Acceptor-Controlled Transfer Dehydration of Amides to Nitriles
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ABSTRACT: Palladium-catalyzed dehydration of primary amides
to nitriles efficiently proceeds under mild, aqueous conditions via
the use of dichloroacetonitrile as a water acceptor. A key to the de-
sign of this transfer dehydration catalysis is the identification of an
efficient water acceptor, dichloroacetonitrile, that preferentially re-
acts with amides over other polar functional groups with the aid of
the Pd catalyst and makes the desired scheme exergonic, thereby
driving the dehydration.

The cyano group is a privileged functionality that is
widely found in natural products and pharmaceuticals.'
Accordingly, selective introduction of cyano groups into
(bio)molecules is of great interest to the synthetic com-
munity.? One of the most popular approaches has been the
dehydration of primary amides to nitriles by using dehy-
drating agents (Scheme 1A).>* Recent major advances in
this approach include the development of phosphine ox-
ide and copper catalytic systems.*> Nevertheless, devel-
oping a general methodology for the dehydration of am-
ides that is compatible with other nucleophilic or protic
functionalities (e.g., carboxylic acids and water) has re-
mained a significant challenge.

Palladium-catalyzed dehydration of amides using ace-
tonitrile as a dehydrating agent is an exceptionally
chemoselective reaction that overcomes this limitation
(Scheme 1B).® This method was first reported by Maffioli
and co-workers for dehydrating aromatic and aliphatic
amides in aqueous acetonitrile,** and could be used for
dehydration of an amide group in pseudouridimycin
where the presence of hydroxyl and guanidinium groups
is tolerated.® Because this reaction is reversible in equi-
librium, however, the product distribution is susceptible
to the relative thermodynamic stability and therefore the
dehydration of electron-deficient amides with acetonitrile
is energetically unfavorable.” On the basis of these reports
and our recent investigations of catalytic hydration reac-
tions,® we reasoned that the scope of the Pd-catalyzed de-
hydration of amides with nitriles can be greatly expanded
by designing a more efficient water acceptor as compared
with acetonitrile. The water acceptor should (1) be kinet-
ically reactive for the Pd-catalyzed dehydration of amides
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and (2) give a thermodynamically stable co-product,
thereby making the desired dehydration scheme exer-
gonic enough to produce the nitrile products in high
yields. We here report an improved Pd-catalyzed transfer
dehydration of amides by controlling the thermodynamic
properties of the water acceptor (Scheme 1C). We found
that the use of electron-deficient nitriles as water accep-
tors enabled the selective dehydration of variously func-
tionalized primary amides with retention of the chirality
at the a-carbons.

Scheme 1. Dehydration of Amides to Nitriles
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We focused on the selective introduction of cyano
groups into amino acid derivatives 1 because this issue is
considerably important in synthetic chemistry.**° Pep-
tides bearing a cyano group at the C-terminus are widely
used as covalent drugs'®!? as well as synthetic intermedi-
ates.!! Functionalization of proteins with a cyano group in
the side chain is a powerful strategy for characterizing mi-
croscopic environments in proteins with infrared or Ra-
man spectroscopy.'> Thus, we initially studied the reac-
tivity of water acceptors for the efficient dehydration of
N-chloroacetyl-L-prolinamide (1a) to nitrile 2a, a syn-
thetic intermediate for vildagriptin.'®3¢!® Guided by pre-
liminary density functional theory (DFT) calculations of
the Gibbs energy changes in the dehydration of amide 1a
to nitrile 2a using various nitriles as water acceptors (Ta-
ble S1), we screened nitriles bearing an electron-deficient
group, expecting that the introduction of electron-defi-
cient groups into nitriles would effectively shift the equi-
librium point from the left (1a + R"CN) to the right (2a +
R’CONH,). As a result, we found that dichloroacetoni-
trile serves as an excellent water acceptor (Table 1).

Table 1. Catalytic Dehydration of 1a Using Nitriles®
0

N
PACl, (10 mol %) E,\}_C

-
H,0/CH,CN (1:1) 2~ R'CONH,
Ny, 50 °C d

N NH, + R'CN

0]

1aC' 2,8, 0r24h ”a c
yield of 2a (%)®
entry R'CN 2h 8h 24 h
1 CH;CN 56 55 56
2 CH,CICN 93 95 >98
3 CHCI,CN >98 >98 —
4 CCI;CN 65 86 94
5 CH;SO,CH,CN 51 79 92
6 CH,[OCH3]CN 88 88 —
7 2-furylCN 61 94 96
8 Ce¢HsCN 63 62 60
9 CH,[COH]CN 41 55 61
10 CHy[CO,CH;]CN 32 49 56
11 CHy[CNL 19 25 26
12 CH,=CHCN <1 <1 <1
13 [CH3],NCH,CN <1 <1 <1
14 [(CH;):NCH,CNICI <1 <1 <1
154 CHCI,CN 95¢ — —

