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The use of sulfate additives such as H,SO,4 greatly increases the reactivity of palladium catalysts for the
cyanation of aryl and heteroaryl chlorides and renders them more robust toward adventitious air. Using
this method, a wide variety of aromatic and heteroaromatic nitriles were prepared in high yield.
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The cyanation of aryl halides is a powerful method for preparing
complex substituted benzonitriles." Although this chemistry is
well-established with aryl iodides, bromides, and triflates, aryl
chlorides offer potential advantages due to their wider availability
and lower cost.?

However, the cyanation of aryl chlorides is a particularly diffi-
cult transformation, as oxidative insertion into aryl-Cl bonds is
slower than insertion into iodides, bromides, or triflates.> The cou-
pling partner cyanide is a potent catalyst poison,* and it has been
suggested that the catalyst is particularly vulnerable to cyanide
poisoning at the beginning of the reaction as it enters the catalytic
cycle.’® To mitigate catalyst poisoning, many published procedures
employ poorly soluble cyanide sources like Zn(CN), and
K4[Fe(CN)s].° As the reaction progresses, however, the halide liber-
ated from the substrate solubilizes cyanide as the mixed salt
Zn(CN)X.” Thus, there arises a delicate balance between having a
coordinatively unsaturated catalyst, as is required for facile Ar-Cl
insertion but which may be vulnerable to cyanide poisoning, and
having a long-lived catalyst which may be slow to insert into the
Ar—Cl bond.®

Several recent reports describe the cyanation of aryl chlorides;®
however, they tend to require high reaction temperatures, high
catalyst loadings, or have a limited substrate scope. In this Letter,
we report a new and highly active catalyst system for the cyana-
tion of aryl and heteroaryl chlorides which is capable of delivering
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high yields at low catalyst loadings and relatively mild
temperatures.

We began our investigation by examining the palladium-cata-
lyzed cyanation of model substrate 4-chlorotoluene with zinc cya-
nide (Table 1). We first examined the Pd(OAc), complexes of a
number of ligands known to oxidatively insert into aryl chlorides
(Table 1, entries 1-6). Unfortunately, we observed virtually no

Table 1
Initial catalyst screening®

Cl CN
/©/ catalyst /©/
it Al
Zn(CN),

Entry Pd source Ligand Yield®
1 PA(OAC) 1 3
2 Pd(OAC), 2 0
3 PA(OAC), 3¢ 7
4 PA(OAC), 4 0
5 Pd(OAC) 5 2
6 Pd(OAC), 6 78
7 [(allyl)PdCl], 1 44
8 [(allyl)PdCl]> 2 29
9 [(allyl)PdCl] 3¢ 15

10 [(allyl)PdCl], 4 50

11 [(allyl)PdCl], 5 65

12 [(allyl)PdCl] 6 82

2 Reaction conditions: 5% Pd, 10% ligand, 10% Zn, 0.6 equiv Zn(CN),, DMA (0.2 M
substrate), 120 °C, 18 h.

" Yield determined by HPLC assay versus authentic product standard.

¢ 5% ligand used.
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Figure 1. Ligands screened.

product formation with trialkylphosphines 1 and 2, bidentate ferr-
ocenylphosphine 3, monodentate ferrocenylphosphine 4,'° or dial-
kylbiaryl phosphine 5 (Fig. 1).!' Gratifyingly, dialkylbiaryl
phosphine 6'? (XPhos) gave the desired product in 78% yield. We
also examined the more reactive palladium precursor [(allyl)PdCl],
(Table 1, entries 7-12) and observed uniformly higher yields.
When this precursor was combined with ligand 6, the product
could be obtained in 82% yield.

Interestingly, Pd/XPhos catalysts have been previously reported
to give poor results in aryl chloride cyanations®:. We believe that
this apparent discrepancy can be attributed to a critical difference
in experimental setup. As shown in Eq. (1), pre-mixing the ligand
and metal precursor in the reaction solvent prior to introduction
into the reaction mixture containing cyanide gave the desired
product in 78% yield, while adding ligand, metal precursor, and
other reagents to the reaction at the same time gave only 48% yield.
We postulate that this loss of activity arises from competition be-
tween the poorly soluble ligand XPhos and cyanide for binding to
the palladium precursor. Thus, pre-mixing the ligand and metal
precursor leads to increased amounts of the desired phosphine-
palladium complex relative to catalytically inactive palladium-
cyanide complexes.*

