Chem Rev Lett 3 (2020) 2-8

AN

Chem ‘ Review Article

Rev
Lett

ISSN (online): 2645-4947 (print) 2676-7279

Chemical Review and Letters

journal homepage: www.chemrevlett.com

T
end ecy,
A% 2

IRANCSTA

Decarboxylative Cyanation and Azidation of Carboxylic Acids: An Overview

Evan Abdulkareem Mahmood ¢, Bayan Azizi

4 Soma Majedi * *

2 College of Health Sciences, University of Human Development, Sulaimaniyah, Kurdistan region of Iraq
soma.majedi@uhd.edu.iq

ARTICLE INFO ABSTRACT

Article history:

Received 30 December 2019

Received in revised form 23 January 2020
Accepted 13 February 2020

Available online 16 February 2020 detail.

Keywords:

Decarboxylative functionalization
Carboxylic acids

Organic nitriles

Organic azides

Single electron transfer

The present review gives an overview over the synthesis of organic nitriles and
azides through the decarboxylative cyanation and azidation of carboxylic acids,
respectively. Mechanistic features of the reactions are considered and discussed in

1. Introduction

Nitriles, or organic cyanides, are among the most
important class of organic compounds that are widely
found in  natural products, pharmaceuticals,
agrochemicals, herbicides, and dyes [1]. Moreover, they
serve as versatile synthetic intermediates for the
preparation of a number of value-added fine chemicals
including amines, amides, aldehydes, ketones,
carboxylic acids, and 1,2,3-triazole derivatives [2].
Interestingly, more than 30 currently marketed
pharmaceuticals contain at least one cyano group in
their structure (Scheme 1), while 20 more are in clinical
trials [3]. In a similar way, organic azides are not only
versatile intermediates in synthetic organic chemistry
but are also of considerable industrial importance as
plasticizers and high-energy materials [4]. Overall,
compounds bearing this versatile functional group
exhibit many kinds of biological activities (Scheme 2),
such as antibiotic, anti-HIV, anti-inflammatory, and
anti-myeloma activities [5]. Due to the wide importance
of titled compounds in organic and medicinal chemistry,
development of novel, practical, and truly efficient
methods for their preparation is highly desirable.

Decarboxylative functionalization of carboxylic acids
has recently received considerable attention as a novel
and efficient method to construction of carbon-carbon
and carbon-heteroatom bonds [6]. These reactions has
several advantages [7]. Such as: (i) carboxylic acids are
inexpensive and readily available reactants in great
structural diversity. (ii) Decarboxylation can provides
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the reactive intermediates under neutral conditions, thus
these reactions often show good tolerance to many
sensitive functional groups. (iii) The only stoichiometric
amount of by-product is carbon dioxide (CO.), which is
nonflammable, nontoxic, chemically inert and easily

removed from the reaction medium.
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Scheme 2. Selected examples of biologically active organoazides
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In contrast to well-documented formation of C-C and C-
N bonds via decarboxylative coupling of carboxylic
acids with wvarious C-containing and N-containing
reagents, respectively, decarboxylative functionalization
of carboxylic acids into nitriles and azides has been
almost untouched. In connection with our recent review
articles on the fabrication of new C-C and C-X bonds
through decarboxylative cross-coupling reactions [8],
herein, we will highlight the most important advances
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on the decarboxylative cyanation and azidation of
carboxylic acids (Figure 1), by hoping that it will
stimulate researchers to further thinking and research in
these hot research topics.

( N\

CN source
R—CN + CO,

.

a sulfur atom in the B position failed to participate in
this one-pot conversion. Interestingly, the methodology
could also be scaled up to 1 mmol using only 0.1 mol%
of catalyst, with a slight decrease of yield. According to
a series of mechanistic studies, the authors proposed that
this transformation proceeds by a single-electron
transfer pathway (Scheme 4). Shortly afterwards, this

catalytic system was successfully applied in the
R—COH decarboxylative alkynylation of various aliphatic
N e carboxylic acids by the same research group [14].
‘ R—N; + CO,
- o CN
Figure 1. Decarboxylative cyanation and azidation of carboxylic acids [ HLAR(CF)ppyl,(dibbpy)PF, (1.5 mol%)
R—COM + \O THFC:)BZL(El; eciu:")ls h R—CN
2. Decarboxylative cyanation of carboxylic acids 1 , ’ o .
[¢]
. . . R! 3a, R'= OH, R%= Boc; (90%) R
In the present section, we describe the available Z_>\ 3b, R'= H, R= Bn; (43%) Q )\
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literature on the synthesis of organocyanide compounds NON 3 RI= H, R COCH,NHCbz: (56%) N e
through the decarboxylative cyanation of the 1, R R Co gy PGSR e VA

corresponding carboxylic acids. The section is divided
into two major sub-sections. The first will cover the
decarboxylative cyanation of aliphatic carboxylic acids,
while the second will discuss decarboxylative cyanation
of aromatic carboxylic acids.

