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Dehydration of amides is an efficient, clean and fundamental route for the syntheses of nitriles in organic
chemistry. The two imperative functional groups viz., amide and nitrile groups have been extensively dis-
cussed in the literature. However the recent development in the century-old dehydration method for the
conversion of amides to nitriles has hardly been reported in one place, except a lone review article which
dealt with only metal catalysed conversions. The present review provides broad and rapid information on
the different methods available for the nitrile synthesis through dehydration of amides. The review article
has major focus on (i) non-catalyzed dehydrations using chemical reagents, and (ii) catalyzed dehy-
drations of amides using transition metal, non-transition metal, organo- and photo-catalysts to form the
corresponding nitriles. Also, catalyzed dehydrations in the presence of acetonitrile and silyl compounds as
dehydrating agents are highlighted.
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polymers, materials, etc." Examples of pharmaceuticals contain-

1. Introduction

Nitriles are naturally found in various bacteria, fungi, plants
and animals and are extensively applied as raw materials for
the production of a variety of pharmaceuticals, agrochemicals,

“Toxicology Division, Regional Forensic Science Laboratory, Forensic Sciences
Department, Forensic House, Chennai-4, India. E-mail: ganchemiitd@gmail.com
bDepartment of Chemistry, Anna University, Chennai-25, India.

E-mail: nagaiitd@gmail.com

Dr M. Ganesan was born in
1983 in Madurai, Tamilnadu
state, India. He received his B.
Sc. and M.Sc. from Madurai
Kamaraj University and then his
Ph.D. from the Indian Institute
of Technology Delhi (Prof. N. G.
Ramesh Group). He did his post-
doctoral research at the Nanyang
Technological ~ University  of
| Singapore  and  Chungnam

National University of South

Korea. Since 2017, he has been

working as a junior scientific
officer at Regional Forensic Science Laboratory, Forensic Sciences
Department (Govt. of Tamilnadu), Chennai, India.

|

Muthupandian Ganesan

3792 | Org. Chem. Front., 2020, 7, 3792-3814

ing nitrile groups include vildagliptin, an anti-diabetic drug”
and anastrazole, a drug used for treating breast cancer (Fig. 1).?
Moreover, nitrile functionalities have been utilized as versatile
intermediates in organic synthesis and they can be readily con-
verted to various other important functional groups viz., alde-
hydes,* carboxylic acids,” esters,® primary amines,” imines,®
substituted oximes,” heterocycles,'® amides,"! etc.'* Synthesis of
such a highly valuable nitrile functionality has been one of the
promising research fields in organic chemistry."?
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Fig. 1 Examples of —-C=N containing drug molecules.

Various methods'*'* have been developed for the syntheses
of nitriles using different synthetic strategies including the
addition reaction of multiple bonds (I),"® oxidation of amines
(11),"® reduction of nitroalkanes (II),"” reactions of alcohols
(I0),'®* dehydration or rearrangement of oximes (III) and ami-
doximes (IV),"® dehydration of amides or water shuffling with
amides (V),?° dehydrosulfurization of thioamides (V),*' substi-
tution of aryl and alkyl-halides/azides (VI),>> and reaction of
aldehydes (VI)** (Scheme 1). The classical methods viz.,
nucleophilic substitution of alkyl halides, the Sandmeyer reac-
tion of diazotized aniline, the Rosenmund-von Braun reaction
of aryl halides, etc., have limited applications due to the usage
of highly toxic cyanide sources.** On the other side, synthetic
procedures using non-metallic cyanide sources®® have also
been available for the large-scale production of nitriles like
acrylonitrile by ammoxidation of n-propene, adiponitrile by
hydrocyanation of 1,3-butadiene, and so on.?® However, these
methods are also limited by their poor functional group toler-
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Scheme 1 Various reported routes for nitrile synthesis.
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ance due to harsh reaction conditions.”” Alternatively, alkyl/
aryl halides have also been catalytically converted to the corres-
ponding amides using naturally abundant small molecules
viz., CO,, NH; and urea.”® In fact, syntheses of nitriles from
nitrogen containing compounds such as amine, amides, etc.,
will be better alternatives than their non-nitrogen counter-
parts, as additional steps for the incorporation of the nitrogen
functionality, involving the usage of stoichiometric reagents
and generation of metal waste, can be avoided. Amides, apart
from their easy availability, with a general formula of RCONR’
R", are commonly found in numerous synthetic and natural
products, besides their crucial role as basic building blocks of
proteins in every form of life.>® Direct synthesis of nitriles by
dehydration of amides with benign and low-cost catalysts and
dehydrating agents under simple reaction conditions is par-
ticularly attractive from the green chemistry point of view.
Furthermore, in the conversion of amides to nitriles, water
molecules are the only value added side product which theor-
etically adds merit to the sustainable synthesis (Scheme 2).
Thus, the dehydration of amides would be one of the funda-
mental and clean synthetic routes for the syntheses of
nitriles.”* Simple heating at very high temperatures could lead
to the dehydration of the amide groups to form the corres-
ponding nitriles, whether catalysts and/or dehydrating agents
are present or not. However, in order to overcome the pro-
blems associated with such harsh temperature, the dehydra-
tion methods were often carried out using stoichiometric
amounts of dehydrating agents in the presence of catalysts,
since the conversion of primary amides to nitriles by eliminat-
ing water is typically endergonic.'® Another interesting method
for the preparation of nitriles from amides is “transfer
hydration” which is based on the “water” acceptor-donor
capacity of the substrate.'® Under this method, powerful water
donors such as amides and aldoximes are dehydrated into
nitriles in the presence of dehydrating agents such as aceto-
nitrile. However, selectivity and excess use of the water donor
are the major drawbacks of this method. Hence, it is a challen-
ging goal to develop eco-friendly ways for the conversion of
amides to the corresponding nitriles.

It is worth noting that recently, Al-Huniti and Croatt have
reviewed the metal catalyzed conversion of amides to nitriles.*?
However, our aim is to present broad and rapid information
on the various available methods for the dehydration of
amides to nitriles under non-catalyzed and catalyzed con-
ditions. The catalytic dehydrations included for the discussion
are based on transition metal, non-transition metal, organo-
and photo-catalysts in the presence of acetonitrile and silyl
compounds as dehydrating agents. It is hoped that by compil-
ing the widely scattered information on the dehydration of

Dehydrating
)J\ _R' agent
N
lll" R=aryl, alkyl; R'=R"=H

R—CN + H,0

Scheme 2 Dehydration of amides leading to clean products.
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amides, the present review will grasp the attention of a broad
readership due to the potential applications of nitriles.

The present review shall describe the merits and demerits
of the present methods and pertaining challenges for dehydra-
tion of amides by categorizing them into two parts: part I shall
deal with the non-catalyzed dehydration methods using chemi-
cal reagents and in part II applications of catalysts in dehydra-
tion shall be discussed.

2. Non-catalyzed dehydration of
amides using chemical reagents

The first dehydration of amides was performed by Woéhler and
Liebig in 1832 who reported that pyrogenetic decomposition
of benzamide over barium oxide yielded phenyl cyanide and
water.>® The first use of phosphorus pentoxide to dehydrate
ammonium salts or amides was introduced by Dumas in
1847.>' However, chemical reagents either as dehydrating
agents or as catalysts are usually required for the mild conver-
sion of amides to nitriles. Thus, the direct preparation of
nitriles was generally achieved by the dehydration of the
corresponding amides using classical dehydrating reagents
such as Lewis acids, basic reducing agents and other efficient
chemical reagents that are discussed in the following sections.

Rickborn and Jensen reported the dehydration of 4-tert-
butylcyclohexanecarboxamide to the corresponding nitrile
using phosphorus pentoxide (P,Os), thionyl chloride and also
phosphorus oxychloride as dehydrating agents.** Kenyon and
Ross used P,Os5 for the dehydration of 2-methyl-3-phenylpropa-
namide to obtain the corresponding nitrile.** Mahajan et al.
reported the dehydration of 2-amino-5-chlorobenzamide using
P,05 to form 2-amino-5-chlorobenzonitrile and phosphoric
acid (Scheme 3).**

Konwar and coworkers developed a method for the de-
hydration of oximes and amides in hydrated media to their
corresponding nitriles in good yields using an AlCl;-6H,O/KI/
H,0/CH;CN system (Scheme 4).>> The same group has also
reported anhydrous AlCl;-KI mediated dehydration of amides.
In the presence of water, aluminium is coordinated with

CONH, CN
P,0
NH, s NH,
_—
-H,0
cl cl

Scheme 3 P,Os as a dehydrating agent.

hydrated medium:
AICI3.6H,0,
KI/H,0/CH;CN

RCONH,
anhydrous medium:
anhyd.AICl3, KI, CH;CN

Scheme 4 AICl; as a dehydrating agent.
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amide-nitrogen and in anhydrous medium it is coordinated
with amide-oxygen and facilitates the removal of water from
the amide to form the corresponding nitrile (Scheme 4).

