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Abstract A case study has been effectively carried out to identify a
suitable substrate among halides and pseudohalides for the palladium-
catalyzed cyanation reactions under mild conditions. Among the vari-
ous substrates considered for evaluation, aryl pentafluorobenzenesul-
fonates and nonaflates were identified to be the best substrates when
compared to corresponding halides and pseudohalides. The substoi-
chiometric use of nontoxic, environmentally benign potassium hexacy-
anoferrate as a cyanide source and exceptionally milder conditions fur-
ther highlights the significance of the protocol developed. A wide range
of electronically biased and sterically challenging substrates provided
the corresponding the nitriles in good to excellent yields.

Key words palladium, pentafluorobenzenesulfonates, nonaflates, po-
tassium hexacyanoferrate, cyanation

Aromatic nitriles are of significant importance in syn-
thetic organic chemistry as they are essential building
blocks in many drugs, pesticides, herbicides, natural prod-
ucts, dyes, and pigments. The possibility of converting the
nitriles into other useful functionalities like amines, acids,
amides, ester, imine, amidine, heterocyclic compounds, etc.
also emphasizes the necessity of synthesizing various sub-
stituted benzonitriles under mild conditions.! Additionally,
they serve as vital synthons in the synthesis of many im-
portant pharmacophores like tetrazoles, oxadiazoles, etc.,
which are known to improve the biological profiles of lead
compounds in any drug discovery program. The general

method for the synthesis of cyanoarenes in industrial scale
include the diazotization of amines followed by Sandmeyer
reaction and Rosenmund-von Braun reaction? of aryl ha-
lides using stoichiometric amount of copper(l) cyanide at
high temperature. The ammoxidation reaction of toluene is
also widely used in industries, but its scope is limited to
only a few benzonitriles and requires very high tempera-
ture (350-500 °C).2 An alternative methodology include the
transition-metal-catalyzed (Ni, Pt, Pd, Cu, etc.) reactions by
employing various cyanide sources like zinc cyanide, potas-
sium/sodium cyanide, trimethyl silyl cyanide, and tributyl
tin cyanide. Among the transition-metal-catalyzed reac-
tions, the palladium-catalyzed cross-coupling reactions be-
tween aromatic halides or triflates and different cyanide
sources are more widely used for procuring the correspond-
ing benzonitriles owing to its good functional group toler-
ance, less sensitivity, and high reactivity.* However, the ma-
jor limitations associated with this technology are the need
for toxic cyanide source and harsh conditions like high tem-
perature and long reaction times. Furthermore, the dissolu-
tion of excess cyanide ions in the reaction medium is ex-
pected to inhibit the catalytic cycle thereby decreasing the
rate of formation of the desired product significantly.’> Re-
cently, potassium hexacyanoferrate (K,FeCNg-3H,0) was in-
troduced as a nontoxic cyanide source in order to circum-
vent the aforementioned concerns.® Nevertheless, the need
for high temperature and extended reaction times prevailed
to be indispensable for the success of those protocols
(Scheme 1). These observations highlight the need for de-
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Scheme 1 Previous works on cyanation and present work

veloping a milder and efficient protocol for synthesizing ar-
omatic nitriles of significant industrial and pharmacologi-
cal relevance.

The presence of nitrile functionality in many FDA ap-
proved drugs and also in many bioactive lead molecules
highlights its significance in the area of organic synthesis.
This has led to the development of facile and scalable syn-
thetic protocols for introducing the nitrile group in a mole-
cule from halide or pseudohalide counterparts. Although
the introduction of nitrile functionality into an organic
molecule is well reported, most of the protocols require ei-
ther the use of hazardous cyanide source, high temperature,
or the use of palladium-based precatalytic systems. The use
of these precatalytic systems has been reported on halides
and pseudohalides using zinc cyanide as the cyanide source
which facilitated milder reaction conditions.” As a part of
our research efforts,® we were focused on developing an ef-
ficient and milder synthetic protocol for accessing the cya-
no functionality from bench-stable aryl pentafluoroben-
zenesulfonates (ArOPFB) and aryl nonaflates (ArONf) em-
ploying traditional catalytic systems. Furthermore, a case
study to identify the superior reactivity of these bench-sta-
ble pseudohalides over their corresponding halides has also
been explored.

