
2304

Chan–Evans–Lam N1-(het)arylation and N1-alkеnylation of
4-fluoroalkylpyrimidin-2(1H)-ones
Viktor M. Tkachuk1, Oleh O. Lukianov1, Mykhailo V. Vovk1, Isabelle Gillaizeau2

and Volodymyr A. Sukach*1,3

Full Research Paper Open Access

Address:
1Institute of Organic Chemistry, National Academy of Sciences of
Ukraine, 2Institute of Organic and Analytical Chemistry, ICOA UMR
7311 CNRS, Université d’Orléans, rue de Chartres, 45100 Orléans,
France and 3Enamine LTD, 78 Chervonotkats‘ka str., Kyiv 02094,
Ukraine

Email:
Volodymyr A. Sukach* - vsukach@gmail.com

* Corresponding author

Keywords:
C–N cross-coupling; Chan–Evans–Lam reaction;
pyrimidin-2(1Н)-ones; fluoroalkyl group; boronic acids

Beilstein J. Org. Chem. 2020, 16, 2304–2313.
https://doi.org/10.3762/bjoc.16.191

Received: 11 July 2020
Accepted: 04 September 2020
Published: 17 September 2020

This article is part of the thematic issue "Organo-fluorine chemistry V".

Guest Editor: D. O'Hagan

© 2020 Tkachuk et al.; licensee Beilstein-Institut.
License and terms: see end of document.

Abstract
The Chan–Evans–Lam reaction of 1-unsubstituted 4-fluoroalkylpyrimidin-2(1Н)-ones with arylboronic acids is reported as a facile
synthetic route to hitherto unavailable N1-(het)aryl and N1-alkenyl derivatives of the corresponding pyrimidines. An efficient C–N
bond-forming process is also observed by using boronic acid pinacol esters as coupling partners in the presence of Cu(II) acetate
and boric acid. The 4-fluoroalkyl group on the pyrimidine ring significantly assists in the formation of the target N1-substituted
products, in contrast to the 4-methyl and 4-unsubstituted substrates which do not undergo N1-arylation under similar reaction
conditions.
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Introduction
The catalytic formation of C–N bonds in the presence of transi-
tion metal salts is an essential transformation that permits the
preparation N-(het)aryl-substituted amines and their derivatives
including various nitrogen-containing heterocycles [1-5], an
important class of compounds throughout chemical research.
The copper-catalyzed arylation of the nucleophilic nitrogen
atom, known as the Ullmann [6,7] reaction, and its modifica-
tion by Chan and Lam [8] are favored due to the several

advantages they offer versus the Pd counterpart (i.e., the Buch-
wald–Hartwig reaction) such as the lower cost and lower toxici-
ty of the metal as well as their tolerance of aerobic conditions
[2,9]. The efficiency of the Ullmann arylation has recently been
greatly improved through extensive mechanistic investigation,
ligand/precatalyst design and optimization studies [10-13]. As a
result, the reaction has become feasible under milder conditions,
whereas originally it required very high temperatures, and some
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Figure 1: Summary of the previous and present studies.

limitations including mostly low yields and intolerance of sensi-
tive functional groups have been partially overcome [14]. A
search for new efficient reagents for copper-catalyzed N-aryl-
ation has led to the recognition of arylboronic acids as uniquely
advantageous means to perform C–N cross-coupling reactions
[15-17]. The corresponding Ullmann-type reaction currently
known as Chan–Evans–Lam (CEL) coupling is characterized by
the combination of two nucleophilic reactants which implies
that oxidative processes with atmospheric oxygen play a signifi-
cant role in the generation of active copper-organic intermedi-
ates from boron-organic precursors [18-20].

