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ABSTRACT

New methods for the palladium-catalyzed cyanation of aryl and heteroaryl chlorides have been developed, featuring sterically demanding,
electron-rich phosphines. Highly challenging electron-rich aryl chlorides, in addition to electron-neutral and electron-deficient substrates , as
well as nitrogen- and sulfur-containing heteroaryl chlorides can all undergo efficient cyanation under relatively mild conditions using readily
available materials. In terms of substrate scope and temperature, these methods compare very favorably with the state-of-the-art cyanations
of aryl chlorides.

The palladium-catalyzed cyanation of aryl halides is a
common and powerful method to obtain substituted ben-
zonitriles.1 Recent examples of this transformation in areas
as diverse as process chemistry,2 medicinal chemistry,3 and
ligand synthesis4 are indicative of the importance of ben-
zonitriles as end products or as synthetic intermediates which

can be converted to a multitude of different functional
groups.5

Aryl chlorides are a desirable class of substrates for
palladium-catalyzed coupling reactions due to their lower
cost and wider availability than the corresponding aryl
bromides or iodides.6 However, most accounts of palladium-
catalyzed cyanations have focused on the use of more
reactive aryl iodides and bromides7 rather than typically
reticent aryl chlorides.8 Some progress in this area has been
made. In 2000, Jin and Confalone published the first general
method for the palladium-catalyzed cyanation of aryl chlo-
rides based on a Pd/1,1′-bis(diphenylphosphino)ferrocene
(dppf) catalyst with Zn as a cocatalyst and Zn(CN)2 as the
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cyanating agent.9 Subsequent attempts to engage aryl chlo-
rides have included the use of amine cocatalysts,10 acetone
cyanohydrin,11 or potassium hexacyanoferrate12 as the cya-
nide source, microwaves,13 or the use of sterically demanding,
electron-rich phosphine ligands.14 Two common themes
throughout these methods are (i) the use of very high
temperatures, 120-160°C, and (ii) few successful cyanations
of challenging electron-rich aryl chlorides.15 In addition, the
experimental conditions are often difficult to scale (sealed
tube, microwaves). Most recently, Beller has demonstrated
the successful cyanation of both electron-neutral and electron-
rich aryl chlorides using the ligand di(1-adamantyl)-1-
butylphosphine; however, this system still requires fairly high
thermal activation (140-160°C).16

Herein, we wish to report two new and highly reactive
palladium-based catalyst systems for the cyanation of aryl
chlorides, including electron-rich aryl chlorides, under
relatively mild and operationally simple conditions with
reasonable reaction times (80-95 °C, N,N-dimethylaceta-
mide, 3-18 h). Together, both of these catalyst systems allow
the cyanation of a wide variety of aryl and heteroaryl
chlorides encompassing varying functionality in good to
excellent yields.

During the course of a recent project, it became necessary
to develop a robust, practical, and scaleable cyanation of an
electron-rich aryl chloride to provide multikilogram quantities
of a drug candidate. Using 4-chloroaniline as a model
substrate, a variety of palladium sources and commercially
available ligands were screened using Zn flakes17 as a
cocatalyst, Zn(CN)218 as the cyanating agent, andN,N-
dimethylacetamide (DMAC) as the solvent19 (Table 1). Pd-

(TFA)2 (TFA ) trifluoroacetate) in combination with the
Buchwald biaryl ligand racemic 2-di-tert-butylphosphino-
1,1′-binaphthyl ((binaphthyl)P(t-Bu)2)20 proved to be by far
the best palladium/ligand combination, providing the cyan-
ated product in essentially quantitative yield after 3 h at 95°C
(entry 2). Curiously, Pd(OAc)2 was markedly inferior as the
palladium source (entry 1),21-23 and other Buchwald biaryl
ligands S-Phos (2-(dicyclohexylphosphino)-2′,6′-dimethoxy-
1,1′-biphenyl; entry 3)24 and X-Phos (2-(dicyclohexylphos-
phino)-2′,4′,6′-tri-iso-propyl-1,1′-biphenyl; entry 4)25 proved
far less effective. More traditional phosphine ligands such
as the aforementioned dppf (entry 5) and PCy3 (entry 6) also
proved quite ineffective, as did the relatively air-stable and
crystalline preformed catalyst Pd[P(t-Bu)3]2 (entry 7).

