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Abstract: An innovative route for the construction of 2-oxo- and thioxo-1,2,3,4-
-tetrahydropyrimidines was delineated through a multicomponent reaction
under Biginelli conditions, starting from different aromatic aldehydes, -keto
esters and urea or thiourea. The proper choice of the copper complex
(PhNH3),CuCly,, as a novel homogeneous catalyst, enabled a facile, efficient,
and inexpensive reaction under mild experimental conditions. Moreover, the
first application of this complex salts in organic synthesis ever is presented.
The obtained products were of high purity, and could be easily isolated from
the reaction mixture in good to excellent yields. Moreover, compared to the
classical Biginelli reaction conditions, the present method has the advantages
of higher yields and experimental and work-up simplicity. To illustrate the
joint catalytic action of the Cu?* and phenylammonium ions, two key steps of
Biginelli reaction were examined using the M06 functional.

Keywords. adehydes; multicomponent reactions; heterocycles, homogeneous
catalysis; density functional calculations.

INTRODUCTION

The 2-oxo- and thioxo-1,2,3,4-tetrahydropyrimidines (3,4-dihydropyrimi-
dine-2(1H)-thi(ones)) are a class of compounds that have attracted the enormous
interest of the medicinal chemistry community in recent years. Dihydropyri-
midinones are very attractive compounds because of the wide range of their bio-
logical activities, such as. antihypertensive, 14 anti-HIV,> antitumor,5-10 anti-
epileptic,11 antimalarial,12 anti-inflammatory,13 antitubercular,14 antioxidativel®
and anti-HBV (hepatitis B virus).16 In addition, they act as potassium channel
blockersl’18 and aia adrenergic receptor antagonists.l® Therefore, the pre-
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596 JANKOVIC, BUGARCIC and MARKOVIC

paration of this heterocyclic nucleus has gained great importance in organic
synthesis. A simple method for the preparation of the dihydropyrimidinones was
first reported by Biginelli in 1893 (Fig. 1).20 His original reaction is the acid-
supported cyclocondensation of an aldehyde, p-ketoester and urea. However, this
method suffers from low product yields (20-50 %), strong acidic condition and
difficult isolation of the products.

% x OH Ar R X
)j\ /[k 7a| CgH, 3-NO, Bt O
PhNH,*
HN NH, + ArRCHO -~ H,N N Ar b | CeHs Et- O
1 2 3 0,0 7c| CgHy, 4-0OH,3-0CH; Et- O
2+ 7d| CHCH=CH E- O
Cu
o o Te | CgH Et- S
x s | o Ar X &1 &6t t-
7f | CgHs, 4-OH, 3-0CH; Et- S
/[J\+/\ > OR o3 :
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4 Cu* o 6 Th| CgHg Me- O
7i | CgH, 4-OH,3-OCH; Me- O
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T E /K TU | 2-Faryl Me- O
H,0 N X Tm| CgHs, 4-OF, 3-OCH; Me- S
Ta-n Tn | CgHs Me- S

Fig. 1. General outline of the Biginelli Reaction.

In the last decades, numerous improved procedures with new catalysts for
Biginelli reaction have been reported?l.22, Many Lewis acids, such as copper
sdts, proved to be very good catalysts for the preparation of dihydropyrimid-
inones. This field of investigation is still very vigorous. Namely, some copper-
based catalysts, such as. Cu(OTf),,23 copper methanesulfonate (CMS),24
CuCl5,25 Cu(NO3)5-3H20,26 Cu sulfamate, 2’ Cu(NTf),,28 [[Gmim]Cl—Cu(l1)],2°
Cu nanoparticles,30 Cu(acac)o[bmim]BF4,31 CuCly-2H,0,32 Cu(ClO4),-6H0,33
Cu(BFy4)2,34 poly(4-vinylpyridine-co-divinylbenzene)-Cu(ll) complex,3> and
Cul36 have recently been successfully employed. However, some inorganic and
organic ammonium salts, such as ammonium carbonate,37 akylammonium
salts,;38 and benzyltriethylammonium chloride,3® were used as catalysts in the
Biginelli reaction.