Our interest in the development of N-arylation methods
resonated with recent studies focused on the addition of various
C-nucleophilic reagents to 4-trifluoromethylpyrimidin-2(1H)-
ones I, heterocyclic analogues of activated ketimines (Figure 1),
thus offering potential applications in the design of new hetero-
cyclic chemotypes [21-25]. Compounds I are precursors of tri-
fluoromethyl-substituted dihydropyrimidine derivatives which
appear as original and potent scaffolds in medicinal chemistry,
given the great importance of fluorinated groups in drug
discovery [26-29]. On the strength of these results, herein we
aim at extending the range of available compounds I by the
introduction of (het)aryl and alkenyl substituents at the N1 posi-
tion of the pyrimidine ring. Such derivatives have been hitherto
unknown due to their synthetic inaccessibility by the conven-
tional approach based on the formation of the pyrimidine
moiety. For example, the attempted heterocyclization of
ethoxyenones II (e.g., 4-ethoxy-1,1,1-trifluorobut-3-en-2-one)

with N-arylureas, unlike the reaction with most N-alkylureas III
(see Figure 1a, method A) [30], led to a complex mixture of
products (unpublished data), which may be attributed to the de-
creased nucleophilicity of the nitrogen atom bound to the aryl
group. On the other hand, a previously developed synthetic non-
trivial method involving the cyclocondensation of N-(trifluo-
rochloroethylidene) carbamates IV with β-amino crotonates V
led only to 4-trifluoromethylpyrimidin-2(1H)-ones I bearing a
5-alkoxycarbonyl substituent (R3/6 = CO2Alk) due to the strong
structural limitations of the nucleophilic enamine component
(see Figure 1а, method В) [31]. The access to other C5-substi-
tuted and C5-unsubstituted pyrimidin-2(1H)-ones is beyond the
synthetic scope of this approach.

At the same time, simple N1-unsubstituted pyrimidin-2(1H)-
ones 1 (see Figure 1b) are readily available on a multigram
scale from inexpensive reagents [32-34] and can serve as prom-
ising building blocks for further functionalization, including
(het)aryl or alkenyl substitution at the N1 atom. However, direct
arylation of 1 with aryl halides under Ullmann reaction condi-
tions is a low-efficiency process giving only complex mixtures.
It is likely that the harsh thermal conditions required for the
coupling are not tolerated with the highly electrophilic ketimine
moiety of 4-trifluoromethylpyrimidin-2(1H)-ones. The CEL
reaction was successfully applied in the N-arylation of many
heterocyclic systems [35-37] including non-fluorinated pyrim-
idin-2(1H)-ones [38,39] under mild conditions. There are a few
thorough studies on this reaction with pyrimidine and purine
nucleoside bases and their derivatives which are most closely
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Table 1: Effect of the solvent, base, and temperature on the CEL reaction of 4-trifluoromethylpyrimidin-2(1H)-one (1а) with phenylboronic acid (2a).

Entry Solventa Additive, equiv Cu(OAc)2·H2O, equiv t, °С Time, h Yield 3a,b %

1 CH2Cl2 Py, 2 1 rt 48 88
2 CH2Cl2 Py,1 1 rt 48 80
3 CH2Cl2 – 1 rt 48 <5
4 CH2Cl2 Py, 0.4 0.2 rt 48 81
5 CH2Cl2 Py, 2 1 40 10 45
6 CH2Cl2 4-DMAP, 2 0.2 rt 48 19
7 CH2Cl2 2,2’-bipy, 2 0.2 rt 48 15
8 CH2Cl2 Et3N, 2 1 rt 48 61
9 CH2Cl2 TMEDA, 2 1 rt 48 44
10 CH2Cl2 8-hydroxy-quinoline, 2 1 rt 48 18
11 CH2Cl2 Py, 2 CuF2 (1 equiv) rt 48 86
12 CH2Cl2 Py, 2 Cu(OTf)2 (1 equiv) rt 48 27
13 MeOH Py, 2 1 rt 48 40
14 MeOH/H2O 9:1 Py, 2 1 rt 16 38
15 DCE Py, 2 1 rt 48 69
16 MeCN Py, 2 1 rt 48 83
17 MeCN Py, 2 1 rt 96 92
18 MeCN Py, 2 1 80 8 90
19 MeCN Py, 0.4 0.2 80 8 79
20 THF Py, 2 1 rt 48 38
21 EtOAc Py, 2 1 rt 48 65
22 DMC Py, 2 1 rt 48 4
23 DMSO Py, 2 1 rt 48 11