In the preparation of oxathioazol-2-one, an inhibitor of
threonine protease, using chlorocarbonylsulfenyl chloride as a
coupling reactant and sodium carbonate as a base, the starting
carboxamide in the presence of dioxane as solvent afforded
the expected piperidin-3-yl-oxathiazol-2-one compound in 68%
yield.>® However, in the absence of sodium carbonate as a
base, the reaction of carboxamide with chlorocarbonylsulfenyl
chloride alone using pyridine as solvent initially involved
coupling which is followed by a rapid elimination of sulphur
oxide to form its corresponding nitrile. Thus the combination
of chlorocarbonylsulfenyl chloride and pyridine constitutes a
dehydrating system and facilitates the dehydration of the
amide to give the corresponding nitrile by destabilizing the
intermediate, piperidin-3-yl-oxathiazol-2-one (Scheme 5).3°

Unnikrishnan and coworkers disclosed a one-pot synthesis
of nitriles from amides and oximes using an in situ-generated
Burgess-type reagent as the dehydrating agent (Scheme 6). The
treatment of chlorosulfonyl isocyanate with p-aminoalcohol
[1-(2-hydroxyethyl)-piperidine] yielded in a single step a cyclic
Burgess-type reagent which without further purification was
used for the dehydration of aromatic amides.?” Itabashi and
coworkers reported the dehydration of benzamide, acetamide,
thiobenzamide and nicotinamide using phosphorus tris(di-
ethylamide) [P(NEt,);] under reflux conditions in THF for

CONH,

o)
(:1)J\s/Cl

pyridine, 80 °C,
overnight

e acsl tacH

R = H (33%), NO,(34%)

piperidin-3-yl-oxathiazol-2-one

Scheme 5 Chlorocarbonylsulfenyl chloride and pyridine mediated
dehydration.

Gt

ArCONH, Ar—CN
CH,Cl,, reflux
CN CN CN
Cl Cl
Cl
93% Cl1 (88%) (90%)

Scheme 6 Burgess-type reagent as the dehydrating agent.
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Scheme 7 Use of electrophilic phosphorus-I1ll reagents.

3 hours, to give the corresponding nitriles in 89.6%, 98.5%,
90.4% (in benzene) and 70.5% yields, respectively (Scheme 6).%*

Touil and coworkers developed three different methods for
the conversion of primary amides into the corresponding
nitriles, mediated by the highly electrophilic phosphorus-III
reagents, tris-(dimethylamino)phosphine [P(NMe,)s], phos-
phorus trichloride (PCl;), or triphenylphosphite [P(OPh)s],
respectively (Scheme 7).*° The primary amides coupled with
P(NMe,);, PCl3, or P(OPh); followed by rapid elimination with
a base: diethylamine or DBU to form the corresponding
nitriles under MW irradiation or reflux conditions. Among
these three methods, method C with P(OPh); and DBU under
MW irradiation exhibited the best result. Notably, aromatic
amides bearing electron-donating groups on the aromatic
rings produced higher yields and the reaction conditions were
found to be compatible with cyanoamides, malonamides,
a,p-unsaturated amides, an unprotected amine functionality,
the existing nitrile functionality, and a thiophene ring.

Dennis reported the dehydration of amides to nitriles with
the help of silazanes, aminosilanes, alkoxysilanes, and chloro-
silanes as dehydrating agents at high temperatures.’® For
example, hexamethyltricyclotrisilazane with acetamide or
benzamide underwent dehydration at a temperature range of
180-200 °C, forming acetonitrile and benzonitrile in 95 and
85% yields, respectively (Scheme 8). Moreover, with benz-
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3RCONH, + (HNSiMe,); _ heat
R=Me, Ph

3RCN + 3NH; -+ (OSiMe,)x

heat

4PhCONH, + (HNSiMe,), 4PhCN + 4NH;3 + (OSiMe,)x

heat
PhCONH, + ("Bu0),Si ——— PhCN + "BuOCOPh + [("BuO);Si],0

Scheme 8 Silyl compounds as dehydrating agents.

amide, silazanes formed a siloxane polymer of molecular
weight M,, 120 000 as the by-product. Under these conditions,
N-methylbenzamide also gave the benzonitrile when heated to
above 200 °C.

The conversion of primary amides into nitriles has also
been found to use oxalyl chloride as an activating agent only
along with other reagents.*’ In 1978, Swern used for the first
time a combination of DMSO and oxalyl chloride for the oxi-
dation of primary and secondary alcohols.**> The combination
has been used for many other conversions.”* Sun et al. wished
to use the Swern reaction conditions catalytically for the de-
hydration of amides which often involve the usage of stoichio-
metric amounts of DMSO and (COCl),.*" The authors success-
fully carried out the catalytic dehydration of amides to obtain
nitriles in good yields, using a catalytic amount of DMSO in
the presence of (COCl), and Et;N (Scheme 9). The proposed
mechanism for the catalytic Swern oxidation involved initial
formation of chlorodimethylsulfonium chloride from the reac-
tion of DMSO and (COCl),, followed by nucleophilic substi-
tution of amide-oxygen in the presence of the Et;N-base. In
the last step, elimination of HCl and DMSO led to the for-
mation of the corresponding nitrile. The replacement of the
base Et;N with other bases such as DBU and NMM was not

(COCI), (1.2 equiv.),

i DMSO (1 mol%),

R—CN
R NH, Et3N (2.5 equiv.), .
R=Alkyl, Aryl  MeCN, 1t, 40 min. (76-96%)
N
Va [f J@K
PH
Br 80%
92% 95% 95% 02
O/ @\ = nC,Ho, 80%
=N R Ph, 83%
R = PhO, 80%
90% 96% 82%
N
N
NHBoc NHCbz
87% 87% 92% 83% 76%

Scheme 9 Oxalyl chloride with a DMSO catalyst.
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successful. Notably, the yields obtained were found to be com-
parable with those of the catalytic Appel type reaction (dis-
cussed in a later section). The Boc protected substrate was
found to be compatible under catalytic Swern oxidation,
whereas under catalytic Appel’s reaction, Boc-protected amino
acids did not undergo the conversion. Moreover, the present
method was superior in terms of higher yield than the one
reported by Nakajima and Ubukata®" using Swern oxidation
with stoichiometric DMSO.

Monson and Priest reported the dehydration of aliphatic
and aromatic carboxamides to their corresponding nitriles in
hexamethylphosphoric triamide (HMPT) at 220-240 °C in
good yields viz., propionamide (94%), n-butyramide (75%),
hexanamide (78%), banzamide (67%), phenylacetamide (75%)
and adipamide (49%) (Scheme 10).** The plausible mecha-
nism for this reaction involves the evolution of dimethylamine,
the formation of a phosphorodiamidate derivative of the
amide, and the elimination of the phosphorodiamidate
leaving group to form the nitrile (Scheme 10).

Cyanuric chloride (2,4,6-trichloro-s-triazine) has also been
used as a dehydrating agent for carboxamide. Under these
reaction conditions, only a one third molar equivalent of cya-
nuric chloride is needed to convert an amide group into its
nitrile.*”> The mechanism involves initially simple nucleophilic
substitution of chloride in cyanuric chloride with formamide
which is then substituted by carboxamide. For example,
Rodriguez and coworkers reported the dehydration of
N-protected a-amino-carboxamides to their corresponding
nitriles in good yields using cyanuric chloride in DMF as the
dehydrating agent (Scheme 11)."® Using similar conditions,
Bonrath and coworkers reported the dehydration of hetero-
cyclic carboxamides to the corresponding nitriles (Scheme 12).
The oxazole amides underwent dehydration smoothly to form
their corresponding nitriles.”” They also found that the nature
of the formamide is not critical and any conventional N,N-di-
substituted formamide can be used but the formamide must
be water insoluble. However, nicotinic acid amide did not
react under these conditions to 3-cyano-pyridine.

Shia and coworkers disclosed a simple procedure for the
conversion of primary amides to the corresponding nitriles,
using ethyl dichlorophosphate as the dehydrating agent along

j’\ HMPT (> 3.0 equiv.),
reflux, 220-240 °C
R™  NH, R—CN
|| _NMe
HMPT (67 T S) (I:I) NM
OH )\ NMe, HMPT 0—p €2
/g -Me;NH R \N> @ NMe,
R” “NH l OH
H [|_ NMe,
Me;,N—P
|| _NMe, NMe,
Me;N—P
NMe,

Scheme 10 HMPT mediated dehydration.
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Scheme 11 Cyanuric chloride mediated dehydration.

