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The green solvent Cyrene™ has emerged as a valuable
substitute for conventional polar aprotic organic solvents such
as DMF, DMSO and NMP (renowned for their toxicity and
environmental concerns). However, in the presence of bases,
Cyrene is prone to polymerization, thus potentially incompat-
ible with reactions where a base is needed to generate reactive
nucleophiles. In this study, we developed an efficient synthetic
strategy for nucleophilic aromatic substitutions of nicotinic

Introduction

Nicotinic acid derivatives represent a privileged class of N-
heterocycles based on a functionalized pyridine ring, endowed
with a plethora of biological activities enabling their use for
treating several diseases such as cancer, dyslipidemia, inflam-
matory and neurological disorders (Scheme 1A)." For instance,
niacin (nicotinic acid or vitamin B3) is an essential vitamin
whose deficit causes multiple skin, gastrointestinal and neuro-
logical dysfunctions including the clinical syndrome of Pellagra,
as well as a FDA-approved lipid lowering drug for the treatment
of cardiovascular diseases.>* Nicotinic acid is also an intermedi-
ate of coenzymes nicotinamide adenine dinucleotide (NAD+)
and nicotinamide adenine dinucleotide phosphate (NADP +)
biosynthetic pathways, enrolled in the main cellular redox
reactions. 5-aminonicotinic acid (5-AN) is one of the most
promising known inhibitor of human D-aspartate oxidase
(hDASPO), a key player in the modulation of D-aspartate levels
in brain.”! Other relevant nicotinic acid derivatives have been
used for the control of postprandial hyperglycemia in type Il
diabetes (compound A),” for the treatment of hyperlipidemia,
acute myeloid leukemia and liver carcinoma (compound B)®
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esters in Cyrene. The success of this protocol relies on a very
short reaction time (only 15 minutes) which prevents polymer-
ization from occurring. Indeed, Cyrene not only outperformed
typical solvents such as DMF and DMSO, but also, being highly
soluble in water, allowed an easy purification of the desired
products by simple precipitation upon the addition of ice-
water.
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Scheme 1. A) Structure and bioactivity of nicotinic acid derivatives. B)
Synthetic protocol for the synthesis of nicotinic acids via SyAr reactions
performed in Cyrene (this work).

and as antibiotics (compound C).”” Some nicotinic acids have
been marketed too, as for niflumic acid and flunixin, NSAIDs
showcasing anti-inflammatory activity.”®

From a chemical point of view, due to its electron-
deficiency, the nicotinic acid core, when appropriately function-
alized with a suitable leaving group, acts as an effective
electrophilic platform for Nucleophilic Aromatic Substitution
(SyAr) reactions. These reactions stand as a cornerstone in
organic synthesis, ranking second among the most well-known
employed reactions for the industrial synthesis.”’ However,
while S\Ar reactions play a pivotal role in the synthesis and
functionalization of N-heterocycles,"” a significant drawback is
represented by the frequent necessity of employing polar
aprotic solvents in the reaction, such as DMF, DMAc, NMP and
DMSO. These solvents have been identified as being reprotoxic
(H360) and should be replaced if possible. Less widely utilized
dipolar aprotic solvents like N-ethylpyrrolidinone (NEP), tetra-
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methyl urea (TMU), 1,3-Dimethyl-3,4,5,6-tetrahydro-2-pyrimidi-
none (DMPU) and 1,3-Dimethyl-2-imidazolidinone (DMI) have
been put forward as replacements for DMF/NMP/DMAc, but
recent data indicates that these solvents are also reprotoxic.™
Moreover, the use of NaH (to deprotonate the pro-nucleophile)
in DMF should be avoided for S,Ar reactions since this
combination can decompose very exothermically leading to
loss of thermal control and potential explosion."” On the other
hand, DMSO can decompose violently at high temperatures,
thus reactions heated for prolonged time should be avoided
t0o."”” An alternative solvent for S Ar reactions is MeCN, but it
has suffered from supply chain issues in the past. In recent
times, dihydrolevoglucosenone (marketed as Cyrene™) has
emerged as a green alternative to potentially hazardous aprotic
dipolar solvents such as DMF, DMSO and NMP."® Therefore, it is
essential nowadays to explore novel approaches to run SNAr
reactions under more environmentally friendly conditions.""™'®
Cyrene, sustainably derived from cellulose and biocompatible,
can also be used at very high temperature (b.p.=227°C) and
for microwave-assisted reactions without any significant haz-
ards. Cyrene integrates into Green Chemistry practices, show-
casing its remarkable properties of non-toxicity, non-mutage-
nicity and biodegradability, aligning with sustainable principles
and minimizing environmental impact. Moreover, it could be
easily removed from reaction mixtures through an aqueous
work-up given its high miscibility with water. Given all these
properties, Cyrene is finding widespread applications in organic
synthesis, serving as the reaction medium in various protocols,
including amide bond formation, urea formation and Pd-
catalyzed transformations, inter alia."® Nevertheless, to the best
of our knowledge, the exploration of SyAr in Cyrene has been
minimal, with only a singular example of application in a SyAr
reaction."”! Given our interest in the sustainable syntheses of
biologically relevant N-heterocycles,™® herein we report our
development of a synthetic protocol for the synthesis of
nicotinic esters via SyAr reactions performed in Cyrene
(Scheme 1B). The advantage of our methodology lies in the
ability to obtain variously substituted nicotinic ester derivatives
with yields ranging from good to excellent, high purity, without