The catalytic behavior of Cu(ll) and ammonium compounds in the Biginelli
reaction motivated us to focus our attention on the application of a compound
with Cu(Il) and the phenylammonium ion in same molecule, that is bis(phenyl-
ammonium) tetrachloridocuprate(2-), (PhNH3)2CuCl4. This complex salt was
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DOUBLE CATALYTIC EFFECT OF (PhNHz),CuCl, 597

synthesized by modification of earlier described procedures?0 and successfully
applied as a catalyst for the synthesis of dihydropyrimidinones. To elucidate the
catalytic role of the complex, a mechanistic insight into the crucia reaction steps
is provided.

It is generally accepted that the catalytic action of the Cu2* conforms to the
mechanism depicted in Fig. 1. The first phase of the reaction is a spontaneous
proton transfer from urea (1) to the oxygen of an aromatic aldehyde (2), whereby
N-substituted (thio)urea (3) is built. In the further course of the reaction, a
Brensted acid removes HO~ from 3, thus yielding the imminium ion (4). In the
next reaction step, a new C-C bond between the benzylidene carbon of 4 and the
a-C atom of an active methylene compound (5) is formed. This phase of the
Biginelli reaction is catalyzed by Cu2*, and yields the condensation product (6).
This intermediate undergoes intramolecular nucleophilic addition, followed by
the formation of a new C-N bond and dehydration. In this way, the final product
of the reaction, dihydropyrimidinone (7) isformed.

EXPERIMENTAL
General

The 1H- and 13C-NMR spectra were recorded in DM SO-dg on a Varian Gemini 200 MHz
NMR spectrometer. The IR spectra were obtained with a Perkin-Elmer Model 137B and
Nicolet 7000 FT spectrophotometers. Microanalyses for C, H and N were obtained on a
Dornis & Kolbe instrument. Melting points (m.p.) were determined on a System Kofler type
WME apparatus and are uncorrected. Thin layer chromatography (TLC) was performed on
0.25 mm Merck precoated silica gel plates (60F-254) using an ethyl acetate-methanol (8:2)
mixture as the mobile phase and UV light for visualization. All aromatic aldehydes, S-keto-
esters, urea and thiourea were used as supplied by Aldrich. Aniline (reagent grade) from
Merck was distilled prior to use. Copies of the H- and 13C-NMR spectra of all compounds
(7a—, Figs. S-1-S-26), as well as analytical and spectral data are given in the Supplementary
material to this paper.

Preparation of the catalyst (PhNH3),CuCl,

Hydrochloric acid (6 M, 20 mL) was taken in a 100-mL round-bottom flask and
CuS0,4-5H,0 (2.49 g, 10 mmol) was added slowly with stirring and constant cooling. To the
resulting dark green solution, freshly distilled aniline (1.86 g, 0.02 mmol) was added very
slowly. The precipitated yellow powder was filtered and washed with ethanol (5 mL, 95 %)
and dichloromethane (5 mL). The copper complex powder was dried at 100 °C to constant
weight.

General experimental procedures for the synthesis of 2-oxo- and thioxo-1,2,3,4-tetrahydro-
pyrimidines

In a 50-mL round-bottom flask, urea or thiourea (15 mmol) was dissolved in ethanol (20
mL, 95 %). Then an aromatic adehyde (10 mmol), S-keto ester (12 mmol) and catalyst (10
mol % with respect to aldehyde) were added. The solution was magnetically stirred a room
temperature. The reaction was followed by TLC to verify its completion. The formed white
solid was filtered, washed with small portions of cold ethanol and DCM, and then dried under
vacuum to afford the desired product with a good purity grade.
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Computational details

All calculations were performed with the Gaussian 09 program package*! using the M06
functional. This hybrid meta functional was developed by Zhao and Truhlar as “a functional
with good accuracy “across-the-board” for transition metals, main group thermochemistry,
medium-range correlation energy, and barrier heights’ .42 This method was recommended “for
application in organometallic and inorganometallic chemistry and for noncovalent interact-
iong’.43 The 6-311+G(d,p) basis set was applied for C, H, N, and O, whereas the Def2-
TZVPD basis set* was used for Cu. These triple split valence basis sets add the polarization
functions to all atoms and diffuse functions to heavy atoms. The structures of all investigated
species in ethanol were optimized, and frequency calculations performed. The influence of the
solvent (dielectric constant = 24.852) was taken into account by applying the CPCM solvation
mode! (polarizable conductor calculation model).*> An unrestricted scheme was applied for
the open shell structures containing a Cu?*. The obtained stationary points were verified to be
equilibrium geometries (no imaginary frequencies), or transition states (one imaginary fre-
quency) on the potential energy surface. The activation free energies were calculated at 298.15 K.
Natural bond orbital (NBO) analysis*6-48 was realized for all calculated structures.