aThe reaction was conducted in an open flask (with an air condenser) and was vigorously stirred; byields monitored by 1H NMR analysis of the isolat-
ed crude samples.

related to fluorine-containing substrates 1 [40-42]. However,
considering the high sensitivity and capricious nature of CEL
reaction, we wish to report herein a general set that promotes
the effective coupling of N1-unsubstituted 4-fluoroalkylpyrim-
idin-2(1H)-ones 1 with (het)aryl- and alkenylboronic acids as
well as with their pinacol esters. As the main synthetic result of
the study, we have obtained the first representatives of hitherto
unavailable 4-fluoroalkylpyrimidin-2(1H)-ones bearing
(het)aryl and alkenyl substituents, respectively, at the N1 posi-
tion (see Figure 1b).

Results and Discussion
Our investigation started with 4-trifluoromethylpyrimidin-
2(1H)-one (1а) as a model substrate in the presence of phenyl-
boronic acid (2a) to study the effect of solvent, base, and tem-

perature on the course of the CEL arylation in the presence of
copper(II) acetate monohydrate (Table 1). As observed for
dichloromethane medium, the reaction proceeded very effi-
ciently, with a product 3a yield of 88%, and reached comple-
tion within 48 h upon the addition of 2 equiv of pyridine (as a
base and ligand), and 1 equiv of copper acetate at room temper-
ature (see Table 1, entry 1). The product yield decreased
slightly to 80% with 1 equiv of pyridine (Table 1, entry 2) and
dropped dramatically to below 5% under pyridine-free condi-
tions (Table 1, entry 3). With decreased amounts of both pyri-
dine and copper acetate (0.4 and 0.2 equiv, respectively), the
yield was reduced insignificantly to 81% suggesting, however,
the catalytic nature of the conversion (Table 1, entry 4). Boiling
the reaction mixture for 10 h led to a markedly reduced yield of
45% (Table 1, entry 5). The replacement of pyridine by other
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organic bases/ligands (4-DMAP, 2,2’-bipy, Et3N, TMEDA,
8-hydroxyquinoline) resulted in poorer yields of the target prod-
uct in all cases (Table 1, entries 6–10). The use of copper(II)
fluoride (in contrast to triflate) instead of acetate had practi-
cally no effect on the reaction course under the same conditions
(Table 1, entries 11 and 12). Therefore, further solvent
screening was carried out using pyridine (2 equiv) and copper
acetate (1 equiv) as the efficient and most available system. The
conversion under study proved to be sensitive to the nature of
the solvent. Average product yields of 38–69% were observed
for the reaction run in methanol, dichloroethane, tetrahydro-
furan, and ethyl acetate (Table 1, entries 13–15, 20 and 21). In
dimethyl carbonate and DMSO solutions, the yields were
reduced to 4 and 11%, respectively (Table 1, entries 22 and 23).
In contrast, with acetonitrile used as a solvent, the yield of prod-
uct 3a reached 83%. When the reaction in acetonitrile was
prolonged to 96 h, the yield improved to 92% (Table 1, entries
16 and 17). Unlike the experiment in dichloromethane at 40 °С
(Table 1, entry 5), heating to 80 °С and reduction of the reac-
tion time to 8 h did not reduce the yield, which remained essen-
tially the same, about 90% (Table 1, entry 18). Heating the reac-
tion mixture also allowed the copper salt and pyridine to be
used in substantially lower (catalytic) amounts, though sacri-
ficing the yield to some extent (79%, Table 1, entry 19). Struc-
tural determination of compound 3а was performed by IR and
1Н, 13С, and 19F NMR spectroscopy as well as by LCMS and
HRMS analysis.

