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An economic and novel ligand, cyclodiphosphazane [ClPN(t-Bu)]2 (1), was introduced in the palladium-
catalyzed amination of unactivated aryl halides. The catalyst allows for the amination of aryl chlorides
and bromides with secondary cyclic amines and anilines in good yields.
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C–N Bond formation by palladium-catalyzed cross-coupling
reaction is one of the powerful techniques in synthetic organic
chemistry. This method has been widely used in biological, phar-
maceutical, and material sciences for various applications.1–3 A
conventional route for N-arylation of nitrogen nucleophiles with
aryl halides is the Ullmann-type coupling at high temperature.4

Activated aryl bromides and iodides can be successfully trans-
formed to the corresponding aryl amines by employing simple cop-
per5 or (recently) iron salts6 with various ligands as catalysts and
also under ligand-free conditions. However, application of a similar
method using unreactive aryl chlorides, especially possessing
deactivated substituents on benzene ring, requires special atten-
tion because of their easy availability and cost efficiency that
necessitate an exclusive catalyst design for thriving coupling reac-
tion.7 To achieve this goal, a number of ligands including electron-
rich alkyl-substituted tertiary phosphines, phosphines having aryl
groups at suitable positions, and various N-heterocyclic carbenes
have been recently examined for palladium catalysis.8,9 To the best
of our knowledge, only two reports have appeared describing the
utility of chloro (amino)phosphines as ligands in this type of cou-
pling chemistry.10 In this context, we felt that cyclodiphosphazane
derivatives of type 1 bearing a bulky t-butylamino substituent that
have been utilized as ligands should be quite useful.11

Previously, we have employed these for probing organic
transformations including the Mitsunobu reaction.12 In this Let-
ter, we report the results of our preliminary investigations on
C–N bond formation by use of the inexpensive ligand, cyclodi-
ll rights reserved.
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ra Swamy).
phosphazane 1 [R = Cl; (d(P) 207.7], which can be readily
synthesized by reacting very inexpensive reactants, PCl3 and
t-butylamine, in toluene.16
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Our initial experiments were focused on coupling of chloro-

benzene with morpholine (Table 1). In the absence of ligand 1
(R = Cl), the reaction did not proceed (entry 1). However, in the
presence of ligand (12 mol %) and Pd2dba3 (3 mol %) at 80 �C it
produced the coupled product N-phenyl morpholine in 25% yield.
No significant improvement in the yield was observed by chang-
ing the Pd catalyst or by increasing the temperature (Table 1, en-
tries 3–6). Interestingly, decreasing the loading of Pd2dba3

catalyst, cyclophosphazane ligand concentration and increasing
the temperature to 120 �C resulted in 71% of the coupled product
(Table 1, entry 7). As expected, decreasing the temperature to
90 �C drastically decreased the yield (Table 1, entry 8). Finally
the reaction conditions were optimized by keeping the tempera-
ture constant at 120 �C and increasing the concentration of cata-
lyst and ligand to produce the coupled product up to 94% isolated
yield (Table 1, entry 10).



Table 1
Optimization of reaction conditions for the amination of chlorobenzene with
morpholinea

Cl + N O
[Pd] / L

NaOtBu,Toluene,24h
HN O

Entry Pd source (mol %) Ligand (L) (mol %) T (�C) Yieldb (%)

1 Pd2dba3 (3) — 120 nr
2 Pd2dba3 (3) 12 80 25
3 Pd(dba)2 (5) 10 110 38
4 Pd(dba)2 (6) 12 110 43c

5 Pd(OAc)2 (6) 12 110 31
6 [Pd(allyl)Cl]2 (3) 12 110 28
7 Pd2dba3 (2) 8 120 71
8 Pd2dba3 (2.5) 10 90 27
9 Pd2dba3 (2.5) 10 120 80

10 Pd2dba3 (3) 12 120 94c

a Reaction conditions: chlorobenzene (1.0 mmol), morpholine (1.2 mmol),
NaOtBu (1.4 mmol), and toluene (3 mL), 24 h (reaction times not optimized).

b Yields established by GC–MS with hexadecane as an internal standard.
c Isolated yield.