The 13C-NMR chemical shifts for all carbon atoms of 7h in DM SO relative to TMS were
calculated using the gauge independent atomic orbital (GIAO) method, as implemented in
Gaussian 09. For this purpose, the geometries of 7h and TMS in DM SO were optimized using
the M06/6-311+G(d,p) and CPCM models (dielectric constant of DMSO = 46.826). The
nuclear magnetic shielding tensors were calculated for TMS and 7h. The values for al carbon
atoms in 7h were subtracted from the value for the carbon in TMS (178.4833). Compound 7h
belongs to the C; point group and, thus, the ortho and meta carbons show two different che-
mical shifts. In this case, the corresponding mean values were taken to represent the chemical
shifts of the ortho and meta carbons. As the so-obtained chemical shifts were systematically
overestimated, their values were scaled by afactor of 0.94.

RESULTS AND DISCUSSION

In this paper, a simple but effective and convenient method for the synthesis
of 2-oxo- and thioxo-1,2,3,4-tetrahydropyrimidines from urea or thiourea (1),
some aromatic aldehydes (2) and g-keto ester (5) in the presence of copper com-
plex (PhNH3)>CuCly as a catalyst is reported. The results of the investigation are
givenin Tables - 1l.

TABLE |. Optimization of the solvent for synthesis of the product 7h at room temperature for

24 h (¢ - dielectric constant, DN - donor number, AN - acceptor number, HBD - hydrogen

bond donor, HBA- hydrogen bond acceptor)

Entry Solvent &%  DN30 AN HBD/a®! HBA /52 Catalyst, mol % Yield@ %
DCM 89 - 20.4 - - 1 8

2 Toluene 24 - - - - 1 11
3 MeOH 327 200 415 0.99 0.70 1 32
4 EtOH 246 190 37.1 0.85 0.77 1 41
5 THF 7.6 20.0 8.0 - 0.52 1 28
6 MeCN 366 141 189 0.29 — 1 24
dsolated yields
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For the purpose of the investigations, the reaction of benzaldehyde, methyl
acetoacetate and urea was selected as a model reaction. The first task was to
optimize the conditions of the Biginelli reaction. To investigate the effects of
different solvents on the catalytic process, the reaction was performed in the
presence of 1 mol % of the catalyst at room temperature, in solvents of different
polarity. The results of optimization of the solvent for synthesis of 7h are pre-
sented In Table |. Based on the isolated yields, the best results were achieved
with ethanol as the solvent (Entry 4). In the Biginelli reaction, the solvent polar-
ity plays a very important role. In light of this, the polar solvents (MeOH, EtOH,
THF, MeCN) were found to be very suited for the reaction conditions. The sol-
vent polarity had effects on the reaction yield, but it was not of crucial impor-
tance. For example, the solvents MeCN and MeOH, in spite of having higher
values of ¢ (36.6 and 32.7) than EtOH (24.6) afforded 24 and 32 % of 7h, res-
pectively. Moreover, the donor number (DN) did not exert the main effect on the
yield, because MeOH and THF have identical values (DN = 20.0), but the yields
were different. The key for better yields in EtOH than in al other applied sol-
vents is the value of hydrogen bond acceptor (HBA). The oxygen atom in EtOH
is avery strong hydrogen bond acceptor. This solvent probably coordinates with
the hydrogen atoms on the «-C atom of the active methylene compound, and thus
promotes the generation of the carbanion. The best results were obtained by per-
forming the reaction with 1:1.2:1.5 mol ratios of aldehyde, s-keto ester and urea
or thiourea.

After the solvent had been optimized, the effects of different amounts (1, 5
and 10 mol %) of the catalyst on the yields were investigated (Table I1). All used
amounts of the catalyst gave different results, implying that the amount of the
added catalyst is of significant importance for the reaction yields.