R,
Wyt 3.
R RI/QO R;

CyCl (0.5 equiv.),

, DMF MTBE
R, =H, R,= CHj, Ry = CONH, Rl H, R, = CHj;, R; = CN 99.4%
R, = CONH,, R, = CH3, R; = OEt =CN, R, = CHj, R; = OEt. 62.6%
R, = H, R, = CONH,, R; = OEt R, H, R, =CN, R; = OEt, 77.6%
NH, NH,
N NH, CyClI (0.5 equiv.), N| /<\ .
& DMF, MTBE L -
N o N
H H

63.4%

Scheme 12 CyCl with MTBE for dehydration.

with DBU (Scheme 13).*® Moreover, for comparison, the
authors also carried out the dehydration of cyclohexanyl car-
boxamide distinctly using their own reagent system ethyl
dichlorophosphate/DBU as well as with a trifluoroacetic anhy-
dride (TFAA)/Et;N system which had already been reported for
the dehydration of primary amides.”® (Scheme 14). They
observed that their reagent afforded the nitrile in 92% yield;
however with the TFAA system the nitrile was formed in only
64% yield along with trifluoro-acylated nitrile as a side product
in 23% yield.

In 2011, Sardarian and coworker’® reported a better
method using “diethyl chlorophosphate” (EtO),POCI as a dehy-
drating agent (Scheme 15), compared to the previous one with
“ethyl dichlorophosphate” (Scheme 13).***® Moreover, the
present method has an advantage that the dehydration could
also be carried out in the absence of a solvent and base,
without compromising the yield (Table 1).

This journal is © the Partner Organisations 2020
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Scheme 13 Ethyl dichlorophosphate as a dehydrating agent.

CN
EtOPOCI, (2 equiv.),
DBU (3 equiv.),
CH,Cl,, 1t
gONHz 92%

BocHN
o
BocHN *
TFAA (2 equiv.),
NEt; (3 equiv.) o
CHyClp, 0°C-1t,1h BocHN BocN 2
64% )/ CFs
o

Scheme 14 Ethyl dichlorophosphate vs. TFAA.

(0]
(EtO),POCI (1 equiv.)
)L 2 R—CN + (Et0),PO(OH)
R NH, Toluene, reflux, 5-25 min
or
solvent free, 120 °C, 5-25 min
OH (Et0),POCI (o PO(OEY),
—HCl /K-\

R NH R NH

Scheme 15 Diethyl chlorophosphate as a dehydrating agent.
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Table 1 (EtO),POCI vs. (EtO)POCLl,: comparison of reaction time and
yields*®~>°

(Et0),POCI

Toluene Solvent free (EtO)POCl,

CN
R@ Yield, Time, Yield, Time, Yield, Time,

% min % min % min
R=H 83 20 89 15 98 60
R =p-Me 82 10 90 15 92 180
R = p-OMe 85 5 91 5 94 180
R =p-NO, 89 15 91 25 93 120

©/ch 92 10 94 10 92 180
O/CN 72 10 74 10 80 180

The proposed mechanism involves the reaction of the
imidic form of primary amide with diethyl chlorophosphate to
form the corresponding diethyl phosphate imide followed by
the release of diethyl hydrogen phosphoric acid and nitriles.
In order to study the effect of solvent, they carried out the de-
hydration in toluene as solvent under reflux conditions and
the solvent method was found to produce relatively low yields.
Notably, 2-cyanopyridine (2-CP) has been used as a dehydra-
tion agent in the synthesis of dimethylcarbonate (DMC) from
CO, and methanol.”" In order to improve the recyclability, the
end product, 2-picolinamide (2-PA), was dehydrated back to
2-CP. In this context, many attempts have been made to
achieve the dehydration of 2-PA to 2-CP.***°* Some of them
such as ethyldichlorophosphate,”® (N-methyl-N-trimethylsilyl)
trifluoroacetamide,> trifluoromethane sulfonic acid anhydride
and trimethylamine®® are non-renewable and expensive too.

3. Catalyzed dehydration of amides

Recent years have seen an upsurge in the publications of cata-
Iytic dehydrations using a variety of metals and organic small
molecules as catalysts in the presence of dehydrating agents.
Transition metal catalyzed amide-dehydration reactions typi-
cally utilize acetonitrile*'** or silane®*”° including N-methyl-N-
(trimethylsilyl)trifluoroacetamide (MSTFA), even though a very
high temperature can also cause dehydration but with poor
yield. A catalyzed water shuffling method between amides and
nitriles has also been gaining reasonable attention for convert-
ing amides to nitriles and vice versa.”” Metal based catalysts
reported for the dehydration of primary amides to nitriles
include complexes of transitions metals viz.,, Cu,**® In,*®
Fe,56’60 Pd’61 Sn,19 Re,62 Rh,63 Ru’56,64 U,52 V’65 W,52,66 Zn’52,66,67
and Zr.°® The available literature reports are reviewed on the
basis of the catalyst/dehydrating agent: (1) catalyzed dehydra-
tion at high temperature; (2) catalyzed dehydration using aceto-
nitrile as a dehydrating agent, (3) transition metal catalyzed sily-
lative dehydration, and (4) non-transition metal catalyzed, (5)
organo-catalyzed, and (6) photocatalyzed dehydration.

Org. Chem. Front,, 2020, 7, 3792-3814 | 3797
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3.1. Metal catalysed dehydration at high temperature

Dehydration of amides in the absence of a dehydrating agent,
at high temperature either with or without a catalyst, has been
found to give the corresponding nitrile. However, in order to
improve the yield, to make it suitable for thermally unstable
amides possessing other functional groups, and to avoid the
usage of stoichiometric reagents including dehydrating agents,
it is wise to make use of catalysts. Catalyzed dehydrations by
bringing down the actual required temperature and time are
found to be compatible for a variety of amide substrates. One
such condition was accomplished by Campbell and coworkers
for non-catalyzed dehydration of primary amides under flash
vacuum pyrolysis (FVP) conditions requiring heating to
>800 °C; however the addition of WO; to the furnace tube
reduced the temperature by half to 400 °C for yielding benzo-
nitrile in 97%.%*°%°

Indeed, the first method in this context, using Wilkinson’s
heterogeneous catalyst, RhCI(PPh;);, also required a very high
temperature to remove the water molecules from the amide to
form benzonitrile.®® Also, under such harsh conditions, deha-
logenation was observed with p- and m-chlorobenzamides.
Thus, Watanabe et al. replaced the catalyst with a ruthenium
() complex for the dehydration of the amide using, notably,
an equimolar amount of N,N'-dialkylurea which gets converted
into isocyanate and finally into alkyl amines and CO,
(Scheme 16).%*

Yamamoto and coworkers reported a functional group-toler-
able and large-scalable method using ~1 mol% of perrhenic
acid under azeotropic reflux of mesitylene for the dehydration
of amides including vinyl and aromatic amides (Scheme 17).%®

Kaneda and coworkers reported that monomeric vanadium
oxide supported on hydrotalcite (V/HT) acted as a reusable
solid heterogeneous catalyst for the dehydration of amides
into the corresponding nitriles. Under these reaction con-
ditions, 16 different nitriles were obtained in good yields
(83-94%) (Scheme 18).%

In 2004, Bergman and Ruck®® reported a zirconium-
mediated conversion of amides to the corresponding nitriles
and thus joined the club consisting of the lone transition
metal-mediated dehydration by TiCl,*® (Scheme 19). In the
present method, primary amides were converted into their
corresponding nitriles through the formation of the corres-
ponding N-acylimidozirconocene complex.

0 RuCl,y(PPhy); (10 mol%),
)L R—CN
R NH, 1,3-dimethylurea,
diglyme. 180 °C
Scheme 16 Ruthenium(i) complex for dehydration.
(0]
[(HO)ReO;],q (0.9 mol%),
)k R—CN
R NH, azeotropic reflux,

mesitylene

Scheme 17 Perrhenic acid mediated dehydration.
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Scheme 18 Vanadium catalyst for dehydration.
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Scheme 19 Zirconium catalyst with LiCl for dehydration.

