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ABSTRACT: A pharmaceutical-oriented, transition-
metal-free, cyanide-free one-step direct transformation of
methylarenes to aryl nitriles is described. For the
dimethylarenes, the selectivity can be well-controlled to
form mononitriles or dinitriles. Enantioenriched nitriles
can also be synthesized by this method. As a pharmaceuti-
cally practical method, the antidepressant drug citalopram
was synthesized from cheap and commercially abundant
m-xylene on a gram scale in high yield, avoiding transition-
metal residues and toxic cyanides.

mong the numerous well-established approaches to

nitriles, the one-step direct construction of aryl nitriles,
especially dinitriles, under transition-metal-free and cyanide-
free conditions is important in pharmaceutical-oriented organic
synthesis.” In the conventional approaches™ or transition-
metal-catalyzed cross-coupling reactions to give nitriles, toxic
organic or inorganic cyanides have generally been used as the
® For a pharmaceutical-oriented nitrile
formation method, following requirements should be matched
to avoid heavy-metal residues as well as toxics: (i) transition-
metal-free; (ii) cyanide-free; (iii) selectivity-controllable and
functional- or protecting-group-tolerant. Methyl(hetero)arenes
are cheap and industrially abundant feedstocks, and thus, the
synthesis of aryl nitriles by ammoxidation of methyl(hetero)-
arenes under mild conditions should be valuable indeed. The
catalytic one-step direct oxidative conversion of methyl-
(hetero)arenes into aryl nitriles is straightforward but still
under development,”™” although a multistep conversion of
methylarenes to nitriles has been reported.” Two major
drawbacks must be overcome for the existing methods:”® (i)
the involvement of transition-metal catalysts, which results in
metal residues,”® and (ii) the need for strongly electron-
donating substituents on the substrate.” For example, in both
previously reported catalytic one-step direct conversions of
methylarenes to nitriles, transition metals such as copper and
palladium have been used as catalysts.”® In the copper-
catalyzed reaction, only highly electron-efficient substrates can
be transformed.” Nevertheless, a pharmaceutical-oriented,
transition-metal-free, cyanide-free, one-step direct synthesis of

ey . 4—
nitrile sources.
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aryl nitriles from methyl(hetero)arenes under mild and catalytic
conditions is desired.

In the previous work on transition-metal-free deacylative
cyanide-free access to aryl and aliphatic nitriles from ketones
and aldehydes with NaNO, and AICl; as reagents,'’ AICI,
proved to be a powerful Lewis acid for converting oxime
intermediates to nitriles, although AICl; was claimed to be
ineffective in the previous report.” We recently found that the t-
BuONO—-AICl; system is very efficient for either electron-
efficient or electron-deficient methylarenes. The selectivity for
mononitriles versus dinitriles could be controlled well (Scheme
1). Herein we report our results and the application of this

Scheme 1. Selectivity-Controllable One-Step Direct
Transformation of Methyl(hetero)arenes to Mononitriles or
Dinitriles”
Pd-promoted ammoxidation with t-BuONO (ref. 8)
Pd(OAc), (Cat.), NHPI (Cat.)
t-BuONO, MeCN, argon, 80 °C

(Het)Ar-CHj (Het)Ar-CN

AICI;-promoted deacylative oxidative formation of nitriles (ref. 10)
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“Conditions A: AICl; (cat.), NHPI (cat.), +-BuONO, MeCN (0.1%
H,0), argon, 80 °C. Conditions B: Two cycles of conditions A.

reaction for the synthesis of enantioenriched nitriles as well as
the antidepressant drug citalopram from cheap and industrially
abundant m-xylene.