TABLE Il. Optimization of the amount of catalyst for the synthesis of 7h at room temperature
in EtOH

Entry Time, h Catalyst, mol % Yied? %
1 1 4

2 3 1 5

3 5 1 5

4 7 1 7

5 9 1 8

6 24 1 41

7 24 5 71

8 24 10 89

3 solated yields

First, the reaction with 1 mol % catalyst was performed with increasing
reaction time. The maximum yield of 7h was obtained after 24 h with 1 mol % of
the catalyst (see Entry 6). Then, two paralléel reactions were performed with 5 and
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10 mol % of the catalyst. The dose of 10 mol % catalyst gave a yield of 89 %
after 24 h. However, the best yield of the product 7h was achieved after 28 h (91
%). Equimolar amounts of the catalyst were also used, but no increases in the
product yields were registered. The reaction conditions optimized in this way
were further applied to a series of reactions of various aldehydes, p-keto esters
and urea or thiourea. The results for the copper complex-promoted reactions are
presented in Table I11. All the obtained products were characterized by their m.p.,
and IR, TH- and 13C-NMR spectra. Very good yields were achieved in all cases.

TABLE Il1. Yields for the Cu(ll) complex-catalyzed syntheses of 2-oxo- and thioxo-1,2,3,4-
-tetrahydropyrimidines at room temperature

Product Ar R X Reactiontime, h Yield® %
7a CeHz, 3-NO, CHCH, O 19 %
7b CeHs CHCH» O 24 90
7c C6H3, 4-OH, 3'OCH3 CH3CH2— (@] 29 94
7e CeHs CHCH,~ S 19 95
7f CgHa, 4-OH, 3-OCHj CHCH,~ S 25 92
79 2-Furyl CH3CH,— O 30 96
7h CeHs CHs- o 28 o1
7i CgHa, 4-OH, 3-OCHs CHa— o 27 88
7i CgHsCH=CH CHa— o 28 97
7k CeHa, 3-NO, CHa- o 40 &)
7l 2-Furyl CHa— o) 24 93
7m CgH3, 4-OH, 3-OCHj CHa S 27 82
n C6H5 CH3— S 34 95
dsolated yields

It could be concluded, based on the presented results, that this improved
procedure is very suitable for the preparation of 2-oxo- and thioxo-1,2,3,4-tetra-
hydropyrimidines and related systems. It is characterized with high yields and
purity of the obtained products, the mildness of the reaction conditions and
simplicity of the experimental process.

In spite of the fact that different copper and ammonium compounds as cat-
alyds of Bigingli reaction were the subject of numerous investigations,23-39 their
catalytic role was not elucidated at the molecular level.

To gain insight into the synergic action of the Cu2* and phenylammonium
ions, two crucial steps of the model reaction were examined: the formation of the
imminium ion and the new C-C bond (Fig. 2). The phenylammonium ion is
involved in the formation of 4. This reaction step occurs via the transition state
TS1 (Fig. 2), which requires an activation energy of 64.2 kJ mol=L. In TS1, the
simultaneous cleavage of the C-O and N-H bonds, and the formation of O—H
bonds occur, whereby the C-N bond becomes double. In this way, a water mole-
culeis liberated, and the formed intermediate 4 further reacts with 5 yielding the
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reactant complex RC2. It could be supposed that the o~C atom will perform a
nucleophilic attack at the benzylidene carbon. This assumption was supported
with the NBO charges on these atoms (—0.497 and 0.308), and confirmed by
revealing the transition state TS2. This transition state, in which a new C-C bond
is being formed, requires an activation energy of 60.3 kJmol—1. In RC2, TS2 and
PC2, copper is chelated with the oxygens of methyl acetoacetate. The NBO
analysis of all three structures showed that the unpaired electron is delocalized
over Cu and the proximate oxygens. Further liberation of the Cu2* and intramole-
cular cyclization of intermediate 6 led to the formation of the final product 7.

Fig. 2. Optimized geometries of the reactant complexes (RCs), transition states (TSs), and
product complexes (PCs) for two crucial catalytic steps, with bond distances (A) indicated.