the need for aqueous work-up or tedious chromatographic
purifications, and reducing the environmental impact associ-
ated with hazardous solvents such as DMF and DMSO.

Results and Discussion

Our investigation started by studying, as a model system, the
S\Ar reaction between substrate 1 (1 mmol) and p-fluorophenol
2 (1.1 equiv.), in the presence of a base, as reported in Table 1.
Using DMF and DMSO as the solvent (entries 1 and 2) and
K,CO; as the base, product 3 was obtained only in moderate
yields after a prolonged heating at 150°C, with an aqueous
work-up required to remove these polar solvents. Better results
were observed with MeCN (entry 3): in this case, evaporation of
the solvent under reduced pressure, followed by the addition of
water to the reaction crude allowed the precipitation of pure 3
in 83 % yield. Yet, the boiling point of MeCN limited the heating
at 80°C, thus requiring 8 hours for the reaction to reach
completion. Replacing MeCN with Cyrene, some differences
were experimentally observed. First, in contrast to MeCN, both
1 and 2 were better dissolved in Cyrene, whereas K,CO; was
only partially soluble in the reaction mixture. Secondly, given
the high viscosity of Cyrene, a higher stirring rate of the
solution was needed to ensure homogeneity throughout the
solution. However, the high boiling point of Cyrene enabled the
reaction to be carried out at 150°C, thus resulting in a
substantial diminution of the reaction time to just 15 minutes
(entry 4), with the formation of a single product, easily detected
by HPLC-MS. This result is particularly relevant since it clearly
shows how Cyrene can outperform classical solvent (i.e. DMF
and DMSO) in SyAr reactions. An aqueous work-up and several
washes with water allowed fully elimination of Cyrene, affording
pure product 3 in 64% yield. Notably, short reaction times
limited the instability of Cyrene to the base, with only traces of
solvent polymerization observed (through an aldol self-con-
densation promoted by K,CO;). To remove the need for an
aqueous workup, the model reaction was performed at higher
concentration in a sealed tube (entry 5). After 15 min, product 3