Performing the reaction with substrate 1а under the optimum
conditions (see Table 1, entry 18), we examined a variety of
(het)aryl- and alkenylboronic acids 2b–w as coupling partners.
As established in the first experiments, stirring the reaction mix-
ture at room temperature for 24 h followed by heating at 80 °С
in acetonitrile results in a considerably increased yield of the
corresponding pyrimidones 3. The thus optimized reaction
conditions were applied to obtain a series of otherwise difficult
to access and hitherto unknown N1-aryl-substituted 4-trifluo-
romethylpyrimidin-2(1H)-ones 3b–w (Scheme 1). The product
yields were found to depend on the electronic nature of the sub-
stituents on the phenyl ring. A number of commercially avail-
able phenylboronic acids with electron-donating or electron-
withdrawing para-substituents on the aromatic ring were
reacted with substrate 1a to give pyrimidones 3 in satisfactory
and high yields of 66–90%. Boronic acids containing
p-CONH2, p-SO2Me and p-CH2OH substituents, respectively,
provided the correspondingly N1-substituted pyrimidones 3i,j,n
in moderate to satisfactory yields of 43–60%.

It is notable that in our case, the Chan–Evans–Lam arylation is
tolerant to many sensitive functional groups contained in
boronic acids, thereby providing a synthetic entry to products 3

with the aldehyde (in compound 3k), phenolic meta- and para-
hydroxy (3l,m), and hydroxymethyl (3n) substituents. At the
same time, the reaction with para-N,N-dimethylaminomethyl-
phenylboronic acid failed to produce the desired arylated prod-
uct due to the oxidation of the substituent to the aldehyde group
and, probably, some other related side processes. As might be
expected, the ortho-substituent on the phenyl ring of the boronic
acid impeded N1-arylation by steric hindrance. However, the
methoxy and methyl groups at the ortho position did not
prevent the formation of the corresponding products 3o and 3p,
which were isolated in moderate yields of 52 and 35%, respec-
tively. In contrast, the fluorine ortho-substituent drastically in-
hibited the reaction, which is evidently attributed more to elec-
tronic than to steric effects.

The formation of alternative O-arylated products was ruled out
by conducting a NOE NMR experiment with compound 3b as
an example. Saturation of the signal from the pyrimidine H6

proton resulted in a significantly enhanced resonance of the
ortho protons in the para-methoxyphenyl group (see Scheme 2
and Supporting Information File 1).

As the next step of the study, substrate 1a was reacted with
hetarylboronic acids containing various heterocyclic moieties to
obtain the first representatives of hetaryl-substituted 4-trifluo-
romethylpyrimidin-2(1H)-ones 3. The simplest 3- and
4-pyridylboronic acids provided the corresponding products
3q,r, which were isolated and completely characterized in spite
of tthe low yields (13–17%). Electron-donating substituents (a
methoxy or 1-pyrrolidinyl group) at position 4 of 3-pyridyl-
boronic acid enabled increased yields of the target products 3s
and 3t thus opening a preparative pathway to a wide variety of
4-alkoxy-3-pyridyl and 4-dialkylamino-3-pyridyl derivatives.
Hetarylboronic acids containing a more electron-deficient
pyrimidyl instead of the pyridyl residue was completely unreac-
tive to N1-hetarylation of substrate 1a under the conditions
used. Contrary to this case, the method developed allowed elec-
tron-rich heterocyclic nuclei including the 3-thienyl (but not
isomeric 2-thienyl), 5-trifluoromethyl-3-thienyl, and 3-furyl
residues, respectively, to be introduced at the N1 position of the
pyrimidone ring, affording compounds 3u–w.

