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Abstract: A general method for the N-arylation of indoles using catalysts derived from Cul and trans-1,2-
cyclohexanediamine (1a), trans-N,N'-dimethyl-1,2-cyclohexanediamine (2a), or N,N'-dimethyl-ethylenedi-
amine (3) is reported. N-Arylindoles can be produced in high yield from the coupling of an aryl iodide or
aryl bromide with a variety of indoles.

Introduction

The Ullmann-typé coupling of aryl halides with indoles §:> Q §:> Q
represents a straightforward, inexpensive approachN{o HN  NH, H, H, MeN HMe MeN'  NMe MeHN/_\JHMe
arylindoles? These copper-catalyzed reactions traditionally have la 1b 2a 2b 3

. . racemic i
required high temperatures, generally 2@or more, and often racemie

the use of two or more equivalents of the aryl halide to obtain
optimal yields. The palladium-catalyzé#arylation of indoles We h iously found that th £1.10-ph hroli
is an alternative method that addresses the problems of extreme e have previously found that the use o O-phenanthroline
reaction temperaturésProblems, however, such as C-3 aryla- as a ligand for copper could provide more active catalysts for
tion, and an intolerance of several important functional groups the :\l arylatli)n O,f |m|daﬁole§. Iqudbr;ar:f allso pbservefd a
have also limited this method. Further, because of the relatively similar acce eratlon in the arylation ot diarylamines to form
high cost of palladium, mild alternatives using inexpensive triarylamines’ To d|scc_)ver a more active and general catalyst
metals are desirable. Copper-catalyzed methods reported for theSyStelm fr?rlth_d\l-?rylagor; of mdoleswwe epr?red dthﬁ use of
arylation of nitrogen heterocycles using mild conditions include SImple che atllng 'gands for copper. YVe soon foun t .at copper
the use of arylboronic acidsaryl bismuthé and aryl lea8 cata!ysts derived from gqpperlodlde and simple dlgmlne ligand
reagents. These methods using alternative arylating agen'[sl (!:lgure_ 1) CO.UId efficiently cataly_ze the coupling of aryl
derived from the corresponding aryl halide, are restricted in hahdes I\INIth a_mllges (%oldbelrg_coluphn_?o)l aNd—(;_heterocygles_ h
terms of the level of substitution tolerated on either the aryl or :n exce e_n_t y|ef S uneforh;e atively n;]' conc |t|onfs an _W't
indole substrates. Additionally, the toxicity of bismuth and lead W duantities of coppet> Moreover, the reaction of a variety
compounds and the cost of arylboronic acids detracts from their Of substituted indoles with aryl iodides was explored. Reactions

appeal. The nucleophilic aromatic substitution of aryl halides, of carbagolg, 7-.azaindlole, 5-cyano-, and 5-amino.indole. pro-
activated by electron-withdrawing substituents, with indole ceeded in high yield. Hindered indoles (those substituted in the

represent an alternate routeNearylindoles for some substrate 2 and 7-p05|t|qn) were shqwn to provide the deS|_red products
combinationd. in moderate yields. In this paper, we report in full our

investigations of theN-arylation of indoles and disclose an
improved copper catalyst system. Our new protocol employs

Figure 1. Diamine ligands used for thi-arylation of indoles.
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Table 1.
Indole

Screening of Diamine Ligands for the N-Arylation of

&G

% yield®
4h 2

5 mol% Cul
20 mol% diamine
2.1 equiv K3PO4

110 °C
toluene®

% yield® ligand
24h

4h 4h

66 93¢ MeN  NMe 52 99¢
H H

59 88 HoN NH, 22 96

52 98¢ MeN  NH, 52 90

39 90° nBuN  NH 52 90

55 94 MeoN  NH, 5 43

85 MepN ﬁMe 8 7

41 80' Me,N  NMe,

HoN 5 NH °

cis/trans
mixture

a All reactions: [indole}= 1 M in toluene.? In all cases, the conversion
of indole was +10% higher than the above GC yields (dodecane as an
internal standardf With 9—10% monoN-arylation of ligandd With
3—5% monoN-arylation of ligand.# With 10% monaN-arylation of ligand.
f A large amount of monadl-arylation of the diamine mixture16—17%)
was observed.