Encouraged by these initial results, we attempted to scale up
the reaction with a few electronically diverse aryl chlorides (Eq.
(2)). Excellent yields were obtained with 4-chlorotoluene, 2-chlo-
roanisole, and 1-chloro-3-nitrobenzene. Unfortunately, these reac-
tions only proceeded to high conversion when run in a glovebox,
and consistently stalled at low conversion using standard vacuum
line techniques. While the [(allyl)PdCl], precursor gave a particu-
larly active catalyst, it also appeared to be so air-sensitive that it
was impractical for common use. Additives such as Zn dust, BHT,
and Ph;PO' did not improve the poor performance outside the
glovebox. We sought to improve the robustness of the catalyst sys-
tem by examining a number of different palladium precursors run
with standard vacuum line techniques (Table 2, entries 1-5).

o 10% Pd(OAc), oN
1T 1T "

20% X-Phos

0.1eqZn

0.6eq Zn(C{!\I)Z Preform Catalyst: 78%

DMA,120°C  No Preformation: 48%
0.5% [(allyl)PdClI],
YT 1% X-Phos o
R > Ry
= 0.6 eq Zn(CN), = (2)

DMA, 80 °C

7a: R = 4-Me, 98%
7b: R = 2-MeO, 99%
7c: R =3-NO,, 91%

Table 2
Catalyst optimization®

Cl CN
/©/ catalyst /©/
T e
Zn(CN),

Entry % Pd Pd source Additive® Yield®
1 1 [(allyl)PdCl], = 124
2 1 Pd(OAc), = e
3 1 Pd(TFA), = 134
4 1 Pd,(dba);-CHCl5 = 8d
5 1 PdS0,-2H,0 = 864
6 1 Pd(OAc), 2 H,0 14
7 1 Pd(OAc), (Me4N),S0,4 >99
8 1 Pd(OAc), Cs,50,4 21
9 1 Pd(OAc), (NH,4),S0,4 37

10 1 Pd(OAc), (EtsNH),S04 85

11 1 Pd(OAc), KHSO, 99

12 0.5 Pd(OAc), HBF,.OEt, 24

13 0.5 Pd(OAc), 2 HBF,-OEt, 73

14 0.5 Pd(OAc), (MegN),SO4 + 2 HBE,-OEt, 99

15 0.5 Pd(OAc), H,S0,4 >99

@ Reaction conditions: Pd/XPhos (1:2), 2% Zn, 0.6 equiv Zn(CN),, DMA (0.2 M
substrate), 120 °C, 18 h.

b Additive stoichiometry relative to Pd.

¢ Yield determined by HPLC assay versus authentic product standard.

94 Reaction performed outside glovebox using standard vacuum line techniques.

As we observed previously, the [(allyl)PdCl],-based catalyst
stalled at only 12% yield (entry 1). Other standard palladium pre-
cursors such as Pd(OAc),, Pd(TFA),, and Pd,(dba); gave similar re-
sults (entries 2-4). Interestingly, PdSO042H,0 furnished the
product in 86% yield (entry 5). To the best of our knowledge, only
a single report on the use of this palladium precursor has appeared
in the cross-coupling literature.' In this case, however, it was em-
ployed for high aqueous solubility and no novel reactivity was ob-
served.'> Unfortunately, further experiments revealed a large
variability in performance with different lots of palladium sul-
fate.'® PdSO,4-2H,0 is poorly soluble in DMA, and lots that were
slower to dissolve during catalyst formation tended to give poor
results, presumably due to poor ligand-metal complex formation.

In order to better understand the unusual combination of high
reactivity and catalyst longevity conferred by PdSO4-2H,0, we con-
ducted experiments with Pd(OAc), and various additives (Table 2,
entries 6-15). In the presence of two catalyst equivalents of water,
(entry 6), the reaction gave poor performance. Upon the addition of
(Me4N),S04, however, we observed a near-quantitative yield of the
desired product (entry 7). Cautioned by a recent report on the po-
tential liability of tetraalkylammonium salts in cyanations, we
sought another source of sulfate. Inorganic sulfate salts such as
Cs,S04 and (NH4),SO4 (entries 8 and 9) were poorly soluble and
gave a poor yield of the product. Soluble triethylammonium sulfate
(entry 10) furnished the product in 85% yield, and KHSO,4, despite
its poor solubility in DMA, gave a nearly quantitative yield of prod-
uct (entry 11).