“la (0.50 mmol), R"CN (10 equiv), PdCl, (10 mol %), HO/CH3CN
(6 mL, 1:1), 50 °C. A part of the reaction mixture (90 pL) was
quenched with R-Cat-Sil-AP (Pd scavenger, 10 mg) at 2, 8, or 24
h. ’Determined by GC/MS using anisole as an internal standard.
‘Not measured. “la (2.6 mmol), CHCLCN (10 equiv),
Pd(O>CCF3); (1 mol %), H,O/CH3CN (5.4 mL, 1:1), 60 °C, 2 h; R-
Cat-Sil-AP (0.5 g), rt, 2 h. “Isolated yield.

Whereas the conditions including 120 equiv of acetoni-
trile in the presence of additional 10 equiv of acetonitrile
afforded 2a in no more than 57% yield (Table 1, entry 1),

the presence of chlorinated nitriles significantly increased
the product yield (from 94 to >98%, Table 1, entries 2—4).
Among these, dichloroacetonitrile proved to be the most
efficient water acceptor, leading to the desired 2a in ex-
cellent yields (entry 3). In accordance with the prediction
based on the DFT calculations, other electron-deficient
nitriles provided high product yields in comparison to that
of acetonitrile (entries 5—8). However, electron-deficient,
potentially bidentate nitriles retarded or silenced the de-
hydration (entries 9—14). Under slightly modified reac-
tion conditions, the dehydration of 1a using dichloroace-
tonitrile in the presence of palladium trifluoroacetate (1
mol %) at 60 °C gave 2a in 95% yield on a sub-gram scale
(Table 1, entry 15, see also Tables S2—S4 for the effect of
the reaction parameters). The complete retention of chi-
rality at the a-carbon of 2a under typical reaction condi-
tions was confirmed by chiral GC/MS analysis (see the SI
for details).

Two main reasons for the high reactivity of dichloro-
acetonitrile in the transfer dehydration of 1a as compared
with that of acetonitrile are (1) the transfer dehydration of
1a with dichloroacetonitrile is thermodynamically more
favorable than that with acetonitrile (by 40.1 kJ mol™ at
the M06-2X/6-311++G** level, Table S1, entry 12 vs 1),
and (2) dichloroacetonitrile is sufficiently stable to unde-
sired hydration with water. Such thermodynamic and ki-
netic considerations in the molecular design of reagents
for reversible catalysis are known to be important, as ex-
emplified by transfer (de)hydrogenation,'* olefin metath-
esis,'* and (de)hydrocyanation. '

The Pd-catalyzed transfer dehydration of amides 1 to
nitriles 2 proved to be effective for various aminoamides
derived from naturally abundant amino acids (Table 2).
The transfer dehydration proceeded smoothly with ami-
noamides 1 and afforded nitriles 2 in good to excellent
yields. The reaction could be carried out under air and
gave a result (with 1b, 95% yield of 2b) comparable with
that under N> (98%). The scalability of the transfer dehy-
dration protocol was verified with 1e, giving 2e on a gram
scale (1.4 g). No epimerization was observed at the a-car-
bons of products 2d—y obtained from natural amino acids
as judged from the [a]p values and chiral GC/MS analysis.
The catalytic system was compatible with the presence of
various functional groups, such as carbamates (e.g., Cbz
in 2b and Fmoc in 2¢), hydroxyl groups in 2k—2m; car-
boxylic acid in 20; Boc-protected amine in 2r; a guani-
dinium moiety in 2s; a Cbz-protected indole in 2u; and a
sulfoxide in 2y. Amino(bis)amides 1p (Asn) and 1q (Gln)
were doubly dehydrated to give bisnitriles 2p and 2q, re-
spectively, in acceptable yields. The presence of a neigh-
boring carboxylic acid in 1n or a heteroatom in 1t, 1v, and
1w was detrimental to the dehydration. A methionine de-
rivative 1x was less reactive than its sulfoxide analogue
1y but slowly underwent dehydration in the presence of
zinc acetate.