As a starting point, we took 4-bromo toluene as a model
substrate and subjected for the palladium-catalyzed cyana-
tion reaction by using 0.2 equiv of K,FeCNg-3H,0 as cyanide
source as reported by Weissmann et al.® The reaction was
carried out at 120 °C by using 0.1 mol% Pd(OAc), as the cat-

CN
Drawbacks
toxic cyanide source

high temperature

R L
long reaction time

Yang et al. and others

CN

Drawbacks
high temperature
long reaction time

R

Beller et al. and others

CN

Advantages
low temperature
R short reaction time

environmentally benign conditions

bench-stable pseudohalides

alyst and Na,CO; as base in DMA for 5 h. Unsurprisingly, we
could obtain only 10% of the desired product 3a as reported
by them (Table 1, entry 1). Increasing the catalyst loading to
5 mol% and changing the solvent from DMA to DMF slightly
improved the yield (entries 2 and 3). The addition of extra
ligands to the catalyst was found to be ineffective in signifi-
cantly improving the yield of the desired product (entries 4
and 5). However, we could see the formation of the desired
cyanoarene in 50% yield when tetrakis was used as a cata-
lyst instead of Pd(OAc), at 120 °C for 24 h (entry 7). Further
increasing the time of the reaction or temperature did not
give any considerable improvement in the yield (entries 8
and 9). Changing the base from Na,CO; to other inorganic
and organic bases decreased the formation of desired prod-
uct (entries 10-12). Although the yield of the desired prod-
uct obtained from our best conditions (entry 7) was found
to be satisfactory (50%), the requirement of harsh reaction
conditions and prolonged reaction time insisted us to con-
tinue our quest for developing a milder and efficient proto-
col for cyanation.

These observations encouraged us to screen other ha-
lides and pseudohalides as substrates for the palladium-cat-
alyzed cyanation reaction. Initially, we took p-cresol and
synthesized its corresponding pseudohalides like tosylate,
mesylate, triflate, nonaflate (ONf), and pentafluorobenzene
sulfonate (OPFB) (see the Supporting Information). The cor-
responding halides (chloro, bromo, and iodo) were also ar-
ranged for our control experiments. All these substrates

© 2020. Thieme. All rights reserved. Synlett 2020, 31, 1629-1633

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



1631

Synlett M. A. Rajendra et al.

Table 1 Reaction Optimization for the Cyanation of 4-Bromotoluene?

Br catalyst CN
+  K4Fe(CN)g-3H0 &
solvent
2 120 °C
1a 3a
Entry  Catalyst Ligand Base Solvent Yield (%)°
1 Pd(OAc), - Na,CO, DMA 10¢
2 Pd(OAC), - Na,CO, DMA 20
3 Pd(OAC), - Na,CO, DMF 24
4 Pd(OAC), PPh, Na,CO, DMF 18
5 Pd(OAc), Xantphos ~ Na,CO; DMF 15
6 Pd(PPh;), - Na,CO, DMF 30
7 Pd(PPhs), - Na,CO, DMF 504
8 Pd(PPh,), - Na,CO, DMF 48¢
9 Pd(PPh,), - Na,CO, DMF 45f
10 Pd(PPh;), - K,CO; DMF 20
11 Pd(PPhs), - Cs,CO, DMF 124
12 Pd(PPh,), - TEA DMF traced

2 Reaction conditions: 4-bromotoluene (1 equiv), K,Fe(CN)g-3H,0 (0.2
equiv), catalyst (5 mol%), ligand (10 mol%), base (1 equiv) in dry DMF, heat-
ed for5hat 120 °C.

b |solated yield after column chromatography.

€0.1 mol% of catalyst used.

4 Reaction carried out for 24 h.

¢ Reaction carried out for 36 h.

fReaction carried out at 150 °C.

were subsequently screened under our previously best re-
action conditions (Table 1, entry 7) at 40 °C for 5 h (Table 2).
To our disappointment, we could obtain only a negligible
amount of the desired product with 4-bromotoluene as the
substrate, and the unreacted starting material was found to
be major (Table 2, entry 1). From this point, we decided to
carry out a case study by examining the same reaction con-
ditions with other halides and pseudohalides. Among the
halides, the chloro substrate was unreactive whereas the
corresponding iodo gave 15% of the desired product (entries
2 and 3). Amongst the pseudohalides, tosylates and
mesylates were found to be unreactive (entries 4 and 5).
The triflates reacted almost similar to that of the bromo
counterpart but showed the presence hydrolyzed product
(4-hydroxytoluene) as a competing side product (entry 6).
Gratifyingly, we could obtain the desired product in reason-
able yield when OPFB (75%) and ONf (70%) were used as
substrates (entries 7 and 8).

Based on these results, we decided to further optimize
the cyanation reaction conditions with more reactive and
bench-stable pseudohalides (OPFB and ONf) as the sub-
strates (Table 3). We altered the stoichiometric ratio of
K,FeCNg-3H,0, temperature, and reaction time so as to im-
prove the yield of the desired cyanoarene 3a. The yield of
the required product was dramatically increased when 0.33

Table 2 Screening of Different Substrates for Reaction Optimization?