First, the dimethylarene p-xylene (la) was chosen as the
starting material to assess the reaction conditions as well as the
selectivity control over mono- versus dinitrile formation.
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Without catalyst, only a 9% yield of 2a was obtained with
recovery of the starting material 1la (Table 1, entry 1). The

Table 1. Reaction Conditions: Selectivity for Mononitriles

versus Dinitriles”
cat., NHPI (cat.)
HaC CHy ——————", hc CN+ NC CN
t-BuONO

However, the synthesis of the dinitrile under Pd catalysis
afforded 2aA in only 41% yield with 52% residue of 1a (entry
22). Thus, the AlCl;-promoted one-step direct transformation
of 1a to 2a or 2aA is more efficient than previous methods.
Generally, salts of the group 13 metals are suitable catalysts for
this reaction.

Next, the selectivity-controllable conversion of methylarenes
was evaluated using various dimethylarenes, as demonstrated in
Scheme 2. Various xylenes were subjected to the mono- and
dinitrile formation conditions, and mononitriles 2a—c and

1a MeCN, 0.1% H,0 2 20
argon, 80 °C mononitrile dinitrile
yield (%)
entry cat (%) H,O0 2a 2aA
1 — none 9 0
2 AICL,( 30) none 74 0
3 AlCL( 10) 0.1% 39 0
4 AlCL, (5) 0.1% 26 0
s AlCL, (30) 0.1% 82 0
6 AlCL, (30) 0.1% 0 81
7 AlBr, (30) 0.1% 53 0
8 Al(NO,), (30) 0.1% 47 0
9 AL(SO,); (20) 0.1% 41 0
10 Al(ClO,), (30) 0.1% 2 0
11 Al(O'Pr), (30) 0.1% 0 0
12 GaCl, (10) 0.1% 70 0
13 Ga(OTf), (10) 0.1% 57 0
14 InCl, (10) 0.1% 63 0
15 BF,Et,0 (30) 0.1% 45 0
16 $nClL2H,0 (30) 0.1% 34 0
17 [RuCl,(p-cymene)], 0.1% 21 0%
18 Sc(OTH); (0.3) 0.1% 9 0
19 HCI (100) none 0 0
207 CuSO,-SH,0 — trace 0
21° Pd(OAc), — 77 0
22 Pd(OAc), — 52 41

“Conditions A: 1a (0.5 mmol), +BuONO (1.5 mmol), NHPI (0.15
mmol), dry MeCN (1 mL), H,O (10 xL), 80 °C, argon. YDetermined
by '"H NMR analysis. “Conditions B: Two cycles of conditions A.

Usmg the method in ref 7: CuSO,-SH,O (5 mol %), PhI(OAc), (3.2
equiv), NaN; (4 equiv). “Using the method in ref 8: Pd(OAc), (5 mol
%), NHPI (30 mol %), t-BuONO (3.0 equiv). FTwo cydles of the Pd
catalytic conditions in ref 8. £10 mol % [Ru] was used.

reaction in the presence of 30 mol % AICl; afforded
mononitrile 2a in 74% yield (entry 2), although AICl; was
addressed to be unreactive in the previous report.” A trace
amount of water proved to be essential to improve the yield
from 74% to 82% (entry S). However, HCI gave no conversion
(entry 19), indicating that AICl; itself promotes the trans-
formation. Under conditions A, mononitrile 2a was obtained as
the single product, whereas conditions B afforded only dinitrile
2aA (entries S and 6). The selectivity was thus well-controlled.
Other aluminum salts were also investigated to explore the
effect of the counteranion on the reactivity of the Lewis acid
(entries 7—11). In fact, the stronger aluminum Lewis acids gave
some lower yields. For example, Al(ClO,); gave only a 2% yield
of 2a, which is much lower than that obtained with AICl; or
Al(NO,);. Gallium and indium chlorides also gave relatively
good yields of 2a (entries 12—14). Low yields were obtained
with SnCl, and [RuCl,(p-cymene)], (entries 16 and 17). The
very strong Lewis acid Sc(OTf); was not efficient (entry 18).
Thus, with respect to the previous methods, Cu catalysis using
PhI(OAc), and NaNj as reagents gave no 2a at all (entry 20),
and Pd catalysis using +-BuONO and N-hydroxyphthalimide
(NHPI) gave a yield comparable to that with AICl; (entry 21).