marginally the best yields. The main advantage of ugagr

3 was that less ligandN-arylation (3-5%) was observed in
comparison to reactions usiig (9—10%). The use of greater
than one equivalent of the respective aryl halide can help in
achieving good yields of the desired product even when some
ligand arylation is observed. However, it is ideal to minimize
these side reactions because of the resulting loss of active
catalyst!® Further,2aand3 appear to be better ligands for Cul;
the combination of 10 mol %2a with 5 mol % Cul in toluene
forms a completely homogeneous solution at’8) while the
identical experiment witha shows undissolved Cul remaining.
Sulfuric acid or hydrochloric acid salts @b showed similar to
slightly lower reactivity when compared to the free bésdse

of the cis dimethylated ligan®b) showed reduced activity and
increased ligand arylation (10%), a possible explanation being
that thecis-diamine (one axial amino group and one equatorial
amino group) is more sterically hindered than titeas-diamine
(both amino groups equatorial) because of a 1,3-diaxial interac-
tion. This would result in a more hindered copper complex with
lower catalytic activity. When the relatively inexpensive cis/
trans mixture 2¢) of 1,2-diaminocyclohexane was used, a
significant amount of competitive ligand arylation was found
(16—17%). The use of tri- &) or tetramethyl 9) substituted
ethylenediamine resulted in lower activity. Presumably, the
increased level of substitution at nitrogen leads to reduced
binding efficiency. In several cases (ligar2; 4, 7, and8), a
comparison of the progress of the reaction (GC yield) after 4 h
and 24 h revealed the existence of an induction péefidebr
example, the use of liganél(Table 1) provided only 22% GC
yield of the desired product aftd h but yet gave a 96% yield
after a 24 h reaction time.

The ligand study in Table 1 provided evidence that the use
of N,N-dimethyldiamine ligands allows for higher yield and
lessN-arylation of ligand compared to reactions usithg/Nith
this in mind, a more thorough comparison of ligaddsand2a
was undertaken (Table 2). In all casawas a superior ligand
to la in terms of catalytic activity or yield of the coupling
product. For example, as shown in entry 2, a 96% vyield of

dioxane as solverit. Despite the success of this system, product from the coupling of 4-bromotoluene with indole was
limitations remained. For example, in difficult cases, the gpserved, while in enyrl a much lower yield (57%, GC) was
N-arylation of 1a was found as a side reaction. In turn, the  fond. Interestingly, only a modest improvement in yield (91%
overall reaction rate slowed, and incomplete conversion of the \or5s 889%) was found for the coupling of 2-bromotoluene with
substrates was often observed. Thus, the search for other possiblg,qole usinga (entry 4). The use of 5-nitroindole as a substrate
ligands and conditions for this arylation chemistry was under- provided a 38% GC yield (entry 5) of the desired product with
taken. Initially, during a survey of the effect of different solvents 15 \yhile a clean reaction with 96% yield was found wizh

on the reaction efficiency, it was determined that toluene was (enry 6). Likewise, significant improvements were found with
a superior solvent to dioxane. Since this is a process-friendly the 23 derived catalyst (entries 8 and 10) when the relatively
substitution, toluene was employed in the majority of new pindered 2-phenylindole and 7-methylindole were combined
examples in this paper, although other solvents such as etheryiith jodobenzene. One explanation for the above improvement

THF, DMF, and DME can be utilized. _ is that less ligand arylation occurs, and therefore faster reactions
A series of ligands were examined for the reaction of gyt wherawas employed.

2-bromotoluene with indole and the most active ligands are
shown in Table 1. We were very pleased to find that several
diamines, in addition to the previously studigd, could
efficiently catalyze this transformation in toluene. This was
somewhat of a surprise as previous screening in dioxane did

An effort was made to determine the impact of the source of
copper on the arylation process (Table 3). In the coupling of
indole with 4-bromotoluene, Cu(0) (copper bronze) was equally
effective as Cu(l) (copper iodidéj, while Cu(ll) sources

not provide such uniform improvement. Liganga'? and 3,
both bearing N,N-dimethyl groups on nitrogen, provided

(12) The synthesis oRa followed a modified procedure by Seebach (see
Experimental Section). Betschart, C.; Schmidt, B.; SeebacHel. Chim.
Acta 1988 71, 1999.