Table 1. Optimization of the model SyAr reaction between nicotinic ester 1 and phenol 2.
OH
0N\ COMe Base (2.0 mmol) F 0N ~CO:Me
ClIN)/ ’ Conditions \Q\OIND/
1 3
1 mmol 1.1 mmol
entry solvent base T(C?) time isolation Yield 3®!
1 DMSO K,CO; 150 6 h extraction 32%
2 DMF K,CO, 150 4h extraction 51%
3 MeCN K,CO; 80 8h precipitation 83%
4 Cyrene K,CO; 150 15 min extraction 64 %
5 Cyrene K,CO,4 150 15 min extraction 67 %
6" Cyrene Et;N 150 15min precipitation 77%
Notes: [a] the reactions have been carried out in T mmol scale in a 50 mL flask using 10 mL of solvent (0.1 M) and 2 mmol of base; [b] isolated yield; [c] the
reaction has been carried out in a sealed tube with 0.3 mL (0.33 M) of Cyrene; [d] conversion based on consumption of the starting material via HPLC-MS.
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was detected by HPLC, but unfortunately Cyrene polymerization
had occurred, thus impacting the reaction mixture homoge-
neity as well as the clean isolation of the desired product.'®¥
However, replacing K,CO; with Et;N as the base (entry 6), the
undesired polymerization was minimized, with product 3 easily
isolated in 77% yield by simply pouring the reaction mixture
into ice-water and collecting the formed precipitate. Compared
to entry4, no extractive work-up was required; instead,
thorough removal of residual Cyrene was achieved by simply
washing the precipitate with water. It has to be noted that the
choice of the tested bases was based on literature precedence
(e.g. K,CO; and Et;N have been used in cross-coupling reactions
such as Suzuki or Sonogashira), whereas preliminary attempts
using EtONa and MeONa caused Cyrene polymerization.

With the optimized conditions in hand, the scope of the
reaction was explored, giving access to a wide library of
substituted nicotinic esters (Scheme 2). First, decorations on the
phenol partner were evaluated: halogens (products 4-5), alkyl
groups (7-8), alkoxides (9-10) could all be installed on the
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Scheme 2. Substrate scope for the SyAr of nicotinic ester derivatives (4-23)
and synthesis of 24 via nitro-group reduction. Conditions: methyl 6-chloro-5-
nitronicotinate or methyl 6-chloronicotinate (1 mmol), appropriate phenol or
thiophenol (1.1 mmol), Et;N (2 mmol), Cyrene 0.33 M (3 mL) in a sealed tube.
Notes: [a] isolated yields; [b] the reaction was carried out for 30 min; [c] an
aqueous work-up was required.
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starting phenol. Secondly, -CHO groups (11-12) could also be
tolerated under the reaction conditions despite Cyrene can
form enolate thus potentially causing an aldol reaction."® This
could be probably due to the short reaction time of the process,
which prevents side-reactivities (including polymerization).
Other carbonyl groups amenable to this chemistry are ketones
and esters, as reported for products 13-15. Phenols can also be
replaced by thiophenols, thus expanding the pool of available
nucleophiles. Products 16-18 could indeed be obtained by this
protocol, although the latter in slightly lower yield due to the
reduced nucleophilicity caused by the CF; group (tolerated as
well). Removal of the nitro group from the starting pyridine was
evaluated too: this would cause a drop in reactivity since the
ring would be less activated for SyAr reactions. Nevertheless,
given the high temperature allowed by using Cyrene as the
solvent, a series of nicotinic ester derivatives could be obtained
in good yield using substituted phenols and thiophenols (19-
23). It is important to note that the nitro group is also a useful
handle to access 5-aminonicotinic acids, as demonstrated
converting product 6 in compound 24. Finally, the moderate
yields observed with some substrates could be attributed to a
partial solubility of the product in the Cyrene/water mixture.
Indeed, no residual starting material was observed by HPLC and
TLC analyses, thus suggesting product loss during the isolation
of the product.

In an effort to broaden the applicability of our method, we
evaluated the scalability of the process as well as microwave-
assisted synthesis. In the first case, using hydroxy dimethyl
isophthalate 25 as the pro-nucleophile, starting from 1 gram
(4.6 mmol) of nicotinic ester 1, product 26 was obtained in 76 %
yield (with >96% purity assured by HPLC analysis) by a simple
precipitation in ice-water (Scheme 3A). In this case, the reaction
was performed at higher concentration (0.33 M vs 0.8 M), with
the reaction reaching completion still in 15 minutes, as
indicated by TLC. Microwave-assisted synthesis offers a more
sustainable approach to chemical processes, by significantly
reducing energy consumption compared to conventional
methods. The precise heating provided by microwaves often
enables higher yields, fewer by-products, making it a promising
protocol for environmentally conscious synthetic chemistry.