Other very electron-rich aryl chlorides can be cyanated
using Pd(TFA)2/(binaphthyl)P(t-Bu)2 such as the ortho-
substituted 2-chlorophenol (Table 2, entry 2).To the best of
our knowledge, these are the first examples of successful
palladium-catalyzed cyanations of highly challenging 4-chlo-
roaniline and 2-chlorophenol. Other electron-rich (entry 4)
as well as electron-neutral (entry 5) and electron-deficient
substrates (entry 7) can also be efficiently cyanated using
Pd(TFA)2/(binaphthyl)P(t-Bu)2.

Of interest is that an aryl chloride bearing a boronic acid
unit may also be cyanated in good yield (entry 11) thus
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Table 1. Effect of Pd Source and Ligand on the Cyanation of
4-Chloroaniline

entry Pd source ligand
HPLC solution
yield after 3 h

1 Pd(OAc)2 (binaphthyl)P(t-Bu)2 <1%
2 Pd(TFA)2 (binaphthyl)P(t-Bu)2 99%
3 Pd(TFA)2 S-Phos 3%
4 Pd(TFA)2 X-Phos 12%
5 Pd(TFA)2 dppf (4.2% ligand used) <1%
6 Pd(TFA)2 PCy3 <1%
7 Pd[P(t-Bu)3]2 none 5%
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allowing a potential cyanation-Suzuki cross-coupling se-
quence.

Using 4′-chloroacetanilide (entry 4) as a model substrate,
we briefly investigated lowering the catalyst loadings. In this
particular case, the catalyst loading could be decreased to
1.9 mol % of Pd(TFA)2, 3.7 mol % of (binaphthyl)P(t-Bu)2,
and 8.3 mol % of Zn to still furnish a 92% isolated yield of
4′-cyanoacetanilide after 2 h at 95 °C.

However, certain substrates do not perform well using this
catalyst system; in particular, we have found sulfur-contain-
ing substrates are more efficiently cyanated using Pd[P(t-
Bu)3]2.26 Although a modest 68% solution yield is obtained
for the cyanation of 2-chlorothioanisole (entry 3), only 16%
of 2-cyanothioanisole is obtained with Pd(TFA)2/(binaph-

thyl)P(t-Bu)2. In addition, for the highly hindered 3-nitro-
2-chlorotoluene, Pd[P(t-Bu)3]2 also proved to be the superior
catalyst (entry 8).27 Other nonactivated (entry 6) and activated
substrates (entries 9 and 10) undergo facile cyanation using
Pd[P(t-Bu)3]2; it is noteworthy that free carboxylic acids are
well tolerated.

Given the importance of heterocycles in the pharmaceutical
industry, we chose to pay special attention to cyanations of
heteroaryl chlorides, in particular, nitrogen-containing het-
erocycles. Cyanations of such substrates can be nontrivial
owing to the ability for nitrogen to bind to, and potentially
deactivate, palladium-based catalysts.26b,c Gratifyingly, we
have found that Pd(TFA)2/(binaphthyl)P(t-Bu)2 is a very
general and efficient catalyst for cyanations of nitrogen-
containing heterocycles (Table 3). Although cyanation of

5-chloroindole results in only 44% yield of 5-cyanoindole,28

89% yield is obtained with the 4-isomer (entry 2). 2-, 3-,
and 4-chloropyridines all undergo smooth reaction (entries

(26) For examples of Pd/P(t-Bu)3-catalyzed cyanations of aryl bromides
and iodides, see: (a) Ramnauth, J.; Bhardwaj, N.; Renton, P.; Rakhit, S.;
Maddaford, S.Synlett2003, 2237-2239. (b) Yang, C.; Williams, J. M.
Org. Lett.2004,6, 2837-2840. (c) Stazi, F.; Palmisano, G.; Turconi, M.;
Santagostino, M.Tetrahedron Lett.2005,46, 1815-1818.

Table 2. Cyanation of Aryl Chloridesa

a Reaction conditions: aryl chloride (100 mol %), Zn(CN)2 (55-58 mol
%), catalyst, Zn flakes (18-20 mol %), DMAC (17 mL/g of ArCl), 80-95
°C, 3-14 h.bCatalyst A) Pd(TFA)2 (4.2-4.4 mol %), (binaphthyl)P(t-
Bu)2 (8.4-8.8 mol %). Catalyst B) Pd[P(t-Bu)3]2 (4.2-4.4 mol %).
cIsolated yield. HPLC solution yield in parentheses.