2.1. Aliphatic carboxylic acids

After pioneering work by Klein in 1971 on the synthesis
of nitroalkanes from the corresponding carboxylic acids
based on the acid—nitrile exchange reaction with 2-
methylglutaronitrile ~ (CNCH2CH2CHMeCN)  [9].
Several research group utilized this procedure in the
fabrication of various alkyl nitriles under both batch and
continuous-flow conditions [10, 11]. However, all of the
reported examples on this chemistry have been
performed at evaluated temperatures. With the aim of
designing a milder procedure to aliphatic nitriles from
the respective carboxylic acids, Barton and colleagues
have developed a two-step approach, which consists of
conversion of carboxylic acids to the corresponding N-
hydroxypyridine-2-thione esters synthesis and visible
light promoted decarboxylative cyanation with p-
toluenesulphonyl cyanide or methanesulfonyl cyanide
[12]. The main drawback of this methodology is the
requirement for an additional step for pre-
functionalization of start materials, which may limit its
range of application. In 2016, Waser and co-workers
described the synthesis of a wide range of nitroalkanes 3
via  photoredox-catalyzed direct decarboxylative
cyanation of aliphatic carboxylic acids 1 using
cyanobenziodoxolone 2 as a commercially available
cyanating agent and Ir[dF(CFs)ppy]2(dtbbpy)PFs as a
photoredox catalyst [13]. The reactions were run at
room temperature, tolerated various natural and non-
natural a-amino and a-0Xxy acids, and provided the target
nitroalkanes in moderate to excellent yields (Scheme 3).
However, tryptophan derivatives and substrates bearing
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Scheme 3. Waser's synthesis of nitroalkanes 3
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Scheme 4. Proposed mechanism for the formation of nitroalkanes 3
via photoredox-catalyzed decarboxylative cyanation of aliphatic
carboxylic acids 1

Very recently, the group of Gomez studied the similar
decarboxylative cyanation of aliphatic carboxylic acids
4 using tosyl cyanide (TSCN) as cyanating reagent and
riboflavin tetraacetate (RFTA) as an inexpensive
organic photocatalyst in MeCN under visible-light
irradiation (Amax =~ 455 nm) [15]. Thereby, the expected
nitroalkanes 5 were obtained in fair to high yields after
12 hours (Scheme 5). Noteworthy, the protocol can be
adapted to flow conditions. The authors elegantly
applied their methodology in the high yielding synthesis
of idazoxan, a drug candidate that is under investigation
as an adjunctive treatment in schizophrenia.
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RFTA (5 mol%)
MeCN, blue LED, r.t., [2h R—CN

4 27 examples (40-84%) 5
(average yield: 59%)

R—CO,H + TsCN

RCO,H= a-Oxo-, a-Thio-, a-Amino-, and a-C-carboxylic acids

Scheme 5. RFTA-catalyzed decarboxylative cyanation of carboxylic
acids 4 with TsCN

2.2. Aromatic carboxylic acids

In 2010, Taran and co-workers reported one of the first
transition metal-catalyzed decarboxylative cyanation of
aromatic carboxylic acids 6 into the corresponding
aromatic nitriles 8 [16]. They carefully screened the
reaction variables and found that 1-
hydroxycyclohexane-1-carbonitrile 7 was more effective
than other cyanating reagents [e.g., KCN, BusN*CN-,
CuCN, AgCN, Zn(CN)z, Hg(CN)2, KasFe(CN)s] and
compared to other palladium catalysts [e.g., PdCI, PdO,
PdSO,., Pd(OAc),, Pd(acac).], Pd(OTf), was the best
choice for this conversion. The reaction carried out in
the presence of 3 equiv. of Ag.COs; as a base in binary
solvent DMF/DMSO with ratio 95:5 at 100 °C, resulted
in fast decarboxylative cyanation to give moderate to
excellent isolated yields of aromatic nitriles 8 (Scheme
6a). The reaction, however, appears to be limited to the
electron-rich carboxylic acids substrates. Of note, this
procedure was successfully applied in the preparation of
a C-labeled compound using *C-labeled 1-
hydroxycyclohexane-1-carbonitrile (Scheme 6b). Later,
a similar decarboxylative cyanation of aromatic
carboxylic acids using a cooperative catalytic system,
consisting of Pd(OCOCF3), and Ag.CO; was reported
by Audisio and colleagues [17]. They showed that
(hetero)aromatic  carboxylic acids 9 underwent
decarboxylative cyanation with [**C] and [**C]-KCN in
the presence of Pd(OCOCF;)/Ag.CO; as a catalytic

PA(OTF), (20 mol%)

system in in a 95:5 mixture of DMF and DMSO to
Ag,CO;3 (3 equiv.)

produce [**C] and [**C]-(hetero)aromatic nitriles 10 in
satisfactory yields, respectively (Scheme 7).