Stimulated by the reported examples of the copper-catalyzed
N-alkenylation of heterocycles [40,43-48], we extended the
reaction scope to β-styrylboronic acid (4) as a reagent; the thus
obtained N1-styryl-substituted 4-trifluoromethylpyrimidin-
2(1H)-one 5a obviously has considerable synthetic potential
[49,50]. The stereochemistry of compound 5a was confirmed by
a NOE NMR experiment, which demonstrated significant
spatial interaction between the H6 and Hb protons (see
Scheme 1) and therefore suggested the preferred s-trans confor-
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Scheme 1: Chan–Evans–Lam reaction of 4-trifluoromethylpyrimidin-2(1H)-one 1а with (het)aryl boronic acid 2b–w and β-styrylboronic acid 4.



Beilstein J. Org. Chem. 2020, 16, 2304–2313.

2309

Table 2: Effect of boric acid and pyridine additives on the Chan–Evans–Lam reaction of 4-trifluoromethylpyrimidin-2(1H)-one (1а) with phenylboronic
acid pinacol ester (6а).

Entryb Additive, equiv Cu(OAc)2·H2O equiv t, °C Time, h Yield 3a, %

1 Py, 2 1 80 8 9
2 Py, 2

H3BO3, 2
1 80 8 86

3 Py, 2
H3BO3, 2

1 20 48 7

4 Py, 0.4
H3BO3, 2

0.2 80 8 9

5 H3BO3, 2 1 80 8 <5
aThe reaction was conducted in an open flask (with an air condenser) and was vigorously stirred; byields monitored by 1H NMR analysis of the isolat-
ed crude samples.

mation of the β-styryl substituent in a CDCl3 solution (see Sup-
porting Information File 1). It should be noted that the
attempted N1-cycloalkylation did not proceed with cyclopropyl-
and cyclohexylboronic acids.

Aiming at extending further the range of reagents, we subjected
phenylboronic acid pinacol ester (6а) to a similar model conver-
sion. Boronic acid pinacol esters are generally known to be
much less reactive than the corresponding boronic acids in the
Chan–Evans–Lam reaction having, on the other hand, the im-
portant advantage of being more available and stable
[20,51,52]. A recently reported combined synthetic and spec-
troscopic study optimized the conditions for the C–N-coupling
of NH compounds of various kinds (amines and NH-hetero-
cycles) with boronic acid pinacol esters [20]. The use of aceto-
nitrile as a solvent, with the addition of boric acid as a
promoter, was shown to be most efficient. As found by us,
starting from pyrimidone 1а, when reacted with pinacol
boronate 6а (1.5 equiv), provided only a minor amount of prod-
uct 3а (about 9%) under the optimum conditions for the reac-
tions with boronic acids (Table 2, entry 1). However, the addi-
tion of 2 equiv of boric acid drastically increased the arylation
efficiency, with the yield of pyrimidone 3а reaching 86%
(Table 2, entry 2). We assume that the boric acid added triggers
the transesterification of phenylboronic acid pinacol ester 6а
thereby leading to the in situ generation of reactive phenyl-
boronic acid (2а). The reaction attempted at the lower (room)
temperature and with lower amounts of copper acetate and pyri-
dine practically failed to occur (Table 2, entries 3–5).