Scheme 2. Selectivity Control: Mononitriles versus
Dinitriles”
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o | wOron | oo

1a 2a (82%) 2aA (81%)

CHj : CN

o]
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CH, CH, , CN
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1d 2d (78%) 2dA (73%)
., . SO
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(>99% ee)
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MeO l CN
MeO,,/g CN

2gA (78%)
(95% ee)

(>99% ee) (93% ee)

1f (>99% ee)

19 (95% ee)

“Conditions A: 1 (0.5 mmol), AlCl; (0.15 mmol), NHPI (0.15
mmol), +BuONO (1.5 mmol), CH;CN (1.0 mL, containing 0.1%
H,0), 80 °C, argon. Conditions B: two cycles of conditions A. Isolated
yields are shown.
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dinitriles 2aA—cA, respectively, were obtained in high yields.
The reaction of 2,2’-dimethylbiphenyl (1d) could also be well-
controlled, affording mononitrile 2d and dinitrile 2dA in high
yields. With respect to chiral nitriles, enantioenriched 2,2'-
dimethyl-1,1’-binaphthalene (le) gave mononitrile 2e with
>99% retention of the ee, and moreover, chiral dinitrile 2eA
was obtained with 93% ee retention in 70% yield. Chiral
dinitriles 2fA and 2gA were also obtained in high yields with
>95% ee. What should be pointed out is that a method for the
preparation of such enantioenriched nitriles has not been well-
established.

The scope of this method was further investigated under the
standard conditions A. Various substituted toluenes were
subjected to the standard conditions to afford the correspond-
ing nitriles in generally high yields (Scheme 3, 2h—o). Besides
electron-rich methylarenes, electron-deficient methylarenes
(2m—o0) and methylheteroarenes (2s, 2t, 2v—2y) were all
converted to he corresponding nitriles, whereas the Cu—
PhI(OAc),—N; system could not achieve this. Most methyl-

Scheme 3. Mononitriles”
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(Het)Ar-CHj (Het)Ar-CN
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“Condition (A): 1 (0.5 mmol), AICl; (0.15 mmol), NHPI (0.15

mmol), t-BuONO (1.5 mmol), CH3CN (1.0 mL, 0.1% H,0), 80 °C,

argon. Isolated yields are shown. bConditions B: same as conditions A

except with 0.25 mmol of AlCl; and 0.5 mmol of NHPL “GC yield.
“4Conditions C: same as conditions B except at 90 °C.
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heteroarenes could converted to the corresponding nitriles in
generally moderate yields except imidazole substrates (2zA and
2zB). Other arenes including methylnaphthalenes and 9-
methylanthracene could all be smoothly converted to the
desired nitriles in high yields (2p and 2q). Chiral nitriles 2A—C
were obtained in high yields with excellent ee retention,
providing easy and practical access to enantioenriched chiral
nitriles.

This method was successfully employed in the gram-scale
total synthesis of the antidepressant drug citalopram from the
cheap, commercially abundant starting material m-xylene (1b)
(Scheme 4). The traditional synthesis of citalopram involves

Scheme 4. Gram-Scale Synthesis of the Antidepressant Drug
Citalopram from m-Xylene®

OH
HsC CH; a NC CH; b NC
O O™ =
1b 2b 4

i 95%
7 Citalopram

(3.14 mmol, 1.02 g)
(overall: 18.5%)

“Conditions: (a) AICl,—NHPI, t+-BuONO, CH;CN (0.1% H,0),
argon, 83%. (b) NBS, (PhCO),0, CCl,, reflux, 10 h; then AgNO,
THE, reflux, 5.5 h; then NaBH,, MeOH, RT, 4 h, 56%. (c) t-BuLi,
TMEDA, THF, argon, —78 °C to RT, 42%. (d) 60% H,SO,, 95%.

