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The formation of a C-N bond via the cross-couplings of aryl iodides with azoles, aryl amine, and amides
can be successfully achieved in decent yield by the utilization of both [Cu8(H){S2P(OiPr)2}6]+ and
[Cu8{S2P(OEt)2}6]

2+ as the pre-catalysts.
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Catalytic C-N bond formation reactions are highly

valuable in organic synthesis because the yielded products,

aromatic amines/amides, are important classes of com-

pounds as those are ubiquitous in a multitude of bioactive

natural products,1 and pharmaceuticals.2 Though palla-

dium-catalyzed N-arylation is an effective but expensive

method with limited functional group tolerance,3 yet cen-

tury old Ullmann-type reaction has been limited due to its

harsh reaction conditions despite lower cost.4 Neverthe-

less, several efforts have been made in past decades to

overcome these limitations with the use of various copper

sources, additives, and bases to achieve the couplings of

aryl halides with amines/amides,5 which have shown a high

functional group tolerance.6 It is generally agreed that the

deprotonated amine/amide acts as a nucleophile followed

by the oxidative addition of aryl halide to copper, then the

reductive elimination to yield the coupling products in the

N-arylation reaction.7 The ligands used as additives might

facilitate the copper salts to dissolve in common laboratory

organic solvents, avoid the metal aggregation, lower the re-

action energy barrier, and thus enhance the activities.8

Normally 5-10 mol% of copper salts and 10-20 mol%

of ligands as additives are utilized in a typical catalytic

N-arylation.9 In addition well defined copper complexes

supported by N-donor ligands and exhibited a 1:1 Cu/L ra-

tio are also effective to perform the N-arylation of 2-pyr-

rolidinone.10 Thus a cluster with eight Cu(I) centers held

together by six ligand units, which is highly soluble in com-

mon organic solvents, must be cost effective in terms of the

amount of the Cu/L ratio used. Inspired by the successful

coupling reaction of aryl iodides with alcohols catalyzed

by copper clusters of the type [Cu8(Cl){S2P(OR)2}6]+,11a

accordingly the potentials of [Cu8{S2P(OEt)2}6]2+ and

[Cu8(H){S2P(OiPr)2}6]+ synthesized solely from our

group12 as the precatalyst for N-arylations were tested.

Herein we report the structure of [Cu8{S2P(OEt)2}6-

(MeCN)2](PF6)2 (A), and catalytic activities of both

[Cu8(H){S2P(OiPr)2}6](PF6) (B) and (A) in the Ullmann-

Goldberg type coupling of aryl halides with nitrogen-con-

taining heterocycles, aryl amines, and amides. To our

knowledge, this is the first report of N-arylation by utilizing

copper dithiolato clusters as the precatalyst.

Only recently we have reported the synthesis of

empty, octanuclear CuI
8 cluster involving six dichalco-

phosphate ligands despite of its high tendency to incorpo-

rate an anion at the center even from solvent impurities.12,13

Now we could successfully grow single crystals of its sul-

fur analogue [Cu8{S2P(OEt)2}6(MeCN)2] (PF6)2 (A), which

was synthesized simply by mixing of [Cu(MeCN)4](PF6)

and dithiophosphate (dtp) ligand in a 4:3 ratio in THF fol-

lowed by the re-crystallization in MeCN. The avoidance of

any chlorinated impurities existed in the common labora-

tory solvent is crucial for the isolation of the empty Cu8

cube.

The di-cationic cluster of octanuclear Cu(I) species

contains a distorted Cu8 cubic core supported by six dtp lig-

ands which coordinate through S atoms in a tetraconnec-

tive-tetrametallic (�2, �2) bridging mode (Figure 1).14 The

molecule contains a centre of inversion. Each of the Cu at-

oms is coordinated by three S atoms from three dtp units.

Thus three-coordinated Cu1, Cu2, Cu4 and their symme-

try-related atoms remain in trigonal planar geometry with

averaged S-Cu-S angles of 119.43(9)°. In addition, both

Cu3 and Cu3A are further connected to a N atom from a
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solvated MeCN and hence these two 4-coordinated Cu at-

oms adopt pyramidal geometry. Cu…Cu distances are ir-

regular, 3.596(2) ~ 3.125(2) Å, which are at least 0.3 Å lon-

ger than those anion-encapsulated Cu8 cubes surrounded

by six dtp ligands.11 Thus the structural characteristic of a

copper framework contraction in the diselenophopshate

ligand system,13 which is induced by the encapsulated ha-

lide and/or chalogenide, is nicely demonstrated in the anal-

ogous S-donor ligands. Cu-S distances are in the range of

2.222(3) ~ 2.303(3) Å, which are comparable to

[Cu8(S2PPh2)6]
2+,15 and Cu(3)-N distance is 2.139(9) Å.