In view of the availability of boronic acid pinacol esters, and
particularly of synthetically attractive pinacol alkenylboronates
[53,54], we studied the reaction of 1а with a series of such
reagents 6b–d and 7a–h (Scheme 2). The yields of (het)aryl-
substituted products 3g,q,s obtained from 6b–d were found to
be much the same as in the analogous reactions of substrate 1а
with the corresponding boronic acids 2g,q,s. Pinacol alkenyl
boronates 7a–h smoothly furnished the corresponding
N1-alkenyl-substituted pyrimidones 5a–h. Product 5f obtained
from the simplest vinylboronic acid pinacol ester (7f) appears to
be of special value [55,56]. However, we did not succeed in
reacting substrate 1а with pinacol 2-phenylethynyl boronate.
The meta-methoxystyryl derivative 5c was found to easily
undergo photodimerization in solid state upon sunlight expo-
sure, leading to the formation of compound 8 with a central
cyclobutane ring (see Supporting Information File 1). As
proved previously for analogous enamides [57], the facile
[2 + 2] photocycloaddition process likely occurred due to favor-
able orientation of the interacting molecules and close contacts
between alkene carbon atoms in the crystal structure. Conse-
quently, the synthesis of product 5c was performed in darkness.
N1-Styryl-substituted pyrimidin-2(1H)-ones 5a–e exhibit fluo-
rescence properties with emission of λmax = 490–532 nm in
CH2Cl2 solution.

In order to analyze the effect exerted on the Chan–Evans–Lam
arylation by 4-, 5-, and 6-substituents on the pyrimidine ring
and also aiming at the further functionalization of pyrimidin-
2(1H)-one, we studied various substrates 1b–h in the reaction
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Scheme 2: Chan–Evans–Lam reaction of 4-trifluoromethylpyrimidin-2(1H)-one (1а) with (het)aryl- and alkenylboronic acid pinacol esters 4b–d and
7a–h.

with phenylboronic acid (2a, Scheme 3). It was found that
4-difluoromethylpyrimidin-2(1H)-one (1b) produced the corre-
sponding N1-phenyl derivative 9a in a moderate yield of 40%,
whereas its 4-difluorochloromethyl and 4-pentafluoroethyl-
substituted analogues 1c,d afforded products 9b,c in high yields
of 74 and 78%, respectively (see Supporting Information
File 1). Unexpectedly, 4-methyl-substituted and 4-unsubsti-
tuted pyrimidin-2(1H)-ones 1e,f, when reacted under similar
conditions, gave complex mixtures containing no more than 5%
of target products 9d,e. Thus, the presence of the electron-with-
drawing 4-fluoroalkyl group in pyrimidones 1 is a significant
structural factor playing a major role in the overall success of
the Chan–Evans–Lam reaction, most likely due to related
increase in NH-acidity of the heterocyclic system. The ester
group and the bromine atom at position 5 of the 4-trifluo-
romethylpyrimidin-2(1H)-ones 1g,h did not disturb the course

of the reaction and the products 9f,g bearing the corresponding
functionalities are applicable as building blocks in further syn-
theses. The 6-methyl substituent had a negative effect on the
N-arylation process. As evidenced by LCMS analysis, the reac-
tion with 6-methyl-4-(trifluoromethyl)pyrimidin-2(1H)-one pro-
vided a mixture of three cross-coupling products (not
separated), with a total yield of no more than 18%, which sug-
gests a poor regioselectivity.

Conclusion
We have optimized the reaction conditions for the efficient and
facile Chan–Evans–Lam N1-(het)arylation and N1-alkеnylation
of 4-fluoroalkylpyrimidin-2(1H)-ones. It has been shown that
with the addition of boric acid, high yields of the target prod-
ucts are also obtained when the reaction is carried out with
boronic acid pinacol esters as an organoboron component,
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Scheme 3: Chan–Evans–Lam reaction of pyrimidin-2(1H)-ones 1b–h with phenylboronic acid (2a).

instead of the conventionally used boronic acids. Among the
newly-synthesized compounds are the first representatives of
N1-(het)aryl-4-fluoroalkylpyrimidin-2(1H)-ones as well as their
synthetically promising N1-alkеnyl-substituted analogues. The
success of the reaction has been found to depend on the pres-
ence of the 4-fluoroalkyl group in the starting pyrimidone.

Supporting Information
Supporting Information File 1
Experimental procedures, characterization data, copies of
the 1H and 13C NMR spectra.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-16-191-S1.pdf]
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