56%; 4ua + 4ub + 4uc (R® = CH;; R* =Br): 52%

Figure 6. Formation of pyrroles 4r—4u from unsymmetrical diarylacetylenes 1g-1j.

Proposed Mechanism

Based on the survey of reaction conditions and the toler- of indoles 3 and pyrroles 4 are postulated as shown in
ance of substrates, possible mechanisms for the formation Scheme 1.

Ph Cu(OAc), +2 CI7 Cu® +2 OAc™ cu° 2CuCl

N >_< =
3a P PdCl Ph PdCl, P Ph N
Pd Ph
1a
4a
Ph

Ph
H | . C P Npa
Ph._N iPd’ |
| in DMF [ o in 1,4-dioxane Bl i
Ph A
Ph” ~Pd Ph D
H DMF
cr)
e o HCl
i ||~ pmF

Scheme 1. Proposed mechanisms for the solvent-dependent formation of 3a and 4a.
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We envision that in 1,4-dioxane solution ® complex A
between 1a and PdCl, is initially formed.['* The triple bond
is thus activated and becomes electron-deficient. An amino-
palladation"! occurs subsequently by nucleophilic attack
of 2a. In the structure of B, the amino group and Pd are in
a cis configuration because of the weak coordination be-
tween the nitrogen and palladium atoms.'® Sufficient
amounts of diphenylacetylene make the carbopallad-
ation"” occur, and C is thus formed. For the same reasons,
C is a cyclic structure. We envision that then intramolecular
nucleophilic substitution occurs on the palladium center,
thus forming D.I'81 Reductive elimination of Pd°!'’! ulti-
mately affords pyrrole 4a, and the active Pd™ complex can
eventually be regenerated by oxidation with the Cu
source.l?%

In the more polar DMF solution, DMF has the potential
to coordinate with palladium, especially in the presence of
copper salts.>!1 Accordingly, intermediate F may be formed
either through species E or B. The existence of DMF in F
efficiently inhibits the coordination of B with 1a and makes
the intramolecular electrophilic aromatic palladation prac-
tical, as in the cases of 2a-2i. As evidence of this, when
nitroanilines 2I,m were used as substrates in DMF, 1-(ni-
trophenyl)-2,3.4,5-tetraphenyl-1 H-pyrroles 4l,m were iso-
lated as major adducts instead of the corresponding indoles
(Figure 4). In these cases, the electron-withdrawing nature
of the nitro group decreased the possibility of the intramo-
lecular electrophilic aromatic palladation. Deprotonation of
G under the mildly basic reaction conditions affords inter-
mediate H.??! Consequently, reductive elimination of palla-
dium generates indole 3a after which the resulting Pd® spe-
cies may be oxidized in a copper-dependent fashion to re-
generate Pd!.[?%

Conclusions

We have developed a direct intermolecular oxidative cou-
pling between diarylacetylenes and anilines that is catalyzed
by Pd™ and copper salts under mildly basic conditions;
product selectivity is dictated by one’s choice of solvent.
In DMF solution, the reaction furnishes 2,3-diarylindoles
bypassing the ortho-halogenated anilines and thus provid-
ing an alternative method to the Larock indole synthe-
sis.#bl Direct C-H activation and coordination of DMF
with the palladium center are involved in this process. When
1,4-dioxane is used as solvent, the reaction affords pentaar-
ylpyrroles. A palladium-catalyzed three-component reac-
tion ensues. For both the DMF and 1,4-dioxane reactions
both Cu'' and Cu' work well as the oxidant. Further in-
vestigations into both of these reaction mechanisms are in
process.

Experimental Section

General Methods: Melting points were recorded with a Biichi 535
apparatus. NMR spectra were obtained with a Bruker Avance
DMX400 spectrometer operating at 400 MHz for 'H NMR and

6 WWW.eurjoc.org
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100 MHz for '3C NMR in CDCl;, or a Bruker Avance DMX500
spectrometer operating at 500 MHz for '"H NMR and 125 MHz for
13C NMR spectroscopy. All high-resolution mass spectra (HRMS)
were recorded by using a GCT Premier CAB170 instrument. Flash
column chromatography was performed by employing 300—
400 mesh silica gel. Thin layer chromatography (TLC) was per-
formed with silica gel HSGF254.