(a)

R A R
r’;©\COZH+ %/OH DMF-DMSO (95:5), 100 °C, 1 h r'O\CN
H H CN H H

| | |
LN [ J
S 6

7 s

R=2,6-OMe,, 2,4-OMe,, 2,4,5-OMej;, 2-Me-4,6-OMe,, 2,4-OMe,-5-Br 8 examples (29-96%)

(average yield: 73%)
(b) CO,H Bco,H

CN

6a 7 8a'

OH 1. Standard conditions
—_—
2. KOH-H,0, 80 °C, 12 h

Scheme 6. (a) Pd-catalyzed decarboxylative cyanation of benzoic
acids 6 with 1-hydroxycyclohexane-1-carbonitrile 7; (b) synthesis of
13C-labeled  anthracene-10-carboxylic acid 8a' from the
corresponding carboxylic acid 6a and **C-labeled cyanating agent 7
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( coH Pd(OCOCF3) (20 mol%) *CN
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Scheme 7. Synthesis of labeled (hetero)aryl nitriles 10 through
decarboxylative cyanation of (hetero)aromatic carboxylic acids 9

using [**C] and [**C]-KCN

Along this line, the group of Cai's described the
synthesis of benzonitriles via a Cu-mediated
decarboxylative cyanation of electron-deficient aryl
carboxylic acids with KsFe(CN)s as a low-cost,
nontoxic, and green cyanide source under an oxygen
atmosphere [18]. Several catalysts, additives, and
solvents were tested, and the system Cul/DMSO was
found to be superior. Under optimized condition, a
number of ortho-nitrobenzoic acids 11 were examined
and the corresponding benzonitriles 12 were obtained in
moderate to good yields (Scheme 8). However, the
substrates having Me group at the C3- and C5-positions
gave poor results under this reaction conditions. It
should be mentioned that heteroaromatic carboxylic
acids were also compatible with this green procedure.
Of note, electron-rich aryl carboxylic acids completely
failed to provide the corresponding benzonitrile
products under this condition. The authors properly and
elegantly solved this limitation using Pd(OAc); instead
of Cul catalyst, which afforded decent yields of the
target nitro products. It is noted that both of these
catalytic systems were also successfully applied in the
synthesis of aryl halides from the respective (hetero)
aryl carboxylic acids employing readily available
halogen sources CuX (X = I, Br, Cl). Unfortunately, the
mechanism of this transformation has not been
elucidated yet. Later, the same authors improved the
efficiency of their protocol in the term of product yields
by performing the process in the presence of
Ag2S0O4/Cu(OAc), combination as a catalytic system
[19].

NO, NO,
CO,H Cul (1 equiv.) CN
0O, (1 atm)
"
R KaFe(CN)s BMso, 160°C, 101> R
11 12

R= H, 4-Me, 4-OMe, 4-F, 4-CF;, 5-OMe,
5-F, 5-Cl, 6-Me, 4,5-(OMe),
Scheme 8. Cu-mediated decarboxylative cyanation of electron-
deficient aryl carboxylic acids 11 with KsFe(CN)s

10 examples (27-73%)
(average yield: 55%)

