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industrial laboratories. While the importance of such reactions
cannot be overstated, the necessity to use high temperatures,
highly polar solvents, and often large amounts of copper reagents
have prevented these reactions from being employed to their full
potential. We have previously disclosed Ullmann-type methodol-
ogy for theN-arylation of imidazoles and for the formation of
diaryl ethers? Both of these used 1,10-phenanthroline/(Cu@Tf)
benzene with various additives. This led us to examine the
efficiency of other chelating nitrogen ligands in copper-catalyzed
carbon-heteroatom bond forming processes. We show here that
the combination of air stable Cul and racenti@ns1,2-
cyclohexanediaminel@) in the presence of 0, K,COs,

During the past few years significant advances have occurred C£COs, or NaQ-Bu comprises an extremely efficient and general
in the development of cross-coupling methodology; some of these catalyst system for thid-amidation of aryl and heteroaryl iodides
have emanated from our own labs. Of particular interest has beenand bromides and thi-arylation of a number of heterocycles.

the acquisition of the ability to utilize inexpensive aryl chlorides.

Preliminary studies with this catalyst also show that it is even

This represents a partial solution to a long-standing problem in capable of the amidation of unactivated aryl chlorides. Moreover,
organometallic chemistry and catalysis. By far, however, the we show for the first time to our knowledge that a Goldberg
largest application of cross-coupling chemistry, particulariyNC reaction can be carried out at room temperature.

bond-forming processes, occurs in the medicinal and discovery As shown in Table 1, lactams, primary amides, and formamides
groups of pharmaceutical companies and in academic laboratoriesderived from primary amines and acetanilide can be coupled to

For the vast majority of these cases the scope, experimental easeg variety of aryl iodides. In general, 1 mol % of air-stable Cul in

and reliability of a method is much more important than whether
aryl chlorides can be used rather than aryl bromides or aryl
iodides. Despite significant improvementthe scope of cross-
coupling methodology to form aryl and heteroaryt-& bonds
lags that of analogous -©€C bond-forming processes such as
Suzuki, Stille, and Negishi coupling reactiohghere are many
reasons for these limitations, including the sensitivity of many

combination with 10 mol % of inexpensive raceni@ns
cyclohexanediaminéa is sufficient to obtain a high yield after

23 h at 110°C in the presence of #0,. In some cases, the
commercial mixture of the cis and trans diastereomers of 1,2-
cyclohexanediamine could be used with comparable results (entry
2h). While the time for each reaction has not been optimized,
we have found that in some cases the reactions are nearly complete

functional groups to the combination of amine and base required (~90%) after 1 h. Of particular interest are ent2eg2° amide)?

in C—N coupling protocols. Substrates that contain certain

2b (free NH,), and2c (free NH; in nitrogen nucleophile) in which

functional groups have proven to be persistently problematic. Of substrates not compatible with the Pd-catalyzed methodology are
the functional groups that are incompatible with the Pd-catalyzed transformed in high yield. As can be seen in ent2es-f the

amination methodology, the most important are probablgrid

2° amides! Another problematic situation is when there is a free
OH or NH directly bound to the aromatic ring that contains the
halide or sulfonaté While some progress has been made in the
N-arylation of heterocycles and amination of heterocyclic halides,
the scope has been quite limitedlloreover, as the cost of Pd
remains at $600700/ounce, less costly alternatives become more
desirabl€. In this paper we describe a vastly enhanced version

presence of strongly electron-donating substituents at the ortho
or para position has no deleterious effects. In the cag¥, dhe
reaction has been carried out with 0.2 mol % Cul ($¥G00)
and proceeds in 98% yieltN-BOC aniline can also be arylated
in virtually quantitative yield. As shown for cagg the reaction
of benzamide and 3,5-dimethyliodobenzene proceeds in high yield
at room temperature using 5 mol % of Cul.

The reactions of aryl bromides are detailed in Table 2. The

of the venerable Goldberg reaction, the copper-catalyzed amida-reactions are conducted under conditions similar to those in Table

tion of aryl and heteroaryl halides. We also describe the
application of this catalyst system to tNearylation of a variety
of heterocycles and other nitrogenous substrates.