X CN
Pd(PPh3)4
Na,CO;
+ KFe(CN)g3H,0 ——2s
DMF
2 40 °C
1a-h 3a
X =Br, Cl, I, OTs, OMs, OTf, ONf, OPFB
Entry Substrate Halide/pseudohalide Yield (%)°

1 1a bromo 10
2 1b chloro nil
3 1c iodo 15
4 1d tosylate nil
5 1e mesylate nil
6 1f triflate 12
7 1g nonaflate 72
8 1h pentafluorobenzenesulfonate 75

2 Reaction conditions: toluene derivative (1 equiv), K,Fe(CN)g-3H,0 (0.2
equiv), Pd(PPh;), (5 mol%), Na,COs (1 equiv) in dry DMF, heated for 5 h at
40 C.

b Isolated yield after column chromatography.

equiv of K,FeCNg-3H,0 were used (entry 2). To our delight,
we obtained the desired product in excellent yield when the
reaction was carried out at 40 °C for 3 h (entry 3). Further
reduction in temperature and time led to incomplete con-
versions (entries 4 and 5).

Table 3 Reaction Optimization with Nonaflates and Pentafluoroben-
zenesulfonates?

X CN
Pd(PPhg)4
4+ K4Fe(CN)g:3H;0 NazCOs
DMF
2 40 °C
1g,h 3a
X = ONf, OPFB
Entry K,Fe(CN)g-3H,0 Time (h) Yield of 3a (%)°
(equiv)
X = ONf X =OPFB
1 0.2 5 72 75
2 0.33 5 90 92
3 0.33 3 96 97
4 0.33 2 85 84
5 0.33 3 80¢ 82¢

2 Toluene derivative (1 equiv), K,FeCNg-3H,0, Pd(PPh;), (5 mol%), Na,CO5
(1 equiv) in dry DMF, heated for 3-5 h at 40 °C.

b Isolated yield after column chromatography.

¢ Reaction carried out at 30 °C.

After getting a mild and greener protocol for cyanation
reaction, our next attention was to evaluate the generality
of the developed protocol. We synthesized a series of di-
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verse nonaflates and pentafluorobenzene sulfonates and
propagated the synthesis of corresponding nitriles (Scheme
2). All the ONfs and OPFBs, irrespective of their electronic
properties, reacted well enough to furnish the desired ni-
triles in good to excellent yield.!®

X CN
Pd(PPhg)4
Na,CO3
+  K4Fe(CN)g-3H,0 -
DMF
R 2 40°C,3h R
1g-h 3a-o
X = ONf, OPFB
CN
CN CN CN CN
o O, O O
NH; COOH
3a (97%) 3b (91%) 3c (87%) 3d (85%) 3e (95%)
X = OPFB X = OPFB X = OPFB X = OPFB X = OPFB
CN CN CN CN CN
@ J@
F Br CHO OH
3f (92%) 39 (90%) 3h (88%) 3i (93%) 3j (92%)
X = ONf X = ONf X = ONf X = ONf X = ONf
CN CN CN CN CN
Cl F. i F
al NO, CF3
Cl F F
3k (90%) 31 (89%) 3m (90%) 3n (94%) 30 (86%)
X = ONf X = ONf X = OPFB X = OPFB X = OPFB

Scheme 2 Substrate scope of the developed protocol. Reagents and
conditions: Aryl nonaflate/pentafluorobenzenesulfonate (1 equiv),
K4FeCNg-3H,0 (0.33 equiv), Pd(PPhs), (5 mol%), Na,CO; (1 equiv) in dry
DMF, heated for 3 h at 40 °C. Isolated yields after column chromatogra-
phy are given in parentheses.

The diversity in the availability of phenols and its facile
conversion into the corresponding nonaflates or OPFBs em-
phasize the applicability of utilizing aryl OPFBs or nonaf-
lates as an alternative substrate in the palladium-catalyzed
cyanation reaction for obtaining aryl nitriles. The stability
of nonaflates and pentafluorobenzenesulfonates in the re-
action medium for palladium-catalyzed reactions has al-
ready been reported previously.'! The nonaflates are known
to suppress the O-S bond cleavage in the reaction medium
and thereby prevent its hydrolysis to the corresponding
phenols. The OPFBs are highly stable and more reactive to-
wards traditional palladium-catalyzed cross-coupling reac-
tions owing to its superior reactivity and stability. In our
successful trials, we have figured out that the use of bench-
stable and reactive ArOPFBs and ArONfs as electrophiles re-
sulted in good to excellent conversions under exceptionally
milder conditions. This could be probably attributed to the
facile oxidative addition of these electrophiles using con-

ventional palladium-catalyst systems like Pd(PPh;), under
very milder conditions as observed with previous palladi-
um-mediated reactions involving these pseudohalides.'!1?

We have successfully performed a case study for finding
a suitable substrate for the palladium-catalyzed cyanation
reaction under mild conditions. The key findings of our
study paved the way for developing aryl nonaflates and
pentafluorobenzenesulfonates as effective substrates for
the proposed reaction. As a result, we developed an excep-
tionally mild protocol for the palladium-catalyzed cyana-
tion reaction to generate a series of cyanoarenes in good to
excellent yields. The developed protocol can be extended
for the synthesis of other complex nitriles in future.
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