Initially the coupling reaction of tolyl iodide and

pyrrole was examined by using K2CO3 as the base (Table

S1), but only a trace amount of product was produced.

Later the use of Cs2CO3 yielded a fair result where the reac-

tion temperature could be kept as low as 90 �C to produce

74% yield of the N-arylated product (entry 7, Table S1).

However, the optimized condition was chosen as listed in

entry 4 with 83% yield at 105 �C for 24 h. Finally the opti-

mum amount of the catalysts used was screened by using

the pyrrole and iodotoluene as the protocol listed in Table

S2 from which 0.8 mol % of the catalyst was chosen for all

the reactions.

In a typical reaction 1 mmol of iodotoluene and 0.8

mol% of catalyst were charged in a glass tube followed by

the addition of 1.5 mL of pyrrole. The reaction is then car-

ried out at elevated temperature with stirring as mentioned

in Table 1. Thus in this reaction, pyrroles acts as a solvent.

Similar reactions performed on 4-bromotoluene, the use of

catalyst (A) produced a 63% yield while catalyst (B) could

make it up to 75% yield (entry a3, a4). However the reac-

tion of pyrrole with 4-chlorotoluene could only result in

trace amount of the coupling product even at an elevated

temperature up to 120 �C (entry a5, a6). In addition, the re-

actions of both 3,5-dimethyliodobenzene and 4-methoxy-

iodobenzene with pyrrole produced the coupling products

in high yield in the presence of either catalyst (entry a7-

a10). The electron-donating substituent on the aryl iodide

is thus enhancing the catalytic activity. On the other hand,

no coupling products were afforded at all between 4-nitro-

iodobenzene (or 4-acyliodobenzene) and pyrrole even at
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Fig. 1. (a) Perspective view of the cationic part in A
(ethyl groups have been omitted for clarity).
Cu1-S1 2.228(3), Cu1-S4 2.233(2), Cu1-S2
2.237(3), Cu2-S5 2.235(3), Cu2-S3 2.239(3),
Cu2-S4 2.244(2), Cu3-S6 2.220(2), Cu3-S5
2.230(2), Cu3-S2 2.240(2), Cu4-S3 2.277(2),
Cu4-S6 2.292(3), Cu4-S1 2.315(3), Cu3-N1
2.139(9), Cu�Cu 3.125(2) ~ 3.596(2), S-P
2.005(4) ~ 2.027(4). (b) Schematic diagram of
the cationic part in A. Only four dtp ligands are
shown in diagram for clarity.



120 �C, which could be due to the electron withdrawing ni-

tro (or acyl) group on the aryl halide. Despite the elec-

tron-withdrawing chloro substituent on the aryl iodide (en-

try a11, a12), the coupling reaction with pyrrole did

achieve in good yield presumably the resonance effects in-

crease the negative charge of the C atom connected to io-

dide, which assists the subsequent oxidative addition reac-

tion of the aryl iodide.

The coupling reaction of indole with equimolar

amount of 4-iodotoluene was carried out initially in toluene

in the presence of catalyst A (0.8 mol%) at 105 �C, which

produced only 40% yield of the coupling product, but the

same reaction could yield 94% products in DMF. Obvi-

ously the polar DMF made the aryl iodide polarizable and

easier to perform the oxidative addition reaction. The reac-

tions of indole with 4-methoxyiodobenzene proceed al-

most quantitatively (entry a15, a16). On the other hand,

catalytic reactions of 4-nitroiodobenzene (or 4-acyliodo-

benzene) with indole do not yield any coupling products at

all.

The change of amine from pyrrole to pyrazole having

an extra N atom showed a better reactivity while coupled

with 4-iodotoluene (entry a19, a20). Surprisingly the reac-

tion of imidazole with iodotoluene did not produce any

coupling products after the addition of either catalyst. It

should be noted that color changes from brown to blue-

green in the reaction media were observed. In order to ex-

plore the probable reaction intermediates which failed to

yield any coupling products, the reation of forty equiva-

lents of imidazole with A was performed under a normal

catalytic reaction condition. Surprisingly a Cu-imidazole

complex where five N atoms of imidazoles coordinated to a

copper atom in a square pyramidal fashion was isolated and

characterized structurally.16 Thus the unsuccessful reaction

can be foreseen by the formation of five Cu-N bonds, which

block the potential coordination sites around the copper

center, hence the impedance of catalytic activities, for the

follow-up oxidative addition of aryl halides to produce the

coupling products. On the other hand, the coupling of 4-

iodotoluene with aniline, a weaker nucleophile than azole,

in the presence of A in DMF took place with 61% yield

even at 140 �C (entry b1, Table 2), the catalyst B showed a

better catalytic activity on this reaction (86% yield, 120 �C)

(entry b2). However, no coupling reactions between di-

phenyl-, cyclohexyl-, and diethylamine with 4-iodotoluene

were observed. Whereas the bulky phenyl groups of the

diphenylamine after coordinated to copper center could po-

tentially hinder the oxidative addition reaction of iodo-

toluene, either diethyl- or cyclohexylamine is definitely a

better nucleophile than aniline as evidenced by their Kb

values.17 These reactions suggest that the nucleophilicity of

amines cannot be too strong in the reaction media. Other-

wise the cleavage of the Cu-N bond will not be possible to

afford the reductive-elimination product.