Both Ulimann coupling process&sand the related Goldberg
coupling reactiof? have a long history of utility in academic and

(1) Dai, C.; Fu, G. CJ. Am. Chem. So@001, 123 2719 and references
therein.

(2) Reviews: (a) Wolfe, J. P.; Wagaw, S.; Marcoux, J.-F.; Buchwald, S.
L. Acc. Chem. Re4998 31, 805. (b) Hartwig, J. FAngew. Chem., Int. Ed.
1998 37, 2046. (c) Yang, B. H.; Buchwald, S. . Organomet. Cheni999
576, 125.

(3) Metal-Catalyzed Cross-Coupling Reactipi¥ederich, F., Stang, P.
J., Eds.; Wiley-VCH: Weinheim, Germany, 1998.

(4) Examples are rare and include the following: (a) Ward, Y. D.; Farina,
V. Tetrahedron Lett1996 37, 6993. (b) Willoughby, C. A.; Chapman, K. T.
Tetrahedron Lett1996 37, 7181. (c) Batch, A.; Dodd, R. Hl. Org. Chem.
1998 63, 872. (d) Link, J. T.; Sorensen, B.; Liu, G.; Pei, Z.; Reilly, E. B;
Leitza, S.; Okasinski, GBioorg. Med. Chem. LetR001, 11, 973.

(5) Deng, B.-L.; Lepoivre, J. A.; Lemie, G.Eur. J. Org. Chem1999
2683.

(6) (@) Mann, G.; Hartwig, J. F.; Driver, M. S.; Fémdez-Rivas, CJ.
Am. Chem. S0d.998 120, 827. (b) Hartwig, J. F.; Kawatsura, M.; Hauck, S.
I.; Shaughnessy, K. H.; Alcazar-Roman, L. 81.0rg. Chem1999 64, 5575.

(c) Old, D. W.; Harris, M. C.; Buchwald, S. LOrg. Lett.200Q 2, 1403.

(7) Ni-catalyzed amination of aryl chlorides: (a) Wolfe, J. P.; Buchwald,
S. L. J. Am. Chem. Sod997 119 6054. (b) Brenner, E.; Schneider, R.;
Fort, Y. Tetrahedron1999 55, 12829. (c) Lipshutz, B. H.; Ueda, Angew.
Chem., Int. Ed200Q 39, 4492.

(8) For a review, see: Lindley, Jetrahedron1984 40, 1433.

1, except that KCO; is used as the base in some cases and often
5-10 mol % Cul is required. As can be seen, a variety of

heteroaryl bromides are excellent substrates, including both 2-
and 3-bromothiophene, the latter a substrate only moderately

(9) (a) Ullmann, FBer. Dtsch. Chem. Ge4903 36, 2382. (b) Gauthier,
S.; Frehet, J. M. JSynthesid 987 383. (c) Paine, A. JJ. Am. Chem. Soc.
1987 109 1496. (d) Ma, D.; Zhang, Y.; Yao, J.; Wu, S.; Taa, F Am.
Chem. Soc1998 120, 12459. (e) Goodbrand, H. B.; Hu, N.-3. Org. Chem.
1999 64, 670. (f) Kalinin, A. V.; Bower, J. F.; Riebel, P.; Snieckus, ¥.
Org. Chem.1999 64, 2986. (g) Fagan, P. J.; Hauptman, E.; Shapiro, R.;
Casalnuovo, AJ. Am. Chem. SoQ00Q 122 5043. (h) Arterburn, J. B;
Pannala, M.; Gonzalez, A. M.etrahedron Lett2001, 42, 1475. (i) Lang, F.;
Zewge, D.; Houpis, I. N.; Volante, R. Hetrahedron Lett2001, 42, 3251.