Intrigued by this result, we probed the effects of added acid,
since KHSO4 has a pK, = 1.92. One catalyst equivalent of tetrafluo-
roboric acid provided a low yield of the product, but two catalyst
equivalents of acid gave a respectable 73% yield of the product (en-
tries 12 and 13). Combining acid and sulfate gave the product in
near-quantitative yield. While this could be accomplished with
soluble sources of strong acid and sulfate (entry 14), it was opera-
tionally simpler to use concentrated sulfuric acid, which gave iden-
tical results (entry 15).

With optimized conditions in hand, we proceeded to investigate
the scope of the transformation with this catalyst system (Table
3).17 Electron-neutral and electron-poor aryl chlorides furnished
the corresponding nitriles in excellent yield (entries 1-5). A
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Table 3
Substrate scope®

Entry Substrate Product % Pd Yield® (%)

Cl
1 /©/ 8a 1 99

Cl
4 /©/ 8d 1 97
MeO,C
Cl
5 8e 1 95
F F
Cl
6 ©: 8f 1 60
CHO
Cl
7 ©: 8g 1 >99
OMe
Cl
8 ©: 8h 2 98
OH

X Cl
11 | 8k 1 94
~
N
N
12 \ P 8l 1 92
N Cl
Cl
Iy
13 8m 2 91
N
H
Cl

14 {/ \E 8n 2 78
S
MeO,C cl
15 m 8o 5 65¢

@ Reaction conditions: Pd(OAc),/XPhos/H,SO4 (1:2:1), 0.6 equiv Zn(CN),, 4% Zn,
DMA (0.2 M substrate), 120 °C, 2 h.

b Yield determined by HPLC assay versus authentic product standard.

€ 95% Isolated yield.

4 48% Isolated yield.

respectable yield could even be obtained with 2-chlorobenzalde-
hyde (entry 6), though significant losses due to thermal decompo-
sition were observed. Electron-rich benzonitriles could also be
obtained in good to excellent yield, although sometimes additional
catalyst was necessary for good conversion (entries 7-10). Simi-
larly, a number of heterocyclic substrates gave the corresponding
heteroaryl nitriles in good to excellent yield (entries 11-14). Nota-

bly, sulfur-containing substrates (entries 9 and 14) were well-tol-
erated. We also examined the cyanation of a vinyl chloride (entry
15); the corresponding acrylonitrile was obtained in moderate
yield.'® To the best of our knowledge, this is the first example of
catalytic cyanation of a vinyl chloride.'®

We also investigated the scope of the palladium sulfate precur-
sor across other ligands by comparison with other cyanation con-
ditions reported in the literature. Catalyst preformation and
sulfate activation of a (binaphthyl)P(‘Bu),-based catalyst provided
a marked reactivity enhancement in the cyanation of 4-chloroani-
line when compared to palladium acetate alone, though for this
challenging substrate it could not quite match the palladium tri-
fluoroacetate precursor (Eq. (3)).%¢ Likewise, preformation and sul-
fate activation of a Pd(OAc),/5 catalyst provided higher yield and
markedly reduced catalyst loading compared to Pd,(dba)s;/5 (Eq.
(4)).%

4% Pd
8% (binaphthyl)P(tBu),
cl 0.2eqZn CN
0.6 eq Zn(CN),
HoN DMA, g50c  HeN (3)
Pd(TFA), 98% (ref. 9c)
Pd(OAc), <1% (ref.9c)
Pd(OAc)s / -0
H,80, /o7
S c Pd/5 X CN
_—
= 0.6 eq Zn(CN), | N/
99:1 DMF:H,O (4)
120 °C 8% Pdy(dba); 64% (ref. 9e)

1% Pd(OAC), / 90%
H,SO,

In conclusion, we have discovered a highly active and robust
catalyst system for the cyanation of aryl chlorides. The reported
catalyst preformation and sulfate activation method gives highly
active catalysts with a number of different ligands. Experiments
are currently underway to understand the role of sulfuric acid in
catalyst activation and to test the applicability of this catalyst sys-
tem to other reaction classes.?°
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