Both clusters were also tested for their ability to cata-

lyze the coupling of aryl halides with amides and also

found positive results. For example, A facilitates the reac-

tion of 4-iodotoluene with benzamide in 76% yield at 140

�C (86% yield at 160 �C) while B shows a far better activity

to 89% yield just at 120 �C (entry c1-c4, Table 3). Unfortu-

nately the same product could not be synthesized using 4-

bromotoluene. A similar activity trend between A and B is

observed for the coupling of acetamide with 4-iodotoluene

(entry c10-c13). The presence of electron-donating group

on aryl halide displays a better reactivity while coupling

with amide. Thus ~80% yield is achieved in the reaction of

benzamide with both 3,5-dimethyliodobenzene and 4-

methoxyiodobenzene in the presence of A at 140 �C (entry

c5, c7) and 90% yield at 120 �C by using B as the catalyst

(entry c6, c8). A similar reactivity trend is also identified in

the reaction of acetamide and 4-methoxyiodobenzene (en-

try c14, c15).

The di-cationic cluster A, which is more electroposi-

tive and thus electrophilic, does not display better catalytic

activities toward N-arylations than those of B, a mono-

cationic cluster. Thus the in-situ generated chloride-cen-

tered Cu8 clusters, [Cu8(Cl){S2P(OEt)2}6]
+, from A could

be the factor to reduce its electrophilicity. Indeed almost

the same amount of coupling products from the reaction of
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4-iodotoluene with benzamide was obtained by utilizing

[Cu8(Cl){S2P(OEt)2}6]+ as the precatalyst. The slightly

better catalytic activity of B over A could be due to the clus-

ter stability in the reaction media, which cannot be fully ra-

tionalized in the present study.

During the reaction work-up via column chromatog-

raphy, minute (or negligible) amounts of Cu4[S2P(OiPr)2]4,
18

which compositions were affirmed by X-ray crystallogra-

phy, were isolated. This suggests the pre-catalysts, B, has

decomposed to some extents after the cross-coupling reac-

tion. This suggests that the catalysts are the polynuclear

copper compound in nature. Presumably the slow decom-

position was initiated by the partial replacement of the di-

thiolate ligands with nucleophiles (amine/amides).

In conclusion we have successfully demonstrated the

diverse, catalytic activities of the Cu(I) clusters involving

dithiophosphates (A, B) toward N-arylations. The catalysts

can work at mild conditions to couple azoles, aryl amine,

and amides with aryl iodide. They have shown better per-

formance in the case of azoles, which can also be coupled

to aryl bromide. Coupling of amide requires slightly higher

temperature, however. When the aryl iodide contains an

electron-releasing group as the substituent, the catalysts

work with high efficiency to produce ~90% yield of N-

arylated products. In addition, the strength of nucleophil-

icity to which the amine exhibits is critical to the formation

of a N-C bond catalyzed by either clusters A or B. Prelimi-

nary results indicate that B is also an efficient catalyst for

the Sonogashira C-C coupling reaction.

ACKNOWLEDGEMENTS

This study was supported by the Grants (100-2113-

M-259-003-MY3) from the National Science Council of

Taiwan.

REFERENCES

1. (a) Barchechath, S. D.; Tawatao, R. I.; Corr, M.; Carson, D.

A.; Cottam, H. B. J. Med. Chem. 2005, 48, 6409-6422. (b)

Zhong, C.; He, J.; Xue, C.; Li, Y. Bioorg. Med. Chem. 2004,

12, 4009-4015.

2. (a) Craig, P. N. In Comprehensive Medicinal Chemistry;

Drayton, C. J., Ed.; Pergamon Press: New York, 1991; Vol. 8.

(b) Southon, I. W.; Buckingham, J. In Dictionary of Alka-

loids; Saxton, J. E., Ed.; Chapman and Hall: London, 1989.

3. (a) Klapars, A.; Huang, X.; Buchwald, S. L. J. Am. Chem.

Soc. 2002, 124, 7421-7428. (b) Klapars, A.; Antilla, J. C.;

Huang, X.; Buchwald, S. L. J. Am. Chem. Soc. 2001, 123,

7727-7729.

4. (a) Ullmann, F. Ber. Dtsch. Chem. Ges. 1903, 36, 2382-2384.