(10) (a) Goldberg IBer. Dtsch. Chem. Geg90§ 39, 1691. (b) Bacon,
R. G. R.; Karim, A.J. Chem. Soc., Perkin Trans.1B73 272. (c) Freeman,
H. S, Butler J. R.; Freedman, L. D. Org. Chem.1978 43, 4975. (d)
Yamamoto, T, Kurata, YCan. J. Chem1983 61, 86. (e) Dharmasena, P.
M.; Oliveira-Campos, A. M.-F.; Raposo, M. M. M.; Shannon, P. V.R.
Chem. Res. (S)994 296. (f) Ito, A.; Saito, T.; Tanaka, K.; Yamabe, T.
Tetrahedron Lett1995 36, 8809. (g) Sugahara, M.; Ukita, Them. Pharm.
Bull. 1997, 45, 719. Pd-catalyzed aryl amidation: (h) Shakespeare, W. C.
Tetrahedron Lett1999 40, 2035. (i) Yin, J.; Buchwald, S. LOrg. Lett.200Q
2, 1101.

(11) Kiyomori, A.; Marcoux, J.-F.; Buchwald, S. [etrahedron Lett1999
40, 2657.
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119 10539.

(13) Generally,N-alkylformamides react much faster than other acyclic
N-alkylamides. This accounts for the chemoselective formatioReof

10.1021/ja016226z CCC: $20.00 © 2001 American Chemical Society
Published on Web 07/12/2001



7728 J. Am. Chem. Soc., Vol. 123, No. 31, 2001

Table 1. Copper-Catalyzed Amidation of Aryl lodides
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Table 3. N-Arylation of Nitrogen Heterocyclds

1 mol% Cul
O, 10 mol% ligand 1a Q
R 2 equiv K3PO, >\—R

RHN  NHR

Ar—l + H-N — = Ar=N
1a, R=H R 23h, 110°C R
1b, R = Me dioxane 2a-p

0 0
0 pt M
Ph @—N\ HZNO—N\
NN Me Ph

. Me NH,
2a, 96% 2b, 81% 2¢, 98%
o 0 0
Swe S—pn Sn
H H Me
OMe /N—Me
2d, 94%2 Me  2e 96% 2t, 99%"
Me, 0 Me, Q Me, Q
>—OtBu >—Me >—Ph
N N N,
Ph Ph " H
e
Me . ME  an, g3% 21, 90%
2g, 96% X
88% @46 hatrt)
Me, 0 0 Me o 0
S—h
N E\>—N N N
S Me
(Y.
© 2, 99% 2K, 97% Me anesw  2m, gs% OV
Me Q o) Q
—H S—pn Q S—pn
: I Vs
\—ph Q H T\ g H
NOs
2n, 99% 20, 69% 2p, 86%

2 Reaction performed at 9. ® With 0.2 mol % Cul and 5 mol %
ligand1a. ¢ With a mixture of cis and trans isomers of ligaba ¢ With
5 mol % Cul, 10 mol % ligandse, and 2 equiv C£0O; at room
temperature for 46 If.Yields refer to the average of two isolated yields
of >95% purity as determined by GC afd NMR.

Table 2. Reactions of Aryl Bromides with Amides and Indble

1-10 mol% Cul
10 mol% ligand 1a

R K,CO;3 or K3PO, R
Ar—Br + H-N Ar—N
R 110°C, 15-24 h R
dioxane 2i, 2k, 3a-h
Me Q o) o]
>—Ph }—Ph
N, N MeO@N
H H
Me 5 90%2 3a, 84%7 OMe 3b, 90%2°
o] Q o) 0,
N = —Ph . —H o —Me
S H Me Ph
2k, 96%° 3c, 97%° 3d, 96%° 3e, 81%°
Q Q
N=—
Q-8 Y e
N A N Me N
N= N / H =
3f, 98%5' 39, 86%5 3h, 95%¢

aWith 1 mol % Cul.? With 10 mol % ligandlb. ¢ With 10 mol %
Cul. ¢With 5 mol % Cul.®With 2 mol % Cul at 120°C and 2 M in
diglyme. f With 10 mol %N,N'-dimethylethylenediaminé. Yields refer
to the average of two isolated yields ®95% purity as determined by
GC andH NMR.