Y = Me 91%; OMe 97%;
Br 92%; CF3 93%

Dimethylzirconocene reacted with amides to form a methyl-
zirconium amide complex. This methyl-zirconium amide
complex, with the help of a chloride source, underwent 1,2-
hydro methyl elimination to form an N-acylimidozirconocene
complex which reacted intra-molecularly to give the corres-
ponding nitrile (Scheme 19). Mechanistic studies reveal that
chloride coordination to zirconium is required for this trans-
formation to occur which was proved by carrying out dehydra-
tion with two different methods. In method 1, [Cp,Zr(CH;3)Cl]
with an inbuilt chloride neatly formed the corresponding
nitrile. However in method 2, with dimethylzirconocene,
initially N-benzoylimidozirconocene was formed and left
intact even after prolonged heating. The formed
N-benzoylimidozirconocene continued to react only after the
external addition of LiCl to form an N-benzoylimidozirconocene
complex. In method 1, the residual LiCl by-product formed
from the reaction between the lithium salt of benzamide
and [Cp,Zr(CH3)Cl]. These observations indicated that the de-
hydration was dependent upon the chloride-anion additive
effect.
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3.2. Metal catalysed dehydration using acetonitrile as a
dehydrating agent

Acetonitrile, the relatively inert solvent, gets activated in the
presence of a metal catalyst and acts as a dehydrating agent
for the conversion of primary amides to form the corres-
ponding nitriles along with an equimolar amount of acet-
amide. However, dehydrations using nitriles as solvents are
typically reversible, and the catalyst can promote the reaction
in either direction depending on the type of solvent involved
in that direction. Palladium-catalyzed dehydration of amides
using acetonitrile as a dehydrating agent is known for its
chemo-selectivity and compatibility over many other
functionalities.>*®"7°

In 2005, Maffioli et al. reported for the first time PdCl, cata-
lysed reversible conversion of primary amides to nitriles in
aqueous acetonitrile solvent (Scheme 20).°"”° The dehydration
of primary amides involved “water transfer” from the amide to
acetonitrile. They revealed three important findings: (i) the de-
hydration of amides using a palladium-catalyst requires the
addition of water; no reaction occurs under anhydrous con-
ditions, (ii) water was not generated during the reaction but
transferred directly from the amide to acetonitrile, and (iii)
PdCl, and Pd(OAc), alter the pH of the reaction solutions to
the ranges 2.8-3.5 and 4.7-5.0, respectively; thus Pd(OAc), can
be a better choice of catalyst for the substrates which are sensi-
tive to an acidic environment. The mechanism of palladium
catalyzed dehydration involves the coordination of the palla-
dium metal with nitrogen, and a H'-shift between the amide
and nitrile (Scheme 20). The reversibility of this reaction i.e.,
conversion of the nitrile to amide by hydration under the same
reaction conditions was validated. Benzonitrile (PhCN) was
allowed to react with MeCONH, under the same reaction con-
ditions in which PhCN was used as a co-solvent instead of
MeCN along with water. For making a homogeneous solution,
a small amount of THF was also added and complete
hydration of PhCN to benzamide was observed in 6 hours at
room temperature.

In order to drive the reversibility of this reaction towards
the complete conversion of amides to nitriles, Okabe et al. very
recently carried out the palladium-catalyzed dehydration of
primary amides to nitriles using dichloroacetonitrile as a water
acceptor (Scheme 21).”' The authors initially searched for a

(HZO) Pd(IT)

N) Oy

(H,0) Pd(1T)
PdCl,, MeCN:H,0 (1:1)

NH,
| l PdCl,, H,O-THF,

JIt
Me MeCONH, R o7 e

Xshlﬁ P d(II) (H,0) / * shift

R O Me
Scheme 20 Palladium catalyst for dehydration.
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Scheme 21 Dichloroacetonitrile as a water acceptor.

better water acceptor than MeCN in order to overcome the fact
that the dehydration of electron-deficient amides with MeCN
is energetically unfavourable. In this context, they focused on
the use of electron-deficient nitriles such as dichloroacetoni-
trile as water acceptors to make the dehydration thermo-
dynamically more favourable and also to obtain nitriles with
the retention of the stereochemistry. The driving force to push
the reaction towards nitrile formation is the energy required
for hydration of the water acceptor. It was found that the
hydration of dichloroacetonitrile was more exergonic than that
of acetonitrile.

Using dichloroacetonitrile, a palladium trifluoroacetate-
catalyzed dehydration method was effectively carried out for
various a-aminoamides derived from natural amino acids in
which many protecting groups were found to be intact.
Notably, only the amide group with free -CONH, gets de-
hydrated under these conditions (Scheme 22).

Singh and coworkers used a very low catalyst loading
(0.5 mol%) of a trinuclear palladium(i) complex in aqueous
acetonitrile solvent for the dehydration of amides to the corres-
ponding nitriles in good yields (72-96%) (Scheme 23).”° They
used two NHC-Pd complexes with NHC containing soft donors
viz., sulphur and selenium and found that Pd catalyst A (with
S) was more efficient than Pd catalyst B. They found that the
reaction conditions were compatible with aliphatic amide,
valeramide, pyridyl and aryl groups with various halogen sub-
stituents. During the optimization the authors screened two
other catalysts viz., Pd(CH;CN),Cl, and Pd(PhS(CH,),SPh)Cl,,
and even with 1 mol% loading these failed to achieve conver-
sion, whereas in contrast, Maffioli and coworkers succeeded
with 0.5 mol% for PdCl,. Since direct comparison is not avail-

Rl PA(0,CCF5), (1 mol%), Rl
+
PY CLCHCN .
RPN CONH, HO/CH;CN (1), RN SN
N, atm., 60 °C
~CL,CHCONH,
N N
CbzHN” CN 98% /'\ W 2
~ AcHN” CN Ly e
FmocHN™  "CN' 93% 93% BzHN” “CN $3%
0. CH;

O\ O  CH,CHMe,
N CN CszN\)k )\

[ ) J
Ac N CN 88%

N HNAc CN
99% 98% 87%  AcHN CN

Scheme 22 Dehydration of a-aminoamides.
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Scheme 23 Palladium catalyst for dehydration.

able, we shall assume that this discrepancy in the observation
of two groups is due to the different sources of Pd(u), PdCl,
versus Pd(CH3CN),Cl,.

Croatt and coworkers, while carrying out their research on
improving the biological activities of Alamethicin F50, a
20-mer peptaibol, by fluorination using Pd(OAc), and
Selectfluor®. However, instead of fluorination, only dehydra-
tion of amide functionalities to form the corresponding tri-
cyano product, along with semi-dehydrated analogues viz.,
mono- and di-cyano products, was detected (Scheme 24).”°
This observation led them to explore further the application of
this catalytic system to alkyl and aryl primary amides to obtain
their corresponding nitriles in good yields. The role of the
additive (20 mol% Selectfluor® in acetonitrile) was to act as an
oxidant and to avoid the requirement of water for palladium
catalysed dehydrations. The added Selectfluor® modified the
Pd-catalytic pathway that generally uses either Pd(0) or Pd(u),
by the formation of Pd(wv) which no longer requires the
addition of water. Several non-, mono-, and disubstituted ben-
zamides and aliphatic amides were converted to their corres-
ponding nitriles in good yields. Notably, under these catalytic
conditions, the cyclopropyl moieties were found to be intact.

Dai and coworkers reported two different palladium-cata-
lyzed reaction conditions using non-aqueous acetonitrile for
the conversion of a,f,y,8-unsaturated amides (Scheme 25) and
aryl-alkyl amides (Scheme 26) into the corresponding
nitriles.>® The general requirement of water for palladium-cata-
lysed dehydration of amides was exempted by the addition of
metal acetate, which takes different pathways to assist the pal-
ladium catalyst. However, metal acetate alone without the pal-
ladium catalyst did not result in the conversion. The optimized
reaction conditions for the conversion of unsaturated amides
were achieved with PdCl,, LiCl, and AgOAc in MeCN, whereas
for the alkyl and aryl amides, the conditions with PdCl,,
(PPh3),, and Cu(OAc), in MeCN were used.

Notably, both reaction conditions were found to be success-
ful at moderately high temperatures (80 °C). In general, the
role of AgOAc is to regenerate Pd(u) from Pd(0) in the catalytic
cycle. However, in the present method, AgOAc and Cu(OAc),
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Scheme 24 Palladium catalyst with Selectfluor®.

are merely the source of acetate counter anions which can be
realized from the observation that the replacement of AgOAc
with NaOAc did not affect the yield very much. But, the pres-
ence of acetate is highly required for the conversion, as it acts
as a base throughout the mechanism. Being a dehydrating
agent, when MeCN was replaced with DMF or toluene, it
reduced the yield to less than 15%. Moreover, during the de-
hydration, MeCN is present as solvent in excess so as to drive
the equilibrium towards the nitrile product formation by
getting converted itself into acetamide.