(13) Ligand screening has shown thédaryl-1,2-diamines (mono or bis) are
poor ligands for theN-arylation of indole.

(14) While they are not recommended as a first choice, in some cases their use
may be easier vi$ gis long-term storage than for the free base.

(15) Induction periods were observed and are currently being studied in similar
amide arylation chemistry: Strieter, E. R.; Buchwald, S. L. Massachusetts
Institute of Technology, 2002. Unpublished results.
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Table 2. A Comparison of Ligands 1a and 2a for the Arylation of Indoles
R Cul, ligand o=
~ < . o
W/ A~ 110°C,24he Ny | P H,N  NH, MeN  NMe
1.2 equiv H toluene 1a H 24 H
racemic racemic
ligand 1a ligand 2a
A A
4 A 4 A
entry condiions %yield  arylated® entry conditions %yield arylated® product
(isol) 1a (%GC) (isol)  2a (%GC)
(ArBr) (ArBr) N
1% Cul 57¢(GC)  2° 1% Cul 96 1
5% 1a 5% 2a Me
= Me
(ArBr) (ArBr)
3 5%Cul 88 9 4  5%Cul 91 5 N
20% 1a 20% 2a
(Arl) (Ar)) ‘N
5 5% Cul 38¢(GC) n.dd 6 5% Cul 96 <1
20% 1a 10% 2a O,N
Ph
(Arl) (Arl) =
7 5% Cul 74 5 8 5% Cul 92 2 N
20% 1a 10% 2a \©
(Arl) (Arl) N
9 5% Cul 75 7 10 5%Cul 85 3
20% 1a 20% 2a
Me

aAll reactions: [indole]= 1 M in toluene unless otherwise notédyields refer to the average of two isolated yields>d5% purity as determined by
GC and!H NMR. “Arylated” refers to the mond-arylated product (GC yield¥. Using 5 mol % Cul and 20 mol %a a 95% isolated yield with 3% ligand
arylation was found? Multiple GC peaks were found, with the extent of ligand arylation not being determined.

Table 3. Screening of Copper Sources

5 mol% Cul
10 mol% 2a e
2.1 equiv K3PO,
N 24 h,110 °C
H toluene? Me
1.2 equiv 1.0 equiv
copper source % conv % yield
Cul 100 100
Cu (bronze) 100 100
Cu(OAc), 100 92
CuCl, 94 80
Cu(OMe), 99 92
5 mol% Cul
Me 10 mol% 2a - Me
2.1 equiv K3PO.
O O e O
N 24h,110 °C
H toluene?
1.2 equiv 1.0 equi
copper source % conv % yield
Cul 100 95
Cu (bronze) 60 45

a All reactions: [indole]= 1 M in toluene.

(acetate, chloride, and methoxide) gave a lower yield. However,
with the slightly more challenging substrate combination,
2-bromotoluene and indole, Cul was superior.

In an attempt to probe the generality of the method, the
reaction of aryl halides with a wide variety of 2-, 3-, and
5-substituted indoles, presenting an assortment of functional

(16) Cul (98% purity, purchased from Strem) was of a fine powdered quality.

11686 J. AM. CHEM. SOC. = VOL. 124, NO. 39, 2002

groups, was conducted (Table 4). The reaction time (24 h unless
otherwise specified) was not optimized. With the catalyst system
derived from2a, the reaction of hindered iRr-indole (entry 1)

with iodobenzene could be effected in good yield. The use of
3-substituted indole substrates was straightforward, with
tryptamine (entry 4), melatonin (entry 5), tryptophol (entry 6),
and 5-methoxytryptamine (entry 8) giving excellent selectiity

in arylation of the indole nitrogen. The functional groups present
in these cases highlight the mild and remarkably chemoselective
nature of the method. Selective couplings in the presence of
these functional groups with palladium-based systems have not
yet been reported. Thus, this protocol complements existing
palladium- or copper-catalyzed-arylation method$® While

the arylation of ethyl indole-3-carboxylate (entry 2) and 2,3-
dimethylindole (entry 9) proceeds smoothly, the arylation of
ethyl 2-methylindole-3-carboxylate proceeded to only 63%
conversion even with increased quantities of copper catflyst.
One reason that this reaction may be problematic is the necessity
to use DMF as a reaction solvent because of the insolubility of
the substrate in toluene. We were pleased to find that comparable

(17) Tryptamine (entry 4), melatonin (entry 5), and 5-methoxytryptamine (entry
8) gave a single regioisomer by GC/MS of the crude reaction mixture.
However, the reaction employing tryptophol (entry 6) as a substrate gave
7% of the respective bis-arylated byproduct (GC/MS).