To the best of our knowledge, the crystal structure of methyl 6-methyl-2-
oxo-4-phenyl-1,2,3,4-tetrahydropyrimidine-5-carboxylate (7h), the product of the
model reaction, is not available in the literature. For this reason, the 13C-NMR
spectrum of 7h in DMSO was simulated. The calculated chemical shifts are
given (in brackets) with the corresponding experimental values in the Supple-
mentary material for 7h, whereas a plot of the calculated versus the experimental
chemical shifts is depicted in Fig. S-27 of the Supplementary material. The
average absolute error is notably small (2.0 ppm), and the correlation coefficient
is high (0.9990). The very good agreement between the experimental and
simulated 13C-NMR spectra confirmed the predicted arrangement of atoms in the
carbon skeleton of 7h (Fig. 3; the Cartesian coordinates for 7h are provided in
Table S| of the Supplementary material). The carbonyl group of the ester moiety
and double bond of the heterocycle adopt the s-trans position. The dihedral angle
C5-C4-C1'—C2' of 41.6° determines the mutual position of the two rings.
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Fig. 3. Optimized structure of 7h in ethanol.

CONCLUSIONS

Bis(phenylammonium) tetrachloridocuprate(2—), a non-hygroscopic, very
stable, and easy to synthesize complex, proved to be an efficient and inexpensive
catalyst for the Biginelli reaction. This is the first use of the said complex sat in
organic synthesis. The catalytic behavior of the complex is realized through the
synergic action of the Cu2* and phenylammonium ions. As for the yields and
purity of the reaction products, the procedure described herein achieves excellent
results. Bearing in mind the other merits, such as the mildness of the reaction
conditions and simplicity of the experimental work, this procedure could be
considered very attractive for the one-pot conversion of different aromatic alde-
hydes, -keto esters and urea or thioureainto 2-oxo- and thioxo-1,2,3,4-tetrahyd-
ropyrimidines.

SUPPLEMENTARY MATERIAL

Analytical and spectral data, copies of the 1H- and 13C-NMR spectra (Figs. S-1-5-26) of
all compounds, aplot of the calculated versus experimental chemical shifts (Fig. S-27) and the
Cartesian coordinates for 7h (Table S-1) are available electronically from http://
/lwww.shd.org.r/JSCS/, or from the corresponding author on request.
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U3BOJ
IOBOCTPYKHU KATAJTUTUYKHU EGEKT (PhNHj3),CuCl, Y HOBOJ, BUCOKO EOUKACHOJ
CHUHTE3H 2-0KCO- U THOKCO-1,2,3,4-TETPAXUIPOITMPUMHJINHA

HEHAJ JAHKOBUR, 30PULIA BYTAPYUR U CBETJIAHA MAPKOBUR
Yuusepsuitiewi y Kpaiyjesuy, ITpupogro-mattiematmivuxy Gpaxyniveid, HHCTUTY T 3a XeMujy,
Pagoja Jomanosuha 12, 34000 Kpaiyjesay,

[TpencraBbeH je WHOBATUBHU IyT 3a CHHTE3y 2-OKCO- M THOKCO-1,2,3,4-TeTpaxunpo-
NUPUMHUZIMHA TIPEKO MYJITHKOMIIOHEHTHe bubhuHenujese peaxuuje nonasehu on pasnuyuTux
apOMAaTHYHUX aNfexuna, f-Keto-ecTapa W ypee wid tuoypee. U3bop (PhNH3),CuCl, xao
HOBOI, XOMOTEHOI KaTajausaTtopa omoryhasa yiaky, eukacHy U jeTuHy peakuujy npu oma-
TMM EKCIIEpUMEHTaTHUM ycnoBuMa. lllTaBuuie, OBAe je MpeACTaB/beHA NMpBa IMPUMEHA OBE
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KOMIUIEKCHE COJM Y OPraHCKOj CHHTe3U ukajaa. [JodWjeHu MpOW3BOIOH Cy BHCOKe YHUCTOhe, U
MOTy Ce J1aKkO H30JI0BAaTH U3 PEAKLHUOHE CMEINE y JOOPHM HIM 4YaK OIMYHUM IPHUHOCHMA.
Takobhe, y ogHocy Ha kinacHuHe BuluHenujese peakLUoOHe yClIOBe, OBa METOJa MMa Npef-
HOCTH jep Ce MOCTHKY BHLIM IPUHOCH M EKCIIEPDUMEHTA/IHA jefHOCTaBHOCT. la O ce miycTpo-
BAo 3ajeNHUYKH KaTanuTuukd edext Cu?t m PhNH;*, nBa whyuHa kopaka Bubunenujese
peakuuje Cy UCIIUTaHa Ha MOJIEKYJICKOM HUBOy nomohy MO06 dyHKIMOHaNA.
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