A)
MeO,C: CO,Me CO,Me
02N COZMe _ BN 0N~ ~COMe
Cyrene 150 °C U
MeO,C 07N
1 (1 gram) 26, 76%

J\/j/COZMe Et3N HC. OZNITCOQMe
{
\Q\ Cyrene 150 °C \Q\O N
MW irradiation
2 min OMe

1 28, 86%
COMe p-bromophenol p-anisylboronic acid MeO,
2
J\/j/ K,CO3 Pd(PPh)s 0N _COMe
Cyrene, 150 °C s ° O Ij/
15 min 1h 07 N7

water, 150 °C

1 29, 44% over 2-steps

Scheme 3. A) Scalability of the SyAr reation to 1 gram of starting material. B)
Microwave-assisted SyAr reaction performed in Cyrene. C) Tandem SyAr-
Suzuki cross-coupling performed in Cyrene.
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Recognizing the potential application of Cyrene in this field,*”

we chose to modify our protocol to ensure compatibility with
microwave-assisted heating. Vanillin 27 smoothly reacted with
1 under 300 W microwave irradiation at a controlled-temper-
ature of 150°C, affording 28 in optimal yield (86 %) after 2 min
(Scheme 3B). Finally, considering the feasibility of the Suzuki-
Miyaura cross-coupling in Cyrene,"® we also decided to expand
the scope of our process realizing a one-pot telescoping
approach, involving first a SyAr transformation, followed by a
subsequent in situ Pd-catalyzed cross-coupling reaction (Sche-
me 3C). It has to be noted that K,CO; must be used for the
correct proceeding of both SyAr and Suzuki reaction. Com-
pound 1 was reacted under the described conditions with p-
bromophenol and the formation of the product was assured by
TLC after 15 min. Despite the initial rise in solution viscosity
caused by the presence of the inorganic base, the simple
addition of 1 mL of water to the reaction mixture successfully
reverted this effect. Furthermore, the presence of water
accelerated the subsequent Suzuki step, which was carried out
by the addition of p-anisylboronic acid and Pd(PPh,),, affording
compound 29 after 1 h.

Conclusions

We reported an efficient, fast and eco-friendly synthetic
protocol for SyAr reactions of nicotinic esters in Cyrene. This
solvent proved to be a valid alternative to toxic and environ-
mentally damaging commonly used organic solvents, like DMF,
DMSO and NMP. The high boiling point of Cyrene allowed the
process to be carried out at 150°C, resulting in a significant
decrease in the reaction time to just 15 minutes. Moreover, after
the reaction completion, the addition of ice-water caused the
precipitation of the desired products in good to excellent yields.
This innovative protocol enabled the facile synthesis of a wide
library of novel nicotinic esters, valuable precursors of bioactive
compounds. Finally, this methodology could be extended to
scale-up processes, microwave-assisted synthesis, and one-pot
telescoping reactions, thus enhancing its applicability in various
eco-friendly synthetic contexts.

General Procedure

A mixture of methyl 6-chloro-5-nitronicotinate or methyl 6-
chloronicotinate (1.0 equiv), the appropriate phenol or thiophe-
nol (1.1 equiv) and TEA (2.0 equiv) in Cyrene (0.3 M, 3 mL) was
heated at 150°C for 15 min in a sealed-tube. After cooling to rt,
the reaction mixture was poured into ice-water and the
precipitate was collected by filtration and washed with cold
water to afford the pure product.

An aqueous work-up was necessary for compounds 10 and
22. The crude reaction mixture was diluted with ethyl acetate
and the organic phase was washed five times with brine, dried
with anhydrous Na,SO,, filtered and concentrated under
vacuum.
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