twice using Grignard reagents, which can easﬂy react with the
nitrile group, resulting in a decreased yield.'' The present
method avoids this problem and does not involve transition
metals or cyanide. First, by means of this selectivity-controllable
method, 1b was converted to mononitrile 2b in 83% yield. A
bromination—reduction process yielded intermediate 4, which
was further coupled with ketone $ to give 6. Finally, 1 g of
citalopram was obtained from 6 in an overall yield of 18.5%
from m-xylene using this transition-metal-free, cyanide-free
one-step direct reaction as the initial step.'”

The reaction mechanism has been discussed in detail in
previous work by Zhang and Wang.® Without AlCL;, 1a can be
converted to oxime 8a (eq 1), which can be further
transformed to nitrile 2a in high yield (eq 2). Therefore, this
reaction should pass through the same pathway as that
proposed previously.®

NOH o

/@/CH3 NHPI (30 mol %) - H )
HaG +-BUONO, MeCN
3 1a argon, 80 °C H,C HiC
(without AICI3) 8a (72%) 9a (8%)
("H NMR)
NOH
" AICI3 (30 mol %) CN
MeCN, argon, 80°C,5h , - @
HsC 8a ¢
2a (93%)
("H NMR)
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In conclusion, a pharmaceutical-oriented, transition-metal-
free, cyanide-free one-step direct transformation of methylar-
enes to aryl nitriles has been developed. The selectivity can be
controlled to form mononitriles or dinitriles merely by
switching two standard reaction conditions. Enantioenriched
chiral nitriles can also been synthesized by this method. As a
pharmaceutically practical method, the antidepressant citalo-
pram was synthesized from cheap and commercially abundant
m-xylene on a gram-scale in high yield. This method is
promising for the large-scale synthesis of nitrile-containing
pharmaceuticals under transition-metal-free and cyanide-free
conditions using simple and cheap reagents.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOIL: 10.1021/jacs.6b00180.

Experimental details and spectroscopic data for all
products (PDF)

B AUTHOR INFORMATION

Corresponding Author
*ybkang@ustc.edu.cn

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank the National Natural Science Foundation of China
(NSEC 21404096, U1463202), the Fundamental Research
Funds for the Central Universities of China (WK2060190022,
WK2060190026, WK3430000001), and the Anhui Provincial
Natural Science Foundation (1608085MB24) for financial
support.

B REFERENCES

(1) (a) Rappoport, Z. The Chemistry of the Cyano Group; Interscience
Publishers: New York, 1970. (b) Fabiani, M. E. Drug News Perspect.
1999, 12, 207. For reviews of nitrile-containing pharmaceuticals and
natural products, see: (c) Fleming, F. F.; Yao, L.; Ravikumar, P. C,;
Funk, L.; Shook, B. C. J. Med. Chem. 2010, 53, 7902. (d) Fleming, F. F.
Nat. Prod. Rep. 1999, 16, 597.

(2) (a) Sandmeyer, T. Ber. Dtsch. Chem. Ges. 1884, 17, 1633.
(b) Hodgson, H. H. Chem. Rev. 1947, 40, 251. (c) Galli, C. Chem. Rev.
1988, 88, 765.

(3) (a) Rosenmund, K. W.; Struck, E. Ber. Dtsch. Chem. Ges. B 1919,
52, 1749. (b) Lindley, J. Tetrahedron 1984, 40, 1433.

(4) (a) Alberico, D.; Scott, M. E.; Lautens, M. Chem. Rev. 2007, 107,
174. (b) Yu, J.-Q.; Giri, R;; Chen, X. Org. Biomol. Chem. 2006, 4, 4041.
(c) Li, Y. Z;; Li, B.J,; Lu, X. Y,; Lin, S.; Shi, Z.-J. Angew. Chem., Int. Ed.
2009, 48, 3817.