Table 2
N-Aryl-amination of aryl bromides and chloridesa

+R''R'NH

X = Cl, Br

Pd2(dba
L (12 m
NaOtBu

toluene
24

X
R

Entry Amine Ar-X

1 O NH
X

X = Cl, Br

2 O NH
X OMe

X = Cl, Br

3 NHO Br

CF3

CF3

4 NHO
Br

5 O NH
X

X = Cl, Br

6 NH Cl

7 NH
X OMe

X = Cl, Br
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On the basis of the above optimized reaction conditions, the
coupling reactions between a variety of aryl chlorides/bromides
and amines were investigated. As shown in Table 2, morpholine
was coupled with several deactivated aryl chlorides and bromides
to produce the N-aryl morpholine derivatives in good yields (en-
tries 1–5). 17 It is worth mentioning that 3,5-trifluoromethyl phe-
nyl bromide upon coupling with morpholine under our
optimized reaction conditions gave the coupled product (4) in
68% yield (entry 3; see Fig. 1 for X-ray structure).13 We were able
to couple the bulkier bromide (bromonaphthalene) with morpho-
line using our new ligand system (entry 4). Piperidine was also
coupled with electron-rich chlorides and bromides to give the de-
sired aryl amines in good yields (entries 6 and 7). Reaction of N-
methyl aniline with aryl chlorides and bromides afforded the de-
sired products in moderate to good yields (entries 8 and 9). p-ani-
syl chloride gave lower yields [40–50%; not given in the table] as
has been observed by others.14 Self- coupling15 also occurs when
the amine component is cyclohexylamine, as revealed by GC–MS.
These are the limitations. However, substituted anilines couple
with chlorobenzene and 4-chlorotoluene to give the desired prod-
N
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)3 (3 mol%)
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 (1.4 mmol)

,120 oC
h

Product Yieldb (%)
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Table 2 (continued)

Entry Amine Ar-X Product Yieldb (%)

8 NH Me
X OMe

X = Cl, Br

N OMe

9

Me
55 (X = Cl)
61 (X = Br)

9 NH Me
X

X = Cl, Br

N

10

Me

62 (X = Cl)
68 (X = Br)

10 NH2MeO Cl
H
N OMe

11
60

11 NH2 Cl

H
N

12
56

12 NH2
X

X = Cl, Br

H
N

13
54d (X = Br)
51d (X = Cl)

a Reaction conditions: aryl halide (1.0 mmol), amine (1.2 mmol), NaOtBu (1.4 mmol), Pd2dba3 (3.0 mol %), ligand (12 mol %), and toluene (3 mL) were heated to 120 �C with
continuous stirring for 24 h under nitrogen atmosphere.

b Isolated yields.
c Reaction scaled up to 5 mmol in 8 mL toluene.
d GC–MS yields.

Figure 1. ORTEP diagram of the product 4 (Table 2, entry 5). The CF3 groups show
some disorder.
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ucts in moderate to good yields. These results are also summarized
in Table 2 (entries 10–12).

The 31P NMR spectrum of the mixture of 1 (R = Cl) and Pd2dba3

showed a peak at d(P) 318.9 (along with many other peaks), consis-
tent with the formation of a Pd–cyclophosphazane complex. How-
ever, we have not succeeded in isolating this species because of the
presence of other products.

In summary, we have demonstrated the use of a very inexpen-
sive cyclodiphosphazane as a ligand in the palladium-catalyzed N-
arylation of various amines with aryl halides (X = Cl, Br). The yields
vary, but are in the range 51–94%. Further work in order to make
the system more efficient and to broaden the scope of this catalytic
system is in progress.
Acknowledgments

We thank DST (New Delhi) for financial support and for the sin-
gle crystal X-ray Diffractometer facility at the University of Hyder-
abad, and UGC (New Delhi) for equipment under UPE and CAS
programs. R.S. thanks CSIR for a fellowship.
Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.tetlet.2009.08.020.