Typical Procedure for the Synthesis of 2,3-Diphenyl-1H-indole (3a):
In a 10 mL round-bottom flask, 1a (89 mg, 0.5 mmol), 2a (70 mg,
0.75 mmol), Cu(OAc), (40 mg, 0.2 mmol), and 10 mol-% of PdCl,
(9 mg, 0.05 mmol) were dissolved in dry DMF (2 mL) at ambient
temperature. The reaction mixture was degassed and then purged
with nitrogen three times. The sealed flask was then heated at
100 °C for ca. 6 h. After complete consumption of the starting ma-
terial as determined by TLC, the residue was dissolved in diethyl
ether, washed with water (3 X 15 mL), and dried with Na,SO,. Af-
ter filtration, the filtrate was distilled under reduced pressure, and
the residue was purified by flash chromatography on silica gel
(CH,Cly/hexane, 1:10). Compound 3a (78 mg, 58 %) was obtained
as off-white solid. M.p. 120.6-122.0 °C; ref.?1 120-121°C. 'H
NMR (400 MHz, CDCls; Supporting Information, Figure S1): 6 =
8.20 (br., 1 H), 7.74 (d, J = 7.9 Hz, 1 H), 7.51-7.40 (m, 7 H), 7.38—
7.26 (m, 5 H), 7.21 (dd, J, = J, = 7.5 Hz, 1 H) ppm. '3C NMR
(100 MHz, CDCls; Supporting Information, Figure S2): 0 =
135.87, 135.04, 134.06, 132.66, 130.14, 128.73, 128.65, 128.51,
128.16, 127.66, 126.22, 122.68, 120.41, 119.68, 115.01, 110.90 ppm.
HRMS: caled. for CyoH;sN [M]" 269.1204; found 269.1208.

Typical Procedure for the Synthesis of 1,2,3,4,5-Pentaphenyl-1H-
pyrrole (4a): In a 10 mL round-bottom flask, 1a (89 mg, 0.5 mmol),
2a (23 mg, 0.25 mmol), CuCl (93 mg, 1 mmol), Na,CO; (26 mg,
0.25 mmol) and 10 mol-% of PdCl, (5 mg, 0.025 mmol) were dis-
solved in dry 1,4-dioxane (2 mL) at ambient temperature. The reac-
tion mixture was degassed and then purged with nitrogen three
times. The sealed flask was then heated at reflux for ca. 6 h. After
complete consumption of the starting material as determined by
TLC, the residue was dissolved in diethyl ether, washed with water
(3X 15mL), and dried with Na,SO,. After filtration, the filtrate
was distilled under reduced pressure, and the residue was purified
by flash chromatography on silica gel (CH,Cl,/hexane, 1:20). Com-
pound 4a (64 mg, 57%) was obtained as a yellowish solid. M.p.
265.8-267.4°C. '"H NMR (400 MHz, CDCls; Supporting Infor-
mation, Figure S31): 6 = 7.16-7.06 (m, 15 H), 6.98-6.93 (m, 10
H) ppm. *C NMR (100 MHz, CDCls; Supporting Information,
Figure S32): 0 = 138.57, 135.25, 132.20, 131.62, 131.36, 131.06,
129.15, 128.22, 127.53, 127.50, 126.76, 126.39, 125.34, 122.82 ppm.
HRMS: calcd. for C34H,sN [M]* 447.1987; found 447.1992.

Supporting Information (see footnote on the first page of this arti-
cle): Detailed experimental procedures, characterization data, and
copies of 'H and '*C NMR spectra for products 3a-3p and 4a—4u.

Acknowledgments

P. L. and Y. W. thank the National Nature Science Foundation of
China (No. 21032005 and 20972137) for financial support.

[1] For recent reviews on indole-containing natural products, see:
a) M. Somei, F. Yamada, Nat. Prod. Rep. 2004, 21, 278-311;
b) M. Somei, F. Yamada, Nat. Prod. Rep. 2005, 22, 73-103; c)
A. Brancale, R. Silvestri, Med. Res. Rev. 2007, 27, 209-238; d)
A.J. Kochanowska-Karamyan, T. Mark, M.J. Hamann,
Chem. Rev. 2010, 110, 4489-4497.