(5) For reviews, see: (a) Anbarasan, P.; Schareina, T.; Beller, M.
Chem. Soc. Rev. 2011, 40, 5049. (b) Ellis, G. P.; Romney-Alexander, T.
M. Chem. Rev. 1987, 87, 779.

(6) (a) Cohen, D. T.; Buchwald, S. L. Org. Lett. 2015, 17, 202.
(b) Yan, G.; Kuang, C.; Zhang, Y.; Wang, J. Org. Lett. 2010, 12, 1052.
(c) Yeung, P.Y,; So, C. M,; Lau, C. P,; Kwong, F. Y. Angew. Chem.,, Int.
Ed. 2010, 49, 8918. (d) Jia, X;; Yang, D.; Zhang, S.; Cheng, J. Org. Lett.
2009, 11, 4716. (e) Buono, F. G.; Chidambaram, R.; Mueller, R. H.;
Waltermire, R. E. Org. Lett. 2008, 10, 5325. (f) Schareina, T.; Zapf, A.;
Beller, M. Chem. Commun. 2004, 1388. (g) Yang, C.; Williams, J. M.
Org. Lett. 2004, 6, 2837. (h) Zanon, J.; Klapars, A.; Buchwald, S. L. J.
Am. Chem. Soc. 2003, 125, 2890. (i) Okano, T.; Iwahara, M.; Kiji, J.
Synlett 1998, 1998, 243. (j) Tschaen, D. M.; Desmond, R; King, A. O.;
Fortin, M. C,; Pipik, B.; King, S.; Verhoeven, T. R. Synth. Commun.

3297

1994, 24, 887. (k) Sakakibara, Y.; Okuda, F.; Shimobayashi, A.; Kirino,
K; Sakai, M.; Uchino, N.; Takagi, K. Bull. Chem. Soc. Jpn. 1988, 61,
1985. (1) Chatani, N.; Hanafusa, T. J. Org. Chem. 1986, S1, 4714.
(m) Jiang, X.; Wang, J.-M.; Zhang, Y.; Chen, Z.; Zhu, Y.-M. L,; Ji, S.-J.
Tetrahedron 20185, 71, 4883.

(7) Zhou, W.; Zhang, L.; Jiao, N. Angew. Chem.,, Int. Ed. 2009, 48,
7094.

(8) Shu, Z,; Ye, Y.; Deng, Y.; Zhang, Y.; Wang, J. Angew. Chem., Int.
Ed. 2013, 52, 10573.

(9) (a) Kawagoe, Y.; Moriyama, K.; Togo, H. Eur. J. Org. Chem. 2014,
2014, 4115. (b) Guo, S.; Wan, G.; Sun, S; Jiang, Y.; Yu, J.—T.; Cheng,
J. Chem. Commun. 2015, S1, S085. (c) Tsuchiya, D.; Kawagoe, Y.;
Moriyama, K.; Togo, H. Org. Lett. 2013, 15, 4194.

(10) Ge, J.-J.; Yao, C.-Z.; Wang, M.-M.; Zheng, H.-X; Kang, Y.-B; Lj,
Y. Org. Lett. 2016, 18, 228.

(11) Zong, H.; Huang, H.-Y.; Liu, J.-F.; Bian, G.-L.; Song, L. J. Org.
Chem. 2012, 77, 46485.

(12) Late-stage introduction of nitrile in the synthesis of citalopram
was initially tried. However, the benzylic position adjacent to the
oxygen atom is more reactive, and thus, the decomposition product C
was obtained as the major product:

HaC NC HaC CHO
o]
NMe, o
> = | * z
B (trace) C (major)

DOI: 10.1021/jacs.6b00180
J. Am. Chem. Soc. 2016, 138, 3294—-3297


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/jacs.6b00180
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b00180/suppl_file/ja6b00180_si_001.pdf
mailto:ybkang@ustc.edu.cn
http://dx.doi.org/10.1021/jacs.6b00180