A rapid method for the conversion of primary amides to
nitriles and vice versa using ZnCl, and a ZnCl,-H,O-THF
system in the presence of aqueous acetonitrile and acetamide,
respectively, under microwave irradiation was reported by
Manjula and Pasha (Scheme 27).°” Zn(n) facilitates the transfer
of water from the amide to acetonitrile and vice versa.

3.3. Catalyzed silylative dehydration - theoretical aspects

In silylative dehydrations of primary amides, transition metals
get inserted into the Si-H bond and form hydrogen gas and
silyl ether (Scheme 28). Indeed, silicon compounds have been
used as silylating reagents, and they actively induce dehydra-
tion of the amides only in the presence of a catalyst.

However, there have been recent reports that either the high
energy barrier syn-elimination or Jlow energy barrier
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Scheme 27 Zinc catalyst for dehydration.
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Scheme 28 Silicon-based dehydration of amides.

B-elimination in the presence of catalysts was the responsible
pathway for the silylative dehydration to occur. Before review-
ing the literature available for the metal catalyzed silylative de-
hydration of carboxamide to form the corresponding nitrile,
we believe that knowing the mechanism of amide-dehydration
will be very useful in designing the reaction conditions. In
addition, Density Functional Theory (DFT) studies are found
to be very helpful in determining the structure-reactivity
relationships for the catalytic dehydration of primary amides
using silanes. Mandal and coworkers’” reported the DFT calcu-
lations for amide to nitrile conversion using dehydrating
agents such as phenyl silane. They compared the energy
profile of the catalyzed reaction with that of the non-catalyzed
one by taking p-methoxy benzamide as an example.
Uncatalyzed silylative dehydration undergoes N-silylation, N- to
O-silyl migration, a second N-silylation to form N,O-disilylimi-
date, and finally elimination of silylether to form the nitrile
(Scheme 29). Each silylation is followed by dehydrogenation to
give relatively low energy silylated imidate intermediates.
Notably, both the silylation and elimination of silylether were
accompanied by large energy barriers (Scheme 29). Hence, the
addition of a catalyst can greatly help in the silylative dehydra-
tion process. For example, aNHC catalyzed mono-silylation
and N- to O-silyl migration have energy barriers of 27.0 (T1,
Scheme 32) and 15.7 kcal mol™" (calculated), respectively,
which were found to be lower than those for uncatalyzed con-
ditions. Buchwald’s group®® also obtained similar results
using a copper catalyst that N- to O-silyl migration needs only
13.5 keal mol™'; hence O-silyl and N-silyl imidate forms equili-
brate rapidly at room temperature (Scheme 30).

The catalyzed silylative dehydration follows either
syn(1,2)-elimination or B-elimination. The syn-elimination
pathway involves mono-N-silylation, N- to O-silyl migration, a
second N-silylation to form N,O-disilylimidate, and finally syn-
elimination of silylether to form the nitrile with the regener-
ation of the catalyst (Scheme 32). In the case of the
B-elimination pathway, differently, the amide substrate under-
went mono-N-silylation, N- to O-silyl migration, and finally
B-elimination of the catalyst along with silyl oxide as an ion-
pair to form the nitrile. In order to regenerate the catalyst, a
second silylation is required to dissociate the ion-pair into
silyl ether (Scheme 32). It is interesting to note that in the
catalyzed dehydrations, the addition of a second mole of
silane is entirely utilized for regenerating the catalyst and
eliminating the silylether. Thus, the role of a catalyst can be
observed until the second silylation which substitutes the
catalyst.

DFT calculations for the copper catalyzed elimination
process in disilyl imidate derived from the reaction of acet-
amide with DMMS showed that the barrier for syn-elimination
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Scheme 29 DFT calculations and Gibbs free energy AG (kcal mol™): uncatalyzed dehydration.
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Scheme 30 DFT calculations: Cu catalysed interconversion of N-silyl
and O-silyl imidate forms.

was too high to be surmountable at ambient temperature
(+37.0 keal mol™*, Scheme 31). Also, the formation of N,0-disi-
lylimidate itself requires a high energy barrier to be sur-
mounted (37.7 keal mol™"), making syn-elimination energeti-
cally least viable and therefore not feasible.

Appreciably, for the f-elimination, aNHC and copper/
DCyPE catalysts have low energy barriers of 6.6 and 4.8 kcal
mol ™", respectively (Schemes 32 and 33). In copper catalysed
dehydration, p-elimination of the silyl group was facilitated by
reduced strain in the four-membered transition state
(Scheme 33). This can be explained with the help of the differ-

(o} DMMS, Cu(OAc),,
H;C—CN
H,C™ "NH, DCyPE
(MeO),MeSi O—SiMe(OMe),
\Ni _ >
Me t
(Me0),MeSi------ O—SiMe(OMe), N=—Me
o syn _
N=( B *
. elimination
Me [(MeO),MeSi],O

AG =37.0 kcal/mol

Scheme 31 DFT calculations: Cu-catalyzed syn-elimination.
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ence in bond distances in their respective transition states.
The p-elimination has a transition state with bond lengths, viz.
Cu-O and Cu-N bond lengths (251 and 199 pm), longer than
those of the syn-elimination transition state (Si-O, Si-N: 187,
200 pm). Due to the larger size of Cu compared to Si, the
reduced strain and the thermodynamically favourable -C=N
bond make the B-elimination comparatively easy and rapid.

3.4. Metal catalysed silylative dehydration

In 2008, Nagashima and coworkers reported the first silicon-
based dehydration of primary amides using a triruthenium
carbonyl cluster (Scheme 34).>® They showed that the yield of
nitriles depended on the type of silane mediating the dehy-
drations and that poly(methylhydroxysiloxane) (PMHS), triethyl
and dimethoxymethyl silane were obtained in poor yields
(Scheme 34).

The highest yield was observed with a bifunctional organo-
silane, 1,2-bis(dimethylsilyl)ethane, in the presence of
2.5 mol% of triruthenium catalyst. The reaction conditions
were found to tolerate several functional groups including an
alkene but not o,p-unsaturated amides. The authors also
deduced the mechanism for the ruthenium catalyzed dehydra-
tion that the initially formed N,N-bis(trimethylsilyl)amide, at
high temperatures, underwent N- to O-silyl migration followed
by syn-elimination of silyl groups as its ether to give the corres-
ponding nitrile and to regenerate the catalyst.

Silylative dehydrations of amides to nitriles catalyzed by
iron hydrides have also been reported. For example, Beller and
coworkers reported the first iron-catalyzed dehydration of
primary amides to nitriles using silanes as the dehydrating
agents (Scheme 35).°° In the presence of silane, (EtO),MeSiH,
the dehydration did not proceed without a catalyst and also
even with 5 mol% of Fe(CO)s, FeCl, or FeCl;. However, on the
addition of various iron carbonyl clusters [CpFe(CO),],,
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Scheme 33 DFT calculations: Cu-catalyzed p-elimination.

Fe3(CO);, and [EtzNH] [HFe3(CO);4], Fe(acac); and Fe,(CO)o, a
good conversion of amides to nitriles (83-97%) was observed.
The optimization of the reaction for dehydration of benzamide
resulted in conditions with the iron catalyst [Et;NH]
[HFe;3(CO),4] which gave a better result (90%) in a short time
(3 h). Also the silane, (EtO),MeSiH, along with toluene solvent
showed better conversion in comparison with other silanes
such as PMHS, PhSiH;, Ph,SiH,, Et;SiH, TMSOSiMeH, and
(EtO);SiH as dehydrating agents. The result that PMHS gave
poor yield was similar to that of Nagashima’s method®®
reported earlier. Notably, the dehydration of cinnamamide

This journal is © the Partner Organisations 2020

Ru;(CO),

Scheme 34 Ruthenium catalyzed silylative dehydration.

using four equivalents of silane in 1,4-dioxane as solvent gave
the corresponding cinnamonitrile along with a reduced
product 3-phenylpropionitrile in a 1 : 2 ratio. Also, no dehydra-
tion was observed with nicotinamide under these reaction con-
ditions. They proposed a mechanism for the iron-catalyzed de-
hydration and found it to be similar to that reported earlier
for the ruthenium catalyst (trirutheniumcarbonyl cluster,
(ACE)Ru3(CO);) by Nagashima and co-workers that involved
metal catalysed N-silylation followed by its elimination as silyl
ether.
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Scheme 35 Iron-hydride catalyzed silylative dehydration.