For reviews on Pd-catalyzed amination, see (a) Muci, A. R.; Buchwald, S.
L. Practical Palladium Catalysts for C-N and C-O Bond Formation. In
Topics in Current ChemistnyMiyaura, N., Ed.; Springer-Verlag: Berlin,
2002; Vol. 219, p. 133. (b) Hartwig, J. Angew. Chem., Int. EAL998

37, 2046. (c) Wolfe, J. P.; Wagaw, S.; Marcoux, J.-F.; Buchwald, S. L.
Acc. Chem. Resl998 31, 805. (d) Yang, B. H.; Buchwald, S. LJ.
Organomet. Chen1999 576 (1—2), 125. For an example of a new copper-
catalyzed amination method, see (e) Kwong, F. Y.; Klapars, A.; Buchwald,
S. L. Org. Lett.2002 4, 581.

Optimized conditions: 10 mol % Cul, 25 mol 2&, K,CO;, DMF, 110

°C (63% conversion).

(18)

(19)
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Table 4. The Reaction of Aryl Halides with Substituted Indoles Utilizing Ligands 2a and 3

5 mol% Cul
20 mol% 2a =
2.1 equlv K3POg4 N \/R /
@X ¥ T anmec R ) 10 MeN  NMe
\N Z H H
toluene? 2a
1.0 equiv 1.2 equw racemic
entry X product % yield entry X product % yield
i-Pr Me,

1 ] @@ 70° 7 Br @ : 85°
M902C
3 1 @ : 92 9 &,ﬁ : 98
HoN — =
4 | N ) 10 ! N 98
\© 11 [ NC 99'
Ac(H)N - = Me
5 ! N 77° 12 | N\@ 86
MeO \© MeO
HO —
6 | N\© 904

Yields refer to the average of two isolated yields>d#5% purity as determined by GC afid NMR. 2 All reactions: [indole]= 1 M in toluene unless
otherwise noted? With 10% Cul and 20%a. ¢ With 10 mol % of2a. 4 GC/MS of the crude reaction mixture showed 7% of the bis-arylated adtdth
1 mol % Cul and 5 mol %2a. f With 20 mol % 3.

results for the arylation of 5-cyanoindole can be realized using amide. TheN-arylation of indole with 3-bromopyridine (entry
commercially available ligan8 (entry 11) as an alternative to  15), 2-amino-5-bromopyridine (entry 16), and with 4-bromoiso-
2a (entry 10). quinoline (entry 17) demonstrates the utility of the method with
A systematic variation of the aryl halide was also undertaken halo-pyridine substrates.
(Table 5) to provideN-arylindoles functionalized in thpara, Some limitations in the method were found when easily
meta,or ortho positions. With the simplest case (entry 1), the ionizable functional groups such as phenols or benzoic acids
coupling could be achieved using 0.2% Cul and 2%to were present as substituents on the arene. For example, the
provide a 98% vyield of the desired product. While the reaction coupling of 4-iodotoluene with 5-hydroxyindole proceeded (80%
of hindered 1-bromo-2-isopropylbenzene with indole was facile conversion of the indole) with the above conditions, butithe
(entry 2), the coupling of 2-substituted indoles with 2-substituted to O-arylation ratio was determined to be only 5:1. The reaction
bromides was significantly slowé? Not all substrates examined of 4-bromo- or 2-bromobenzoic acid with indole using the above
require 110°C for complete reaction; for example, in three conditions failed to give any conversion to product even when
separate cases aryl iodides were successful coupling partnersin extra equivalent of base was allowed for deprotonation of
with indole at 80°C in good yield (entries 3, 7, and 9). Ligand the acid. A possible explanation is that coordination of the
3 again provides a comparably efficient catalyst to ZaéCul resulting phenolate or aryl carboxylate to copper resulted in
system (entries 5 and 11). Particularly interesting examples inactivation of the catalytic species. A second explanation could
include three cases where good yields are achieved when 2 be that the phenolate or aryl carboxylate would have limited
amide groups are present on the aryl iodide (entries119. solubility. It is a testament to this method that examples
No example of the use of this type of substrate in Pd-catalyzed involving sterically hindered indoles (®r) and halides (1-
C—N coupling has so far appeared in the literature. In particular, bromo-2-isopropylbenzene) were successful. However, a poor
the N-allyl amide (entry 14) would probably be a difficult conversion to product was found whbnth coupling partners
substrate. This is due to the likelihood of competitivallyl- had substitution in the 2-position.