Table 3. Cyanation of Heteroaryl Chloridesa

a Reaction conditions: heteroaryl chloride (100 mol %), Zn(CN)2 (55-
58 mol %), Pd(TFA)2 (4.2-4.4 mol %), (binaphthyl)P(t-Bu)2 (8.4-8.8 mol
%), Zn flakes (18-20 mol %), DMAC (17 mL/g of ArCl), 80-95 °C, 3-
18 h. bIsolated yield. HPLC solution yield in parentheses.c114 mol % of
Zn(CN)2 used.dPd[P(t-Bu)3]2 (4.2-4.4 mol %) used as catalyst.
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3-5), and both chlorides can undergo cyanation in 2,4-
dichloropyridine (entry 6); thus far, our attempts to mono-
cyanate a variety of dichloropyridine substrates selectively
have been unsuccessful.29 Heterocycles with more than one
nitrogen atom are also excellent substrates (entries 7 and 8).
Chlorothiophenes, which often give poor yields when using
other Pd-based catalysts,30 including Pd(TFA)2/(binaphthyl)P-
(t-Bu)2,31 are best cyanated with Pd[P(t-Bu)3]2 (entry 9).32

In conclusion, we have demonstrated the most general and
mild methods for palladium-catalyzed cyanations of aryl and
heteroaryl chlorides reported to date. Pd(TFA)2/(binaphth-
yl)P(t-Bu)2 is uniquely effective for promoting cyanations
of nitrogen-containing heterocycles and typically unreactive
electron-rich aryl chlorides, whereas the preformed catalyst
Pd[P(t-Bu)3]2 is sufficient for less challenging electron-
neutral and electron-deficient aryl chlorides as well as sulfur-
containing substrates. Functional groups such as anilines,
phenols, esters, nitro groups, amides, and carboxylic and
boronic acids are all tolerated. Future efforts will focus on
further enhancing the substrate scope33 and continuing efforts
to reduce Pd, ligand, and Zn loadings to improve turnover
numbers. Given the commercial availability and ease of

handling of all the components, we believe that these
methods should find wide use in organic synthesis.
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(27) <10% yield of 2-cyano-3-nitrotoluene is observed with Pd(TFA)2/
(binaphthyl)P(t-Bu)2.

(28) As for all the nonquantitative reactions reported herein, the remainder
of the mass balance was predominantly unreacted 5-chloroindole as in this
example.

(29) For example, attempted monocyanation of both 2,4- and 2,5-
dichloropyridine yields a mixture of starting material, monocyanated pyridine
(at the 2-position), and dicyanated pyridine.

(30) For example, see: Erker, T.; Nemec, S.Synthesis2004, 23-25.
(31) Pd(TFA)2/(binaphthyl)P(t-Bu)2 gives only a 32% yield of 2-cyano-

3-methylthiophene for the cyanation of 2-chloro-3-methylthiophene.

(32) These palladium-catalyzed cyanations are sensitive to oxygen;
however, glovebox techniques and rigorously purified reagents and catalysts
are not required. Sample illustrative procedure (Table 2, entry 1): palladium-
(II)trifluoroacetate (Pd(TFA)2) (9.6 mg, 0.0289 mmol, 4.3 mol %), zinc
flakes, 1.1µm thick -325 mesh (8.3 mg, 0.127 mmol, 19 mol %), racemic
2-di-tert-butylphosphino-1,1′-binaphthyl (23.5 mg, 0.059 mmol, 8.8 mol
%), 4-choroaniline (85.4 mg, 0.669 mmol, 100 mol %), and Zn(CN)2 (43.9
mg, 0.374 mmol, 56 mol %) were charged successively to a 25× 90 mm
glass test tube equipped with a magnetic stir bar and a Teflon screw-cap.
The test tube was evacuated and back-filled with nitrogen. DMAC
(anhydrous, 99.8%, 3.6 mL) was added via syringe, and the resulting reaction
mixture was stirred at room temperature for 20 min while performing 3
evacuation-nitrogen refill cycles. The reaction mixture was then heated to
95 °C over 45 min and held at that temperature for 14 h. The reaction
mixture was then cooled to room temperature, diluted with acetonitrile,
and filtered through a 45µm HPLC syringe filter, and the supernatant was
analyzed by HPLC. HPLC analysis indicated a solution yield of 97.8% of
4-aminobenzonitrile. For workup procedures used to obtain isolated yields,
please refer to the Supporting Information.

(33) Certain substrates such as 4-chlorostyrene and 2-chloro-m-xylene
do not perform well under these cyanation conditions using either catalyst
system.

1714 Org. Lett., Vol. 9, No. 9, 2007