Li and coworkers reported an air-stable N-heterocyclic PSiP
pincer iron hydride and an analogous nitrogen iron hydride
for the dehydration of primary amides to nitriles
(Scheme 36).”* They optimized the reaction conditions using
three hydride catalysts and found that iron hydride III was
better than other hydrides in terms of its air-stability and
amide to nitrile conversion. Among different silanes, viz.
(Et0),SiMeH, Ph;SiH, Et;SiH, Ph,SiH, and (EtO),SiH that were
tested, Ph,SiH, was found to be a promising dehydrating

E M E
N\"e/N N\'_/N
Si Si
( !sﬂ ( I»\’J
R . re

Ph,P Fe PPh, (Pr

MesP PMe;
R =Me, Fe-Hydride I
R =Ph, Fe-Hydride IIT
Ph,SiH, ( 3.0 equiv.),
Fe-Hydride I1I (2 mol%),

Ny PMe;

Fe-Hydride 11

THF, 70 °C, 24 h

OO0 U,

6 MeT0% CISS% o 87% 79%
N~ 0 0 R eN
N 30%?2 s N, 55%
0/.a
Me 86%; OMe 85% =~ “CN 62% AR CON
OH 55%; NH, 82% S0 R
F 87%; C1 89%:NO, 90% " “Dioxane, 120°C, 24 h 75%

Scheme 36 Iron-hydride catalyzed silylative dehydration.
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agent due to its excellent conversion and lower toxicity. The
proposed mechanism for the conversion of amides to nitriles
involved the iron-hydride complex assisted O-silylation fol-
lowed by its elimination in ether form. They noted that the
presence of an electron withdrawing group on the phenyl ring
had raised the yields of the nitrile product. Moreover, the cata-
Iytic system did not affect the double bonds in acrylonitrile
and cinnamamide. The dehydration of acetoacetamide,
however, yielded 3-hydroxybutyramide, and the carbonyl group
of the acetyl group was selectively reduced but not that of the
amide group. The authors also reported the use of silyl iron
hydride bearing [PSiP]-pincer ligands as catalysts along with a
Lewis acid as the promoter for dehydration of primary amides
to nitriles (Scheme 37).”> Lewis acids accompanied by higher
temperature, longer reaction time, and less yield have already
been utilized for the dehydration of amides to nitriles.>*°”7*7>
Thus, the authors wanted to study the influence of Lewis acids
on the metal-hydride catalytic activity. The significance of a
Lewis acid as an additive in the iron-hydride catalytic reaction
was extensively studied and it was found that ZnBr, was the
best under these catalytic conditions. However, the Lewis acid
ZnBr, alone without the catalyst gave very poor yield. The same
group has also achieved the reductive dehydration of amides
to nitriles in good yields at lower temperature (60 °C) using
hydrido thiophenolato iron(u) complexes [cis-Fe(H)(SAr)
(PMe;),] as catalysts with (EtO);SiH as the dehydrating agent
(Scheme 38).°° Though the reaction conditions with low cata-
lyst loading (5 mol%) can tolerate aliphatic, acrylic and aro-
matic amides possessing nitro, halo and methoxy substituents,
the keto-group of the amide was found be reduced much faster
than dehydration.

Similarly, the same group reported the applications of
phosphorus-chalcogen chelated hydrido iron(n) complexes
[(0-(R',P)-p-R-CcH,Y)FeH(PMes);, Y = O, S, Se] and also cis-sele-

CONH,  (Et0);SiH ( 3.0 equiv.), CN
Fe-H catalyst (2 mol%),
Lewis acid (1.2 mmol)
THF, 40 °C, time
Cl Cl
Me
Si
H
Ph,HP Fé: PHPh,
Me;P PMe,

Lewis Acid Time (h) Yield (%)
MgCl, 12 <10
FeCly 12 <10
Cul 12 52
CuBr 12 <10
CuCl 12 <10
Cu(acac), 12 <10
ZnCl, 12 77
ZnBr, 12 81
ZnBr, 24 85
ZnBr, 30 89
None 30 34

Scheme 37 Iron-hydride catalyzed silylative dehydration.
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9 Fe-H catalyst (5 mol%), E H PMe,
)k * (EtO);SiH R—CN ! Phe_ e
! S

R® NH, THF, 60 °C, 24-48 h

Scheme 38 Iron-hydride catalyzed silylative dehydration.

nophenolato iron hydrides (cis-[(ArSe)FeH(PMejs),]) as catalysts
and (EtO);SiH as a reducing agent for the dehydration of
primary amides to nitriles.”® In 2011, Lemaire and coworkers
reported the use of the inexpensive polymethylhydrosiloxane
(PMHS) as a reducing agent for the conversion of primary
amides to the corresponding amines along with nitriles as
side products.””

Iron based N-heterocyclic carbene complexes as homo-
geneous catalysts have been used in many transformations
including silylative dehydrations.”® Basic NHC with or without
transition metal has also been
dehydrations.’*®®”> For example,
workers®® carried out the dehydration at high temperatures
(100 ©°C) using a light-activated iron Knolker-type complex
bearing an NHC ligand, nitriles were formed in moderate
yields (Scheme 39). However, like Beller’s observation
(Scheme 35),°° when they changed the catalytic system to
[Ets;NH] [HFe3(CO);4] and (EtO),MeSiH, cinnamamide gave
cinnamyl nitrile (65% conversion, 61% isolated yield) under
these conditions, along with reduced product 3-phenylpropio-
nitrile in very small amounts (~2%). The group has also pub-
lished the iron-catalyzed dehydration conditions but with
different pairs of catalysts and silanes, viz. a cyclopentadienyl
NHC-iron complex and phenylsilane (Scheme 40).>® Primary
amides were smoothly dehydrated into nitriles in quantitative
yields; however, under this system, secondary and tertiary

used for silylative

when Darcel and co-

24 h, 52-84% Mes . _Mes
N N

™S |

Fe catalyst E - o0

o (5-8 mol%), : << :
)J\ + PMHS R—CN 1
R NH, (5equiv.)  THE/dioxane E ™S |
@:2mL), : wFew :

100 °C, hv, ; oc co

,‘ :

Scheme 39 Iron Knolker-type = complex  catalyzed silylative
dehydration.

o Fe catalyst i :l E
. (5 mol%), 1 I
)J\ + (fhs"f“)—»o R—CN | PO
equiv. ' '
R” "NH, AU otuene, 100 °C, : /L co
hv, 24 h 1 IMes ~IMes ;|
R= Ph, p-Br-CgH, iy ; N* N ;
100% (GC) ,l \__/ ;

Scheme 40 NHC-iron complex catalyzed silylative dehydration.
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Scheme 41 Cobalt-hydride catalyzed silylative dehydration.

amides were found to be reduced to the secondary and tertiary
amines, respectively.

In 2019, Li and coworkers, similar to their hydrido iron
complexes along with (EtO);SiH as the reducing agent,’®”®
reported for the first time, the hydrido cobalt(m) catalyst to
dehydrate aryl and aliphatic primary amides to the corres-
ponding nitriles in 67-92% yields using (EtO);SiH as the dehy-
drating agent at 60 °C (Scheme 41).°° The optimization of the
reaction resulted in findings that as the catalyst [CNC]-pincer
hydrido cobalt(ur) had decomposed at very high temperature,
the conversion of the amide to nitrile was found to be
reduced. They also found that THF was the best solvent system
over toluene, DMF, DMSO, dioxane and acetonitrile.
Compared to other silanes such as PhSiH;, Ph;SiH, Et;SiH,
TMDS, and PMHS, the highly flammable and toxic silane
(EtO);SiH as a reducing agent was found to give good conver-
sion and was selective over double bonds. The electron with-
drawing groups afforded nitriles in good yields; however elec-
tron donating groups showed moderate results.