amenable to Pd-catalyzed aminatiénAdditionally, 3-bromo-
quinoline and 5-bromopyrimidine are efficiently transformed.
While some progress has been made in kharylation of

1 mol% Cul
10 mol% ligand 1a

Rine= Row -
\ /Ot A

1.0 equiv 1.2 equiv

N
2.1 equiv KzPO, \ 7 Rq

110 °C, 24 h, dioxane? da-f

Me. Me, Me Me
=~ Ny Me N
N \J i N
Me O Me Me Me
4a, 99% 4b, 99% dc, 84%” 4d, 89%°
Me, Me Q, Me Q Me.
N/ﬁ N N N
=N ‘N_E =N N
Me Me Me Me
4e, 91%* 4f, 91%° 4ag, 91%' 4h, 96%
NH,
Me, OMe Me
DT O 0T
- - ~ -
M M
® i oa% 4], 100% aoon M 4 98%
OMe Me O Me O
M
e aZe ase
N Me Me
» ®, &
4m, 100% 4n, 72%¢ 40, 65%9
¢
Me Me Me, Me N7}
-
N = N = N =
ME  4p. 6290 Me  4q,99% M 4r 99%

a All reactiors 1 M indioxane unless otherwise notédiVith KoCOs
as base ah2 M in dioxane.® With K,CO; as based With 5 mol %
Cul, 10 mol % 1,10-phenanthroline, £X0; as base, ah2 M in
dioxane.® With 3 mol % Cul, CsCO; as base, ah2 M in dioxane.
fWith 10 mol % Cul, 20 mol % 1,10-phenanthroline,.C&s as base,
and 2 M inDMF. ¢ Reaction time of 48 h ah2 M in dioxane." Yields
refer to the average of two isolated yieldssd35% purity as determined
by GC and'H NMR.

heterocycle or aryl halide (or sulfonate) substrates has been modest
in most instance%!® As is shown in Table 3, pyrazoleddd),
indazole @h), 7-azaindole 4r), and phthalazinone4{) can be
efficiently transformed. This is in addition to indoles (including
2-aryl and 7-alkyl), pyrrole4b), and carbazoled@). Noteworthy

is that we are able to prepahe(2-methoxyphenyl)indoldj in

high yield, an accomplishment not reported with the analogous
Pd chemistry, and that competitive C-arylation is not observed.
Although we previously reported the Cu-catalyzed arylation of
benzimidazole and imidazoléwe have developed an improved
procedure for these heterocycles that obviates the need of the
air-sensitive CuOTHT.

We have also begun studies on ti@rylation of aryl chlorides
as shown in Table 4. These reactions are carried out neat, using
an excess (4 equiv) of the aryl chloride as solvent. We have been
able to carry these out at significantly lower temperatures than

(14) (a) Watanabe, M.; Yamamoto, T.; Nishiyama, ®hem. Commun.
2000 133. (b) Luker, T. J.; Beaton, H. G.; Whiting, M.; Mete, A.; Cheshire,
D. R. Tetrahedron Lett200Q 41, 7731.

(15) Cu-catalyzed: (a) Khan, M. A.; Polya, J. B.Chem. Soc. (C)97Q
85. (b) Harbert, C. A.; Plattner, J. J.; Welch, W. M.; Weissman, A.; Koe, B.
K. J. Med. Chem198Q 23, 635. (c) Lexy, H.; Kauffmann, TChem. Ber.
198Q 113 2755. (d) Unangst, P. C.; Connor, D. T.; Stabler, S. R.; Weikert,
R. J.J. Heterocycl. Cheml987, 24, 811. (e) Kato, Y.; Conn, M. M.; Rebek,
J., Jr.J. Am. Chem. S0d.994 116, 3279. (f) Murakami, Y.; Watanabe, T.;
Hagiwara, T.; Akiyama, Y.; Ishii, HChem. Pharm. Bull1995 43, 1281. (g)
Mederski, W. W. K. R.; Lefort, M.; Germann, M.; Kux, Oetrahedron.999
55, 12757. (h) Collman, J. P.; Zhong, NDrg. Lett.200Q 2, 1233. (i) Lam,
P.Y.S.; Deudon, S.; Averill, K. M.; Li, R.; He, M. Y.; DeShong, P.; Clark,
C. G.J. Am. Chem. So@00Q 122 7600. Nucleophilic aromatic substitu-