In 2017, Song, Salter, and Chen reported an interesting
Pd-catalyzed nonoxidative decarboxylative cyanation of
aromatic carboxylic acids 13 with the electrophilic
cyanating reagent N-cyano-N-phenyl-
ptoluenesulfonamide 14 (NCTS) as the cyano source
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employing Pd(OCOCFs;) as a catalyst in the absence of
any oxidant [20]. Just like previous Pd(OCOCF;)-
catalyzed decarboxylative cyanation reaction, this
reaction was also performed in DMF/DMSO (95:5) at
120 °C and afforded the expected benzonitriles 15 in
good to high yields (Scheme 9); however, the substrate
scope was generally limited to the electron-rich aryl
carboxylic acids bearing at least one ortho substituent. It
should be noted that no product was formed by using
nucleophilic cyanating agents such as KCN and BtCN.
The authors also demonstrated that their catalytic system
can effectively promote the carboxylative cyanation of a
small series of aliphatic and aromatic carboxylic acids
with the isotopically labeled electrophilic cyanating
reagent [**“CN]-NCTS to furnish the corresponding
labeled nitrile products in good yield. The mechanistic
course of this reaction is shown in Scheme 9, and
involves the initial formation of arylpalladium
trifluoroacetate A via decarboxylative palladation of
starting aryl carboxylic acid 13. The coordination of
NCTS (14) to Pd affords the complex B, which afte
insertion of C-N triple bond into aryl-Pd bond converts
to the intermediate C. Next, rearrangement of C
produces the benzonitrile product 15 along with the
species D. Finally, aryl carboxylate displacement
followed by decarboxylation affords the arylpalladium
trifluoroacetate A to complete the catalytic cycle.

CO,H CN

XY H /' Pd(OCOCFs), (20 mol%) o ' ™
—_—
DMEF/DMSO (95:5), 120°C,3h” o
@ v -
15

X=CH,N 8 examples (70-85%)
R=2,4-(OMe),, 2,6-(OMe),, 3,4,6-(OMe);, 3-Br-4,6-(OMe),, 2-OMe-4-OH, 2-OMe-6-OH (average yield: 77.5%)

Scheme 9. Pd-catalyzed nonoxidative decarboxylative cyanation of
aromatic carboxylic acids 13 with NCTS (14)

Pd(OCOCF;),

CO,H
R@
DMSO
CO,Pd(OCOCF3), —» PdO CCF, N—N
Bnso Y b

DMSO 5 DMSO
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| /
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DMSO Yo DMSO Ph
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Scheme 10. Proposed mechamsm for the formation of benzonitriles
15 from the reaction of aromatic carboxylic acids 13 with NCTS (14)

3. Decarboxylative azidation of carboxylic acids

In 2008, Nyfeler and Renaud developed the synthesis of
aliphatic azids from the respective aliphatic carboxylic
acids via a two steps process [21]. Thus, at the first step,
esterification of aliphatic carboxylic acids 16 with N-

hydroxy-S-methyl-N-phenyldithiocarbamate 17 in the
presence of SOCI, gives thiohydroxamate esters 18
(MPDOC esters), which undergoes decarboxylative
azidation with benzenesulfonyl azide (PhSO:Ns) under
irradiation with a 300W sunlamp to produce the target
aliphatic azids 19 in moderate yields (Scheme 11).
Decarboxylative azidation of a small library of a-amino
and a-alkoxy acids using their corresponding MPDOC
esters was also investigated under the standard
conditions. However, due to low stability of this kind of
MPDOC esters, all attempts were failed. The authors
nicely solved this problem by using Kim’s MMDOC
esters instead of MPDOC esters. According to the
authors proposed mechanism, the key steps of the
reaction involves the generation of alkyl radicals from
MPDOC esters and trapping of these radicals by
PhSO:2Ns.

S
I SoCl, J\ PhSO,N;
R—COM + N SMc—> SMe ——— 2 » RN\,
HO 300Wsunlamp, DCM, § °C ’

“\ACL

19¢, (38%)

19
MC3Si\)\ }
NJ

)

19d, (33%

0.

19a, (49%) 19b, (31%)

Scheme 11. Decarboxylative azidation of aliphatic carboxylic acids
16 using MPDOC esters 18

Seven years later, Li and co-workers disclosed the first
example of one-step and direct decarboxylative
azidation of carboxylic acids [22]. They showed that the
reaction of various aliphatic carboxylic acids 20 with
tosyl azide or pyridine-3-sulfonyl azide in the presence
of AgNO:s as the catalyst and K>S,0g as the oxidant in
aqueous MeCN solution afforded the corresponding
alkyl azides 21 in moderate to almost quantitative yields
(Scheme 12a). The reaction took place under relatively
mild reaction conditions (50 °C) in air and tolerated a
number of sensitive functional group including chloro,
bromo, anitro, amino, ester, ketone, and ether
functionalities, which provided the opportunity to
further functionalization of end products. The synthetic
utility of this new procedure was illustrated by the
practical synthesis of (-)-indolizidine 209D and 167B.
The mechanism shown in Scheme 11b was proposed by
the authors for this C-N bond forming reaction. It
consists of the following key steps:

(i) Generation of Ag(ll) intermediate via the oxidation
of Ag(l) by persulfate.

(if) Reduction of Ag(ll) through a single electron transfer
with a carboxylate to form the carboxyl radical
intermediate and regenerate Ag(l).