Mandal and coworkers reported the reduction of amides by
a manganese catalyst with dual activity in transforming a
primary amide into an amine or nitrile depending on the reac-
tion conditions such as in the presence of a catalytic amount
of a secondary amide (Scheme 42).%° They optimized the reac-
tion conditions with KO‘Bu as a base, PhSiH; as a silylating
agent, N-methyl-benzamide as an inhibitor, and a Mn catalyst
for the conversion of various aryl, hetero-aryl and aliphatic
primary amides to the corresponding nitriles in good yields
(72-94%). Interestingly, the catalyst exhibited excellent selecti-
vity and only the primary amide was selectively reduced in the
presence of a secondary amide. In the substrate 4-cyanobenza-
mide, only the amide group was selectively reduced into the
nitrile, sparing the existing nitrile. The mechanism that they
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[Mn(L)CI] (5 mol%) [Mn(L)C1] (5 mol%)
KO'Bu (15 mol%), O KO'Bu (15 mol%),
R—CH,NH, «<—— — > R—CN
PhSiH;, THF, R NH, PhCONHMe (20 mol%)

12 h, 50 °C PhSiH;, THF, 12 h, 50 °C
MeJ/—
@m @CN CN ROCN
75% o, m, and p 89% OMe 81%; Br 74%;
(83-96%) CN 82%
Cl/— —
S
Br CN CN CN
o, m, and p 85% 84% 2%
(76-80%)
PhCOHN@CN CN
0,
94% a 87%

Scheme 42 Manganese with PhRCONHMe for dehydration.

proposed was a non-radical, metal alkoxide transformation
into a metal-hydride complex by o-bond metathesis with the
silane, followed by the formation of a primary amide co-
ordinated complex with a vacant Mn(m) site. The activated
amide can be converted into nitrile via N-silylation by tert-but-
oxide activated silane with the evolution of hydrogen gas fol-
lowed by the elimination of the silyl group as its ether and
regeneration of the catalyst. The same reaction conditions in
the absence of PnCONHMe reduced the amide to the corres-
ponding amine. Thus the single catalyst was either able to
completely reduce the amide into amine or could give nitrile
in the presence of the inhibitor PhnCONHMe (Scheme 42).

Enthaler’s research group has extensively worked on cata-
lyzed silylative dehydrations of amides by elegantly overcoming
the problems associated with the selection of silanes and
catalysts.’®°® Instead of simple silanes, an excellent silylating
reagent MSTFA, in the presence of various metal salts, iron(u)
chloride, copper(i) chloride, zinc(u) triflate, and uranyl nitrate,
was utilized for the dehydration of amides.”® The addition of
MSTFA meticulously ensured the safe handling of the reaction
and elicited the scope of silylative dehydration by avoiding the
release of hydrogen gas, but still followed through the 1,2-elim-
ination of silyl groups. With copper(i) chloride as a metal cata-
lyst in toluene, primary amides were dehydrated into their
corresponding nitriles using MSTFA as a silylating reagent
(Scheme 43).%® The mechanism involved first the copper metal
coordination with oxygen, and then silylation of nitrogen fol-
lowed by N- to O-silyl migration yielded nitrile upon elimin-
ation of silylether as the by-product (Scheme 44).

The same group has also reported uranium catalyzed
(Scheme 45) and zinc catalyzed dehydrations of primary

MSTFA (2.5 equiv.),

B CONH, CuCl (2.5 mol%), N CN
R—— R——
= Toluene, 100 °C, 24 h Pz

Scheme 43 Copper catalyst for dehydration.
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Scheme 44 Mechanism of Cu and U-catalyzed dehydrations.

UO0,(NO3),.6H,0 (2.5 mol%), MSTFA

)J\ (3.0 equiv.),

DME, 100 °C, 24h

o O O
—CN /—CN
R = N)

F 96%; C1 91%; Br 92%; a 93%; B 98% 0 87%; m 93%

OMe 92%; CF5 89%; NO, 97%

0o
CN
T o T
N CN
84% 91% 91% 92%

Scheme 45 Uranium catalyzed silylative dehydration.

amides using MSTFA as the silylating reagent.”> They found
that the catalyst alone did not give the product without the
help of MSTFA; however on increasing its concentration, the
yield of the nitriles increased. The temperature of the reaction
conditions below 70 °C did not give appreciable yields of the
product and at least 100 °C was required (Scheme 45). Also,
MSTFA in THF as a solvent with N-heterocyclic compounds
did not give appreciable yields. The silylating agent MSTFA
and hence the mechanism were expected to work well with
other metals too.

In 2014, Mineno and coworkers reported an efficient
MSTFA dehydration method using indium(u) triflate (5 mol%)
(Scheme 46).>° The reaction with 3.5 equivalents of MSTFA in
toluene under refluxing conditions was found to tolerate
mono- and di-substituted aryl compounds, «,f-unsaturated
amides and aliphatic amides. O-Silyl protected groups, viz.
TBDMS and TBDPS groups, and also double bonds in olea-
mide were found to be resistant to the reaction conditions.

Buchwald and coworkers reported a copper hydride (CuH)-
catalyzed silylative dehydration of primary amides to nitriles
using a DCyPE ligand (Scheme 47).>® Notably, in contrast to
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Scheme 46 Indium catalyzed silylative dehydration.
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Scheme 47 Copper catalyzed silylative dehydration.

other silylative dehydrations, under these conditions, the reac-
tion was carried out at room temperature with 3.0 equivalents
of dimethoxymethylsilane (DMMS) as a dehydrating agent.
Dehydrations were performed on a variety of amide structures
viz., a-primary, secondary, and tertiary amides, aromatic
amides with electron-withdrawing and -donating groups, and
heterocyclic amides, including a thiophene, pyridine, pyrroli-
dine, and piperidine to give their corresponding nitriles in
good yields. The optimization of the dehydration resulted in a
copper(u) salt, a chelating diphosphine ligand (DCyPE), and
monomeric DMMS. The addition of ligands was found to be
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Table 2 Comparison of yields under various reaction conditions?

CN

oN
CN
Pho__CN § Me
e W
HO' Cl MeO’

Method B

Method 1 97% 85% 80% 93%
Method 2 98% 27% 38% 42%
Method 3 86% 48% 13% 68%
Method 4 <5% <5% 24% <5%
Method 5 85% 23% 75% 49%
Method 6 7% <5% 16% 5%
Method 7 87% 8% 62% 47%

“Method 1: Cu(OAc),, DCyPE, DMMS, temp, 12 h; method 2: POCl,,
Et;N, rt, 12 h; method 3: propylphosphonic anhydride (T3P), toluene,
100 °C, 12 h; method 4: diiron nonacarbonyl, toluene, rt, 12 h; method
5: diiron nonacarbonyl, toluene, 100 °C, 12 h; method 6: phenylsilane,
TBAF, rt, 30 min; method 7: phenylsilane, TBAF, 100 °C, 30 min.

necessary as in the absence of any ligand, the net dehydration
reaction did not yield the nitrile product, even though it could
catalyze the dehydrogenative silylation of acidic groups
(Scheme 47). In addition, they chose four amide-substrates of
different skeletons and subjected them to dehydration using
six different classical and modern methods to obtain their
corresponding nitriles using each of the methods described in
Table 2. These six methods were followed as per the literature
reported already and were compared with the one that the
authors developed (copper-catalyst, DCyPE-ligand and DMMS
- silylating agent). The yields of the corresponding nitrile pro-
ducts are shown in the following table. The results showed
that the method developed by the authors performed better
than other methods in terms of yield. In order to deduce a
plausible mechanism, the authors have performed a compu-
tational study for the dehydration reaction of acetamide using
DMMS as the silylating agent and copper(u) acetate as the cata-
lyst (Schemes 30, 31, and 33). The DFT-optimized transition
state  structures followed the dehydration through
f-elimination of monosilyl imidate in the presence of copper
(1) acetate with a low energy barrier (+4.8 kcal mol™") using a
DCyPE supporting ligand and resulted in the formation of the
nitrile (Scheme 33). They also proved that the dehydration did
not follow a high energy barrier (+35 kcal mol™") syn-elimin-
ation of N,O-disilyl imidate by carrying out the dehydration
using the same reaction conditions but with a large excess (5
equiv.) of the silylating agent. The additional silanes under
these reaction conditions resulted in only a trace amount of
the nitrile product, which means that disilyl imidate did not
lead to the formation of the nitrile product anyway.

4. Non-transition metal catalyzed
dehydration

Wang and coworkers searched for other catalytic dehydration
methods without any additives such as a dehydrating agent

and an activator, which led them to the use of silica supported
potassium oxide acting as a heterogeneous catalyst.*' The K,0/

Org. Chem. Front, 2020, 7, 3792-3814 | 3807


https://doi.org/10.1039/d0qo00843e

Published on 21 September 2020. Downloaded on 7/18/2025 3:30:19 PM.

Review

SiO, catalyst on calcination at 300 °C for 3 h afforded 2-CP in
23.6% yield.®® Huang and coworkers reported selective
reduction of primary amides to nitriles with hydrosilane or
hydrosiloxane using a catalytic system triethylborane in combi-
nation with an alkali metal base (Scheme 48).”* They also
studied the mechanism of BEtz/base catalyzed amide hydro-
silylation reaction and found that a modified Piers’ silane
Si-H---B activation mode facilitated the hydride abstraction by
BEt; by the coordination of the Si-center with a hydroxide or
an alkoxide. The reaction proceeded with the hydrosilylation
reaction of primary amides using either PhSiHj; at rt, or poly-
methylhydrosiloxane (PMHS) at 50 °C followed by reduction
catalysed by BEt;/base. The role of the base was also examined
and it was found that the base enhanced the catalytic activity
and facilitated the hydride transfer from Si to B through modi-
fied Piers’ mode.