Eur. J. Org. Chem. 0000, 0-0



Job/Unit: 020531 /KAP1 Date: 25-06-12 11:36:07

2,3-Diarylindoles and Pentaarylpyrroles

Pages: 8

[2] For recent reviews on the synthesis of indoles, see: a) G. W.
Gribble, J Chem. Soc. Perkin Trans. 1 2000, 1045-1075; b) S.
Cacchi, G. Fabrizi, Chem. Rev. 2005, 105, 2873-2920; ¢) G. R.
Humphrey, J. T. Kuethe, Chem. Rev. 2006, 106, 2875-2911. For
selective individual accounts, see: d) M. Shen, B. E. Leslie,
T. G. Driver, Angew. Chem. 2008, 120, 5134; Angew. Chem. Int.
Ed. 2008, 47, 5056-5059; e) O. Leogane, H. Lebel, Angew.
Chem. 2008, 120, 356; Angew. Chem. Int. Ed. 2008, 47, 350—
352; f) K. Alex, A. Tillack, N. Schwarz, M. Beller, Angew.
Chem. 2008, 120, 2337; Angew. Chem. Int. Ed. 2008, 47, 2304—
2307; g) J. Takaya, S. Udagawa, H. Kusama, N. Iwasawa, An-
gew. Chem. 2008, 120, 4984; Angew. Chem. Int. Ed. 2008, 47,
4906-4909; h) T. Pei, C. Chen, P. G. Dormer, 1. W. Davies, An-
gew. Chem. 2008, 120, 4299; Angew. Chem. Int. Ed. 2008, 47,
4231-4233; i) K. Inamoto, T. Saito, K. Hiroya, T. Doi, Synlett
2008, 3157-3162; j) A. Scribner, J. A. Moore 111, G. Ouvry, M.
Fisher, M. Wyvratt, P. Leavitt, P. Liberator, A. Gurnett, C.
Brown, J. Mathew, D. Thompson, D. Schmatz, T. Biftu, Bioorg.
Med. Chem. Lett. 2009, 19, 1517-1521; k) Cacchi, G. Fabrizi,
A. Goggiamani, A. Perboni, A. Sferrazza, P. Stabile, Org. Lett.
2010, 12, 3279-3281.

[3] Selected instances of Fischer/Buchwald—Fischer indole synthe-
ses by starting from aniline: a) S. Wagaw, B. H. Yang, S. L.
Buchwald, J Am. Chem. Soc. 1998, 120, 6621-6622; b) S. Wa-
gaw, B. H. Yang, S. L. Buchwald, J. 4m. Chem. Soc. 1999, 121,
10251-10263. Selected instance of a Sugasawa indole synthesis
by starting from aniline: ¢) T. Sugasawa, M. Adachi, K. Sasak-
ura, A. Kitagawa, J Org. Chem. 1979, 44, 578-586. Selected
instances of Gassman indole syntheses by starting from aniline:
d) P. G. Gassman, T. J. van Bergen, J Am. Chem. Soc. 1973,
95, 590-591; e) P. G. Gassman, T. J. van Bergen, J Am. Chem.
Soc. 1973, 95, 591-592. Selected instances of improved
Bischler-Mohlau indole syntheses by starting from aniline: f)
K. Pchalek, A. W. Jones, M. M. T. Wekking, D. S. C. Black,
Tetrahedron 2005, 61, 77-82; g) V. Sridharan, S. Perumal, C.
Avendaiio, J. C. Menéndez, Synlett 2006, 91-95.

[4] For selected instances of the Larock indole Synthesis see: a)
R. C. Larock, E. K. Yum, M. D. Refvik, J Org. Chem. 1998,
63, 7652-7662; b) G. Zeni, R. C. Larock, Chem. Rev. 2006,
106, 4644-4680, and references cited therein. For other selected
typical instances of metal-catalyzed indole syntheses, see: ¢) H.
Tokuyama, T. Yamashita, M. T. Reding, Y. Kaburagi, T. Fuku-
yama, J. Am. Chem. Soc. 1999, 121, 3791-3792; d) A. Takeda,
S. Kamijo, Y. Yamamoto, J Am. Chem. Soc. 2000, 122, 5662—
5663; e) M. Shen, G. Li, B. Z. Lu, A. Hossain, F. Roschangar,
V. Farina, C. H. Senanayake, Org. Lett. 2004, 6, 4129-4132; f)
S. Cacchi, G. Fabrizi, A. Goggiamani, Adv. Synth. Catal. 2006,
348, 1301-1305; g) L. Ackermann, R. Sandmann, A. Villar,
L. T. Kaspar, Tetrahedron 2008, 64, 769-777; h) J. Chen, Q.
Pang, Y. Sun, X. Li, J. Org. Chem. 2011, 76, 3523-3526.

[5] S. Wiirtz, S. Rakshit, J. J. Neumann, T. Droge, F. Glorius, An-
gew. Chem. 2008, 120, 7340; Angew. Chem. Int. Ed. 2008, 47,
7230-7233.

Eur. J. Org. Chem. 0000, 0-0

© 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur|OC

European Journal
of Organic Chemistry

[6] J.J. Neumann, S. Rakshit, T. Droge, S. Wiirtz, F. Glorius,
Chem. Eur. J. 2011, 17, 7298-7303.

[71 D.R. Stuart, M. Bertrand-Laperle, K. M. N. Burgess, K. Fag-
nou, J Am. Chem. Soc. 2008, 130, 16474-16475.

[8] Z.Shi, C. Zhang, S. Li, D. Pan, S. Ding, Y. Cui, N. Jiao, Angew.
Chem. 2009, 121, 4642; Angew. Chem. Int. Ed. 2009, 48, 4572~
4576.

[9] a) H.S.P. Rao, S. Jothilingam, H. W. Scheeren, Tetrahedron
2004, 60, 1625-1630; b) X. Feng, B. Tong, J. Shen, J. Shi, T.
Han, L. Chen, J. Zhi, P. Lu, Y. Ma, Y. Dong, J. Phys. Chem.
B 2010, 114, 16731-16736.