Table 2. Dehydration of a-Aminoamides”
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R2HN
1b-aa

1b: Cbz-Gly-NH,
1c: Fmoc-Gly-NH,
1d: Ac-Ala-NH,
1e: Cbz-Ala-NH,
1f: Ac-Leu-NH,
1g: Ac-Val-NH,
1h: Ac-lle-NH,

1i: Ac-Pro-NH,

1j: Ac-Phe-NH,

CONH,

. >_ \ PA(0,CCFy), (1 mol %) R
HoO/CH,CN (1:1) RZHN"\CN
Ny, 60 °C ob-aa
— CHCI,CONH,

1k: Ac-Tyr-NH,
11: Cbz-Ser-NH,
1m: Cbz-Thr-NH,
1n: Boc-Asp-NH,
10: Cbz-Glu-NH,
1p: Ac-Asn-NH,
1qg: Ac-GIn-NH,

1r: Cbz-Lys(Boc)-NH,
1s: Bz-Arg-NH,HCI
1t: Cbz-His-NH,

1u: Ac-Typ(Cbz)-NH,
1v: [Bz-Cys-NH,],
1w: (O=C)-Cys-NH,
1x: Ac-Met-NH,

1y: Ac-Met(O)-NH, JH:0zaq

1z: Cbz-Gly-Leu-NH,

1aa: Cbz-Gly-Phe-NH,
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product (2), isolated yield (time), S/R ratio or dr:

CbzHN"CN OH
2b, 98% (3 h)

AcHN' 8 OH BzHN” “CN
2d, 93% (5 h) /[ )
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2j, 80% (3.5 h) 22 (R" = CH,CHICHj],), 98% (4 h)
SIR >99:1 2q, 87% (4 h)9 2aa (R' = CgHs), 62% (4.5 h)

“Conditions: 1 (0.50 mmol), CHCL,CN (10 equiv), Pd(O>CCFs) (1
mol %), H,O/CH;CN (1 mL, 1:1), N,, 60 °C; R-Cat-Sil-AP (Pd
scavenger, 100 mg), CH3OH (5 mL), rt, 2 h. Enantiomeric (S/R)
and diastereomeric ratios (dr) were determined by chiral GC/MS
and "H NMR, respectively; [a]p values for products are shown in
the SL 1 (0.10 mmol). “le (6.75 mmol), CHCLCN (4 equiv),
H,O/CH;CN (13 mL, 1:1). “Yield of the methyl ester produced by
treating the crude product with (CH3)3SiCHN; in toluene/CH3;OH.
¢CCl3CN was used in place of CHCL,CN./With 10 mol % Pd. £With
2 mol % Pd. "H,O/DMSO (1:1). ‘Zn(OAc), (0.1 mmol).

Primary amide groups at the C-terminus of dipeptides
are easily available in standard peptide synthesis.'® Under
the standard conditions, dipeptides 1z and 1aa were suc-
cessfully converted to nitriles 2z and 2aa, respectively,

that bear a key motif of peptidase inhibitors with covalent
drug properties (Table 2, right bottom).'®!°

Scheme 2. Dehydration of Primary Amides at the Side
Chain: (A) Boc-Asn-OCHj, (B) Cbz-GIn-Gly-OH, and
(C) Pneumocandin By.

A
CONH, Pd(0,CCFa), &
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OCH MR OCH
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OH
1ad: Pneumocandin By

4.7 pymol

Pd(0,CCFy), (5 umol) HO
CHCI,CN (5 mmol)
HO/DMSO (1 mL, 1:1)
Ny, 60 °C, 6 h

33

2ad, 49%

“Isolated yield after methylation with (CH3)3SiCHN; in tolu-
ene/CH;OH.

The current dehydration protocol could also be applied
to an asparagine derivative 1ab and a glutamine-based di-
peptide 1ac, each having a carboxamide in the side chain
(Schemes 2A, B). Furthermore, pneumocandin By (1ad, a
natural product with antifungal activity)'” underwent the
selective transfer dehydration to give 2ad (49%), a syn-
thetic intermediate for caspofungin acetate (Scheme
2C)."® 2ad was characterized by MALDI-MS and NMR
after isolation by preparative HPLC (Figure 1). MS sig-
nals for 1ad and 2ad indicated the loss of H>O (m/z —18)
after the catalytic reaction (Figure 1A). The 'H NMR sig-
nal of a proton adjacent to the primary amide (J ~2.5



ppm) in 1ad shifted to a higher frequency (6 ~2.7 ppm) in
2ad while other signals remained almost the same (Figure
1B). Changes in '*C NMR signals were also consistent
(CN carbon in 2ad, 6 119.6 ppm; see the SI for full char-
acterization).
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Figure 1. (A) MALDI-MS and (B) 'H NMR charts of 1ad and 2ad.

In summary, an efficient catalytic system for the palla-
dium-catalyzed transfer dehydration of primary amides to
nitriles under aqueous conditions was established using
an electron-deficient nitrile as a water acceptor, by con-
sidering the thermodynamic and kinetic nature of the re-
versible catalysis. Further applications of this method for
the direct functionalization of complex natural products,
pharmaceuticals, and biomolecules are envisaged.
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