(iii) Decarboxylation of the carboxyl radical gives the
corresponding alkyl radical A.

(iv) Trapping of the alkyl radical by the sulfonyl azide
affords the expected alkyl azide 21 along with the
generation of a sulfonyl radical.
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(v) Oxidation of the resulting sulfonyl radical leads to
the formation of arenesulfonic acid.

In a closely related study, Song, and Jiao along with
their co-workers synthesized a library of alkyl azides
through the decarboxylative azidation of the
corresponding aliphatic carboxylic acids using PhSO,N3
as the nitrogen source and AgF/K,S;0Og combination as
the catalytic system [23]. Later, this catalytic system
was successfully utilized by Warner and colleagues in
the decarboxylative azidation of carboxylic acid-
functionalized detonation nanodiamond (dND) with
TsNz [24].

(@) AgNO; (20 mol%)
K,S8,0g (2 equiv.)

MeCN/H,O (1:1), 50 °C, 10 h

20 21

23 examples (45-92%)
(average yield: 77%)

R—CO,H + TsN; (or 3-PySO,N;) > R—N;

R= primary, secondary, tertiary alkyl

(b)

S$,047 -e, H,0
A Ag ASO,N;  ArSO, ArSO;H, H*
R—CO,H / R A R—N;
-H',-CO,
20 A 21

Scheme 12. (a) Ag-catalyzed decarboxylative azidation of aliphatic
carboxylic acids 20 in aqueous solution; (b) mechanistic proposal for
the formation of alkyl azides 21

Very recently, Leonori's research team extended the
scope of carboxylic acids to a-amino acids [25]. Thus, a
variety of C-2-azidated cyclic aliphatic amines 24 were
synthesized in moderate to excellent yields via the
visible-light mediated organo-photoredox catalyzed
decarboxylative azidation of cyclic a-amino acids 22
employing 2,4,6-triisopropylbenzenesulfonyl azide 23
as an azidating reagent and rhodamine 6G (Rh6G) as the
catalyst at room temperature (Scheme 13). However,
acyclic a-amino acids were not compatible with the
reaction conditions. Other organo-photoredox catalysts
such as MesAcreHClO4, 4CzIPN, riboflavin, methylene
blue, and Eosin Y could also promote this azidation
reaction; however, in lower yields. Of note, metallo-
photoredox catalysts (e.g., Ir(ppy)s, Ru(bpy)sCl.,) failed
to promote this transformation. The authors proposed
reaction mechanism for this conversion is illustrated in
Scheme 14 that involves the initial formation of excited
state species PC* via the excitation of PC under visible
light irradiation, which leads to the single electron
transfer oxidation of a carboxylate starting material A.
Subsequently, a fast decarboxylation of this intermediate
produces the alkyl radical B. Finally, the interception of
radical B by 2,4,6-triisopropylbenzenesulfonyl azide 23
gives the desired product 24.

* Corresponding author. e-mail: soma.majedi@uhd.edu.ig
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24i, R= H; (90%)
24j, R= Me; (46%)

24d, X= CH,, R= Boc; (86%)
24e, X= 0, R= Boc; (76%)
24f, X= NBoc, R= Boc; (85%)
24g, X= NBoc, R= Cbz; (59%)
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N3
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24h, (80%)
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Scheme 13. Photoinduced decarboxylative azidation of cyclic amino
acids 22 with 2,4,6-triisopropylbenzenesulfonyl azide 23

241, (76%) 24n, (48%)

v
light PC
s
Y
pC* PC™
N,—Y
o, 23
R—CO, R > R—N;
A B 24

PC= photoredox catalysts
Y= 2,4,6-’Pr-C6H2-SO2-

Scheme 14. Mechanism that accounts for the formation of C-2-
azidated cyclic aliphatic amines 24

4. Conclusion

Nitriles and azides are of great interest to medicinal
chemistry due to their broad spectrum of biological
activity. Therefore, many scientists have been working
on developing novel and improved methods for their
construction. In  recent years, decarboxylative
functionalization of carboxylic acids has emerged as a
novel, selective, and powerful strategy to create various
C-C and C-X bonds. Along this line, synthesis of nitriles
and azides through the decarboxylative cyanation and
azidation of carboxylic acids has got much attention
over the past few years. As illustrated, using this step-
and atom-economical synthetic process, various alkyl
and aryl nitriles and alkyl azides have been successfully
synthesized from the corresponding carboxylic acids.
This synthetic methodology is still under development
and we believe that the highly efficient and improved
procedures for the synthesis of structurally diverse
nitriles and azides will be attainable in the near future.
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