nitrogen heterocycles, the scope of these with respect to eithertion: (j) Smith, W. J., lll; Sawyer, J. STetrahedron Lett1996 37, 299.
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Table 4. Copper-Catalyzed Amidation of Aryl Chlorides Table 5. Reactions of Aryl lodides with Other Nucleophifes
o 5 mol% Cul o 1-20 mol% Cul
11 mol% ligand 1b Ry= R ligand, base R= R
>_R" 2 equiv K,CO4 >_R" \<\:/>~I + H—N @—N
ROCI + H-N _ R@—N\ R dioxane R
R 110-130°C, 23 h sad R 110°C, 23 h 6a-e
0o Me H Q o] Me Ph
o>_Ph Q /N—( >—OtBu /N=<
O e T OO o
Y H NH, H
5a, 98%° 5b, 95%" 5¢, R = MeO, 51%° M 6a, 2%t 6b, 75%” ME  ge, 83%°
' ' 5d, R = MeOOC, 62%* Me
Ph
2At110°C. " At 130°C. ° Yields refer to the average of two isolated N 3
yields of >95% purity as determined by GC afld NMR. Ph Me@NH NH
Me  6d, 77%° 6e, 66%

previously possibfé using 5 mol % Cul and 11 mol % of the aWith 1 mol % Cul. 10 mol % liaanda and 2 equiv of KC

N,N-dimethyl I'g"?md 1b. Th_us, at 1100(: th? reactlt_)n of bWith 5 mol % of Cu’l, 10 mol %gof 1,?O—phenan?hrolinet§a%d 1.4

p-chlorotoluene with benzamide occurs in 23 hin 93% yield. The equiv of CsCOs. ©With 1 mol % Cul, 10 mol % ligand.a, and 1.5

corresponding reaction with pyrrolidinone proceeds in 95% yield equiv of NaOtBu 4 Reaction was performed using 4-bromotoluene, 20

at 130°C. mol % Cul, and 2 equiv of KPO,. © Yields refer to the average of two
In addition to those results described above, the chemistry (with isolated yields of>95% purity as determined by GC afid NMR.

la or 1,10-phenanthroline as ligand) can be used for the

N-arylation ofN-BOC hydrazidé’ and benzophenone hydrazéhe  gifferent aryl groups. This has important implications for the

(Tablg 5). Moreover,transcyclohexanediaminela can be preparation of norG,-symmetric diamine ligands.
selectively mond\-arylated in moderate ylelﬂ’_.vZOThese results, In summary, we have developed an extremely general, experi-
which complement those seen in Pd chemistrghould allow mentally simple, and inexpensive catalyst system for the amidation
the preparation ofN,N-diarylcyclohexanediamines with two  of aryl halides and theN-arylation of a wide variety of
(16) (a) Renger, BSynthesisl985 856. (b) Greiner, ASynthesisl989 heterocycles. We believe that this catalyst system provides an
312. _ _ excellent complement to the Pd-catalyzed methodology that has
351(1]é7)(k()§‘)SVL\J/?SI%ﬁ;‘SYkaerz’llJérﬁ;)-t%; %ﬂdgﬁéh] G-ggga&e)gg%nzl-gglg99 40, already been utilized in a number of applications. Efforts to
(18) (a) Wagaw, S.; Yang, B. H.. Buchwald, S.L.Am. Chem. S04998 expa_md the L_Jt|||ty of the r_nethod in combination with mechanistic
120, 6621. (b) Hartwig, J. FAngew. Chem., Int. Ed. Engl998 37, 2090. studies are in progress in our laboratory.
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