[10] For recent references to reactions using similar catalytic condi-
tions, see: a) H.-P. Zhang, S.-C. Yu, Y. Liang, P. Peng, B.-X.
Tang, J.-H. Li, Synlett 2011, 982-988; b) E. Borsini, G. Brog-
gini, A. Fasana, S. Galli, M. Khansaa, U. Piarulli, M. Riga-
monti, Adv. Synth. Catal. 2011, 353, 985-994; ¢) G. Broggini,
V. Barbera, E. M. Beccalli, E. Borsini, S. Galli, G. Lanza, G.
Zecchi, Adv. Synth. Catal. 2012, 354, 159-170.

[11]Y.-M. He, Q.-H. Fan, Org Biomol. Chem. 2010, 8, 2497-2504.
[12] G. R. Pettit, E. G. Thomas, J. Org. Chem. 1959, 24, 895-896.

[13] CCDC-843941 (for 3l) contains the supplementary crystallo-
graphic data of this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

[14] L.-N. Guo, X.-H. Duan, Y.-M. Liang, Acc. Chem. Res. 2011,
44, 111-122.

[15] A. Minatti, K. Muiiiz, Chem. Soc. Rev. 2007, 36, 1142-1452.

[16] X. Chen, J. Jin, Y. Wang, P. Lu, Chem. Eur. J. 2011, 17, 9920~
9923.

[17]a) Y.-T. Wu, K.-H. Huang, C.-C. Shin, T.-C. Wu, Chem. Eur.
J 2008, 14, 6697-6703; b) Z. Shi, B. Zhang, Y. Cui, N. Jiao,
Angew. Chem. Int. Ed. 2010, 49, 4036-4041.

[18] X. Cui, J. Li, Y. Fu, L. Liu, Q.-X. Guo, Tetrahedron Lett. 2008,
49, 3458-3462.

[19]S. Ding, Z. Shi, N. Jiao, Org Lett. 2010, 12, 1540-1543.

[20]a) Y.-T. Wu, M.-Y. Kuo, Y.-T. Chang, C.-C. Shin, T.-C. Wu,
C.-C. Tai, T.-H. Cheng, W.-S. Liu, Angew. Chem. 2008, 120,
10039; Angew. Chem. Int. Ed. 2008, 47, 9891-9894; b) M. Yam-
ashita, K. Hirano, T. Satoh, M. Miura, Org Lett. 2009, 11,
2337-2340; ¢) M. Yamashita, H. Horiguchi, K. Hirano, T. Sa-
toh, M. Miura, J. Org. Chem. 2009, 74, 7481-7488.

[21]T. Hosokawa, T. Nomura, S.-I. Murahashi, J Organomet.
Chem. 1998, 551, 387-289.

[22]a) D. Garcia-Cuadrado, A. A. C. Braga, F. Maseras, A. M.
Echavarren, J. Am. Chem. Soc. 2006, 128, 1066-1067; b) D.
Garcia-Cuadrado, P. de Mendoza, A. A. C. Braga, F. Maseras,
A. M. Echavarren, J. Am. Chem. Soc. 2007, 129, 6880-6886; c)
M. Lafrance, K. Fagnou, J Am. Chem. Soc. 2006, 128, 16496
16497.

Received: April 23, 2012
Published Online: B

WWW.eurjoc.org 7



Job/Unit: 020531 /KAP1 Date: 25-06-12 11:36:07 Pages: 8
FU LL PAPER X. Chen, X. Li, N. Wang, J. Jin, P. Lu, Y. Wang
Ar. Ar . .
X. Chen, X. Li, N. Wang, J. Jin, P. Lu,*
Ar = 10 mol-% PdCl, I\ Y. Wang* 1-8
10 10 mol-% PdCl R—_ | CuCl (4.0 equiv.) Ar™ N7 TAr
R— Are———————— Ar———Ar + e e
Z~N Cu(OAc); (1.0 equiv.) Na,COj3 (1.0 equiv.) X . .
H DMF, Ny, 100 °C, 6 h 1 NH, 1,4-dioxane, N, R Palladium-Catalyzed Reaction of Aryl-
3 2 100°C,6h Z amine and Diarylacetylene: Solvent-Con-
16 examples 4 trolled Construction of 2,3-Diarylindoles
yields 36-74% 21 examples

Two different kinds of Pd-catalyzed cycli-
zations, leading to the construction of 2,3-
diarylindole and pentaarylpyrrole from the
same alkyne and aniline starting materials,
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yields 33-90%
were approached by choosing different sol-
vents. The mechanisms for these solvent-
controlled reactions are proposed and dis-
cussed.
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