References and notes

1. (a) For recent reviews of metal-catalyzed cross-coupling reactions, see: Metal-
Catalyzed Cross-Coupling Reactions; de Meijere, A., Diedrich, F., Eds., 2nd ed.;
Wiley-VCH: Weinheim, 2004; (b) Surry, D. S.; Buchwald, S. L. Angew. Chem., Int.
Ed. 2008, 47, 6338; (c) Corbet, J.-P.; Mignani, G. Chem. Rev. 2006, 106, 2651; (d)
Muci, A. R.; Buchwald, S. L. Top. Curr. Chem. 2002, 219, 131; (e) Schlummer, B.;
Scholz, U. Adv. Synth. Catal. 2004, 346, 1599.

2. For very thorough treatments of the many reactions catalyzed by palladium,
see: (a) Tsuji, J. Palladium Reagents and Catalysts, 2nd ed.; Wiley: Chichester,
2004; (b)Handbook of Organopalladium Chemistry for Organic Synthesis; Negishi,
E., de Meijere, A., Eds.; Wiley: Chichester, 2002.

3. (a) Hartwig, J.F. Handbook of Organopalladium Chemistry for Organic Synthesis,
2002; Vol. 1, p 1051.; (b) Jiang, L.; Buchwald, S. L. In Metal-Catalyzed Cross-
Coupling Reactions; de Meijere, A., Diederich, F., Eds., 2nd ed.; Wiley-VCH,
Weinheim: Germany, 2004; p 699; (c) Belfield, A. J.; Brown, G. R.; Foubister, A.
J.; Ratcliffe, P. D. Tetrahedron 1999, 55, 13285; (d) Yang, B. H.; Buchwald, S. L. J.
Organomet. Chem. 1999, 576, 125.

4. (a) Ley, S. V.; Thomas, A. W. Angew. Chem., Int. Ed. 2003, 42, 5400; (b)
Beletskaya, I. P.; Cheprakov, A. V. Coord. Chem. Rev. 2004, 248, 2337.

5. Selected examples for copper-catalyzed amination: (a) Monnier, F.; Taillefer, M.
Angew. Chem., Int. Ed. 2008, 47, 3096; (b) Xu, H.; Wolf, C. Chem. Commun. 2009,
1715; (c) Ma, D.; Zhang, Y.; Yao, J.; Wu, S.; Tao, F. J. Am. Chem. Soc. 1998, 120,
12459; (d) Zhang, H.; Cai, Q.; Ma, D. J. Org. Chem. 2005, 70, 5164; (e) Rout, L.;
Jammi, S.; Punniyamurthy, T. Org. Lett. 2007, 9, 3397; (f) Sperotto, E.; de Vries, J.
D.; van Klink, G. P. M.; van Koten, G. Tetrahedron Lett. 2007, 48, 7366; (g) Chang,
J. W. W.; Xu, X.; Chan, P. W. H. Tetrahedron Lett. 2007, 48, 245; (h) Xia, N.;
Taillefer, M. Angew. Chem., Int. Ed. 2009, 48, 337.



R. Rama Suresh, K. C. Kumara Swamy / Tetrahedron Letters 50 (2009) 6004–6007 6007
6. (a) Correa, A.; Bolm, C. Angew. Chem., Int. Ed. 2007, 46, 8862; (b) Correa, A.;
Bolm, C. Chem. Eur. J. 2008, 14, 3527; (c) Correa, A.; Bolm, C. Adv. Synth. Catal.
2008, 350, 391.

7. (a) Littke, A. F.; Fu, G. C. Angew. Chem., Int. Ed. 2002, 41, 4176; (b) Li, G. Y. Angew.
Chem., Int. Ed. 2001, 40, 1513; (c) Chen, G.; Lam, W. H.; Fok, W. S.; Lee, H. W.;
Kwong, F. Y. Chem. Asian J. 2007, 2, 306; (d) Shen, Q.; Ogata, T.; Hartwig, J. F. J.
Am. Chem. Soc. 2008, 130, 6586.

8. (a) Zim, D.; Buchwald, S. L. Org. Lett. 2003, 5, 2413; (b) Strieter, E. R.; Blackmond,
D. G.; Buchwald, S. L. J. Am. Chem. Soc. 2003, 125, 13978; (c) Wolfe, J. P.;
Buchwald, S. L. Angew. Chem., Int. Ed. 1999, 38, 2413; (d) Huang, X.; Anderson, K.
W.; Zim, D.; Jiang, L.; Klapars, A.; Buchwald, S. L. J. Am. Chem. Soc. 2003, 125,
6653; (e) Li, G. Y.; Zheng, G.; Noonan, A. F. J. Org. Chem. 2001, 66, 8677; (f) Li, G. Y.
U.S. Patent 20040147392, 2004; Chem. Abstr. 2004, 141, 142192.