In 1971, the Appel reaction was applied for the synthesis of
nitriles from amides in which the harmful CCl, and stoichio-
metric Ph;P were utilized along with triethylamine.®?
Shipilovskikh et al., in 2018, developed a catalytic Appel-type
dehydration of amides to nitriles by modifying the original
Appel reaction in which the combination of Ph;P, CCl,, and
Et;N was replaced with a new system consisting of Ph;PO,
oxalyl chloride, and Et;N (Scheme 49).%> The mechanisms of
both the systems follow the same pathway through the initial
formation of a common intermediate chlorophosphonium
chloride.

Optimization of the reaction conditions resulted in finding
that the oxalyl chloride alone and the presence of Et;N did not
give the nitrile; however on the addition of Ph;PO as a catalyst,
the trio (oxalyl chloride, Ph;PO and Et;N) produced the nitrile
product in the presence of MeCN solvent. Under these new
catalyzed Appel type reaction conditions, aromatic, heteroaro-
matic, and aliphatic amides, including derivatives of a-hydroxy
and a-amino acids, were converted to the corresponding
nitriles. However, the exception was N-Boc protected amino
acids which did not yield the nitrile, due to their reaction with
oxalyl chloride. Beller et al. reported the fluoride-catalyzed de-

BEt;-KOAc (10 mol%),
MTBE (1.5 mL)
RCONH, R—CN

PhSiH; (2.0 equiv.), 1, 48 h
or PMHS (4.0 equiv.), 50 °C, 48 h

CN =H, 89% (72%)" F, 82% (80%)>"*
©/ Me, 89% (81%)>" Cl, 88% (72%)*°
CN MeO
\©/ \@/ :: j\ o

OMe, 91% (80%)*®  Br, 78% (76%)™°
95% (70%)™° 61% (82%)™° 75%¢ (57%)%b¢ 81%(74%)ab
/\/\/CN
Ph.__CN

CN
Q\ N 99% (95%)° 97%¢ (83%)™ O/

59% awith PMHS, "NMR yield, ¢72h, ¢GC yield

81%¢ (78%)>4

Scheme 48 BEts/base reagent for dehydration.
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Scheme 49 Catalytic Appel type reaction.

PhSiH;(1.0 mmol),
o TBAF (5 mol%),

o G- g

0-74%, m- 85%, p- 87% o, B 80% 87%

N /©/ Y =Cl73%, Br 71%, NH, 93%,
NHCOCH; 75%, t-Bu 86%
94%

Scheme 50 TBAF catalyzed silylative dehydration.

hydration of many aromatic and aliphatic amides to nitriles in
good yields, using phenylsilane as the a dehydrating agent in
the presence of a catalytic amount of TBAF (Scheme 50).>

5. Organocatalytic dehydration of
amides

Mandal and coworkers reported N-heterocyclic carbene (NHC)
catalyzed silylative dehydration of primary amides
(Scheme 51).”> They found that this NHC catalyzed reaction
bypasses the energy need for the usual 1,2-siloxane (syn)-elim-
ination step in metal/silane coupled dehydrations of amides to
nitriles. The dehydration followed low energy barrier
p-elimination to give nitriles. Optimization of the dehydration
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Scheme 51 NHC catalyzed silylative dehydration.

has involved the use of various silanes (phenyl silane, DMMS,
PMHS, HMTS, and butylsilane) along with different catalysts
viz., NHCs, PPh;, Et;N, pyridine, etc. Under these conditions
(phenylsilane and aNHC catalyst), various primary amides
were converted into the corresponding nitriles.

Alternatively, without silylation, simply using an oxalyl
chloride/DBU base combination in the presence of cycloprope-
none as an organo-catalyst has also been found to be success-
ful for the conversion of the amide group into its corres-
ponding nitrile. Yadav and coworkers reported the conversion
of aldoximes and primary amides of aromatic, heterocyclic,
and aliphatic compounds into nitriles by employing cyclopro-
penone as an organo-catalyst (Scheme 52).%% In the conversion
of the amide to nitrile, oxalyl chloride along with the base
DBU is used as an activating agent for the cyclopropenone to
form the catalytically active species cyclopropenium cations
(Scheme 52). Then, the cyclopropenium cation undergoes
nucleophilic reaction with the amide to give the nitrile and
regenerating the cyclopropenone catalyst. Under these reaction
conditions, they found that the absence of either the cyclopro-
penone catalyst or the base DBU did not lead to the conversion
even in the presence of oxalyl chloride.

6. Organo-photocatalytic
dehydration of amides

Photocatalyzed dehydration of an amide is a sustainable
approach as it uses a clean light source in the presence of an
organo catalyst. In this context, Yadav and coworkers reported
a photosensitization based approach for the dehydration of
primary amides into the corresponding nitriles using eosin-Y
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Scheme 52 Organocatalytic dehydration.

as an organophotoredox catalyst (Scheme 53).5* The plausible
mechanism proposed for this conversion involved light
absorption by eosin-Y to reach the triplet excited state which
transfers a single electron to CBr, to give a CBr} radical. Upon
reaction with DMF, CBr; forms the radical species which in
turn loses a single electron to the oxidatively quenched species
EY" and forms the corresponding iminium ion completing
the redox catalytic cycle. Then, the iminium ion loses COBr, to

a =
Eosin Y (2 mol%),
NH, CBry (2.0 equiv.),
R

green LEDs,
DMF (20 mol%), 14-18 h, rt.

H 90%; Me 92%;
OMe 95%; NO, 85%

iminium ion
Br B eosin Y
r. Br
e
BrA< Br v
\ o) organophotoredox
N <. catalytic cycle
/ H eosinY %t
Seosin Y *
DMF
CBr,
Q . ¢
Bf CBr;

Scheme 53 Organo-photocatalytic dehydration.
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form a Vilsmeier-Haack reagent which reacts with the added
amide in its imidol form to give the corresponding nitrile. A
similar method has also been applied for the dehydrosulfuri-
zation of thioamides.®

7. Conclusions

Nitriles are important precursors or fine products in academia
and in industries. Therefore, an efficient and green synthesis
of nitriles has always been one of the major topics of interest
for organic synthetic chemists. Dehydration of amides, an
efficient, clean and fundamental route for the syntheses of
nitriles, was started with stoichiometric amounts of metal as
well non-metal based dehydrating reagents. With the progress
in this field the stoichiometric reagents were replaced with cat-
alysts to afford high conversion and selectivity towards nitriles.
The more recent advancements require less than one equi-
valent of the metal catalyst, but the reactions require either
very high reaction temperatures or mild reaction conditions
using a stoichiometric dehydrating agent. Overwhelmingly,
numerous research studies are available with respect to aceto-
nitrile and silyl compounds as dehydrating agents either with
or without a metal catalyst. It is clear from the review that
attempts have been made to develop an efficient catalytic
system for dehydration of amides.

In comparison with the metal catalyzed dehydrations,
there are only a small number of publications available in
the literature for non-transition metal and organo-catalyzed
dehydrations. Moreover, a conclusion can be deduced based
on the works by Buchwald and Mandal that the result
outputs in terms of the reaction time and product yield of
the organo-catalyzed silylative dehydrations are comparable
with those of metal-catalyzed dehydrations. Hence, there is a
better scope for the organo-catalyzed dehydration of amides.
Indeed, the green and clean organo-photocatalyzed reaction
has only a pair of research reports, each one on: the dehydra-
tion of carboxamides and the dehydrosulfurization of thio-
amides. Thus, in this direction, much more attention is
needed in order to explore the sustainable dehydration
methods.

Even though, in most of the cases, the dehydration of an
amide gives a clean product, it can lead to multiple by-pro-
ducts depending on the other functionalities. Hence, in this
context, new methods with the help of suitable reagents and
catalysts for the selective dehydration of amides to nitriles are
still needed to be explored. Moreover, most of the catalyzed
dehydrations require inevitable use of non-renewable and
expensive dehydrating agents. Additionally, these methods
often require transition metals and/or stoichiometric reagents
which might cause severe storage and handling problems as
well as significant waste generation.

New strategies for promising methods, in order to address
the problems associated with amide dehydration, viz. recycl-
ability of reagents, selectivity, energy parameters and reaction
mechanisms, are always in demand.
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