Pd formatioR! as well as the incompatability of the secondary .
Conclusion

(20) Following conditions of Table 5: Reaction of 2-methylindole with In summary, a method for the Coupling of substituted ary|
2-bromotoluene gave no conversion. Reaction of 2-methylindole with !

2-iodotoluene gave 10% conversion. Reaction of 2-methylindole with bromides and iodides with indoles in a general fashion is
2-bromoanisole gave only 47% conversion. ; i ; ; it

(21) For areview on allylic protecting groups and their removal with palladium re_p_o_rted._ With our pre“mm?‘nly reported COUp“ng Cond_ltlons’
see Guibe, FTetrahedron1998 54, 2967. utilizing ligand 1a, the reaction of 4-bromotoluene and indole
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Table 5. The Reaction of Substituted Aryl Halides with Indole Utilizing Ligands 2a and 3

5 mol% Cul
20 mol% 2a =
R/— 2.1 equiv K3POy R ",
@—X + @ —_— N s MeN NMe
N 241,110 °C | _ H  H
toluene® a.
1.0 equiv 1.2 equiv racemic

entry X product % yield | entry X product % yield
|

Fo ol PO
N(H)Ac
— i-Pr =
N N
2 Br 86° 13 \©\ 75
N(H)BOC
3 | = HN 88¢ N 9y
4 Br N 72 14 N~ 83
5 Br 64°
— 0/> —
6 Br N o 78 15 Br d'\“ l\N 93
/
Z>NH,
8 Br @‘k@\ 93 17 Br 6& \g\ 72
NMe2 N/
9 I - 904
10 Br @\@\ 90
e
1 Br coEt 92

Yields refer to the average of two isolated yields>d¥5% purity as determined by GC afid NMR. 2 All reactions: [indole]= 1 M in toluene unless
otherwise noted? With 0.2 mol % Cul, 1 mol %Ra for 48 h.¢[indole] = 2 M. 9 Reaction run at 80C. € With 20 mol % 3.

1

was the only transformation of an aryl bromide that provided and this evacuation/back-fill procedure was repeated one
the desired product in high yield. With the improved conditions, additional time. Dodecafe(45uL, 0.20 mmol), the aryl halide

a variety of aryl bromides were found to be suitable substrates. (1.0 mmol), trandN,N-dimethyl-1,2-cyclohexanediamine (0
Functional groups on the aryl halide or the indole that can be 20 mol %), and toluene (1 mL) were then successively added
tolerated under these coupling conditions include amine (alkyl under a stream of argon. The reaction tube was quickly sealed
or aryl), amide, cyano-, nitro-, ester, allyl, and hydroxyl groups. and the contents were stirred while heating in an oil bath at
The key development in this improved copper-catalyzed method 110 °C (the reaction time was not optimized as all reactions
was the use dfl,N-dimethyl-1,2-diamine ligand®aand3, with were run for 24 h unless otherwise noted). The reaction mixture
diamine 3 being commercially available. This method, we was cooled to ambient temperature, diluted with ethyl acetate
believe, now constitutes the state of the art in accomplishing (2—3 mL), and filtered through a plug of silica gel, eluting with
this important transformation. Considering the ubiquity of the additional ethyl acetate (¥®20 mL). The filtrate was concen-
indole nucleus in pharmaceutically interesting compo#étaisd trated and the resulting residue was purified by column
natural products? this method should find widespread use. chromatography to provide the desired product.

Studies on the arylation of other nitrogen heterocycles as well
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