9. (a) Marion, N.; Navarro, O.; Mei, J.; Stevens, E. D.; Scott, N. M.; Nolan, S. P. J. Am.
Chem. Soc. 2006, 128, 4101; (b) Suzuki, K.; Hori, Y.; Kobayashi, T. Adv. Synth.
Catal. 2008, 350, 652.

10. (a) Ackermann, L.; Spatz, J. H.; Gschrei, C. J.; Born, R.; Althammer, A. Angew.
Chem., Int. Ed. 2006, 45, 7627; (b) Ackermann, L.; Born, R. Angew. Chem., Int. Ed.
2005, 44, 2444.

11. (a) Balakrishna, M. S.; Mague, J. T. Organometallics 2007, 26, 4677; (b)
Chandrasekaran, P.; Mague, J. T.; Balakrishna, M. S. Polyhedron 2008, 27, 80.

12. (a) Satish Kumar, N.; Praveen Kumar, K.; Pavan Kumar, K. V. P.; Kommana, P.;
Vittal, J. J.; Kumara Swamy, K. C. J. Org. Chem. 2004, 69, 1880; (b) Kumara
Swamy, K. C.; Kumar, K. P.; Bhuvan Kumar, N. N. J. Org. Chem. 2006, 71, 1002;
(c) Bhuvan Kumar, N. N.; Chakravarty, M.; Kumara Swamy, K. C. New J. Chem.
2006, 30, 1614; (d) Chakravarty, M.; Rama Suresh, R.; Kumara Swamy, K. C.
Inorg. Chem. 2007, 46, 9819; (e) Bhuvan Kumar, N. N.; Kumara Swamy, K. C.
Tetrahedron Lett. 2008, 49, 7135.

13. X-ray data were collected on a Bruker AXS SMART diffractometer using Mo Ka
(k = 0.71073 Å) radiation. The structures were solved and refined by standard
methods. Crystal data for 4: C12H11NF6O, M = 299.22, monoclinic, space group
P2(1)/n, a = 9.338, b = 7.752, c = 17.542 Å, b = 98.38�, V = 1256.3(4) Å3, Z = 4,
l = 0.161 mm�1, data/restraints/parameters: 2212/0/235, R indices (I > 2r(I)):
R1 = 0.0843, wR2 (all data) = 0.2530. The trifluoromethyl groups showed some
disorder, but the molecule as such refined well. CCDC no. 739921.

14. Urgaonkar, S.; Verkade, J. G. J. Org. Chem. 2004, 69, 9135.
15. Mukhopadhyay, S.; Rothenberg, G.; Gitis, D.; Sasoon, Y. J. Org. Chem. 2000, 65,

3107.
16. Allcock, H. R. Inorg. Synth. 1972, 25, 8.
17. General procedure for the amination of aryl chlorides and bromides: All the

compounds reported here are well-known. In an oven-dried Schlenk tube, 1 mL
of Ligand 1 (R = Cl) (33 mg, 0.12 mmol, 12 mol %) of 0.120 M solution in
toluene, Pd2dba3 (28 mg, 0.03 mmol, 3 mol %), and 2 mL of toluene were taken
under nitrogen atmosphere and were stirred at room temperature for 30 min.
To this solution, NaOtBu (135 mg, 1.4 mmol) and aryl halide (1.0 mmol) were
added successively. After 15 min, amine (1.2 mmol) was added and the tube
was sealed. The reaction mixture was stirred at 120 �C (oil bath) for 24 h.
Subsequently, the reaction mixture was allowed to cool to room temperature
and EtOAc (4 mL) was added. It was then filtered through a plug of Celite and
was analyzed by GC–MS by using hexadecane as an internal standard. Further
purification of the product was achieved by silica gel column chromatography
[eluent: hexane/EtOAc (95:5)].