(b) Goldberg, I. Ber. Dtsch. Chem. Ges. 1906, 39, 1691-

1692. (c) Yamamoto, T.; Kurata, Y. Can. J. Chem. 1983, 61,

86-91.

5. Evano, G.; Blanchard, N.; Toumi, M. Chem. Rev. 2008, 108,

3054-3131.

6. Surry, D. S.; Buchwald, S. L. Chem. Sci. 2010, 1, 13-31.

7. Beletskaya, I. P.; Cheprakov, A. V. Coord. Chem. Rev. 2004,

248, 2337-2364.

8. Zhang, S. L.; Liu, L.; Fu, Y.; Guo, Q. X. Organometallics

2007, 26, 4546-4554.

9. Monnier, F.; Taillefer, M. Angew. Chem., Int. Ed. 2009, 48,

6954-6971.

10. Haldon, E.; Alvarez, E.; Nicasio, M. C.; Perez, P. J. Orga-

nometallics 2009, 28, 3815-3821.

11. (a) Manbeck, G. F.; Lipman, A. J.; Stockland, Jr., R. A.;

Freidl, A. L.; Hasler, A. F.; Stone, J. J.; Guzei, I. A. J. Org.

Chem. 2005, 70, 244-250. (b) Liu, C. W.; Stubbs, T.; Staples,

J. Chin. Chem. Soc. 2012, 59, 480-484 © 2012 The Chemical Society Located in Taipei & Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.jccs.wiley-vch.de 483

JOURNAL OF THE CHINESE
N-Arylation Catalyzed by Copper-sulfur Clusters CHEMICAL SOCIETY



R. J.; Fackler, Jr., J. P. J. Am. Chem. Soc. 1995, 117, 9778-

9779. (c) Liu, C. W.; Hung, C.-M.; Santra, B. K.; Wang,

J.-C.; Kao, H.-M.; Lin, Z. Y. Inorg. Chem. 2003, 42, 8551-

8556.

12. Liao, P.-K.; Sarkar, B.; Chang, H.-W.; Wang, J.-C.; Liu, C.

W. Inorg. Chem. 2009, 48, 4089-4097.

13. Liu, C. W.; Sarkar, B.; Huang, Y.-J.; Liao, P.-K.; Wang, J.-C.;

Saillard, J.-Y.; Kahlal, S. J. Am. Chem. Soc. 2009, 131,

11222-11233.

14. Crystal data for A: C28H66Cu8F12N2O12P8S12, M = 1991.63,

orthorhombic, Pbcn, a = 14.0239(11) Å, b = 22.967(2) Å, c =

22.431(2) Å, V = 7224.6(11) Å3, Z = 4, T = 296(2) K, �calcd =

1.831 g/cm3, µ = 2.908 mm-1, 27189 reflections collected,

6993 unique (Rint = 0.1261) which were used in all calcula-

tions. Final R1 [I > 2�(I)] was 0.0589 and wR2 (for all data)

was 0.1691. GooF = 0.876.

15. Assavathorn, N.; Davies, R. P.; White, A. J. P. Polyhedron

2008, 27, 992-998.

16. The compound formulated as [Cu(C3N2H4)5(SO4)]

(C3N2H4)(H2O)4 has been confirmed by X-ray diffraction. A

square-pyramidal Cu(II) is surrounded by five imidazoles

and the counter anion is a sulfate. In addition there are four

solvated water molecules and a free imidazole in the asym-

metric unit. Crystal data for CuN5: C18H32CuN12O8S, M =

640.16, monoclinic, P21/n, a = 8.8438(7) Å, b = 21.5264(19)

Å, c = 15.2063(13) Å, � = 102.391(2)°, V = 2827.5(4) Å3, Z

= 4, T = 296(2) K, �calcd = 1.504 g/cm3, µ = 0.910 mm-1,

17833 reflections collected, 5731 unique (Rint = 0.034)

which were used in all calculations. Final R1 [I > 2�(I)] was

0.0422 and wR2 (for all data) was 0.1197. GooF = 1.003.

CCDC reference numbers: 806558 for A; 806559 for CuN5.

Copies of the data can be obtained free of charge, on applica-

tion to the CCDC, 12 Union Road, Cambridge CB2 IEZ UK

(Fax: +44-1-223-336033; Email: deposit@ccdc.cam.ac.uk).

17. Vollhardt, K. P. C.; Schore, N. E. Organic Chemistry: Struc-

ture and Function, 5th ed.; W. H. Freeman & Co Ltd: New

York, 2007.

18. Lawton, S. L.; Rohrbaugh, W. J.; Kokotailo, G. T. Inorg.

Chem. 1972, 11, 612-618.

484 www.jccs.wiley-vch.de © 2012 The Chemical Society Located in Taipei & Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim J. Chin. Chem. Soc. 2012, 59, 480-484

Communication Wu et al.


