Study of the conversion of N-carbamoyl-L-proline to hydantoin-L-proline
using powder synchrotron X-ray diffraction
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The solvent-free conversion of N-carbamoyl-L-proline to hydantoin-L-proline by direct heating at
470 K is reported. A reaction mechanism is proposed based on a nucleophilic intramolecular
substitution reaction involving both the lone pair of the NH, group and the carboxylic acid group of
the N-carbamoyl-L-proline. The DSC and TGA experiments show rising of the baselines of the
curves prior to melting and decomposition given evidence of the onset of the thermal reaction. NMR
experiments were used to identify the product of the reaction, hydantoin-L-proline, whose crystal
structure was obtained from X-ray synchrotron powder diffraction data collected on the solidified
melt. This compound displays a crystal packing directed by hydrogen bonds forming a
layered structure pile up along the ¢ direction. © 2010 International Centre for Diffraction

Data. [DOI: 10.1154/1.3503660]
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I. INTRODUCTION

The need to develop new, clean, and efficient synthesis is
on demand nowadays, in particular those associated with the
direct mixture of reactants without a solvent because they
avoid unwanted contaminants, making these methodologies
less harmful to the ambient. The solvent-free preparation of
products of different natures has been reported (Tanaka,
2003); in the case of the formation of C-N bonds, Wenz et al.
(1997) prepared polyamides from «, w—amino acids con-
tained as inclusion compounds in a-cyclodextrin by the heat-
ing of the microcrystalline powder at temperatures above
473 K. Recently, Vouyiouka er al. (2005) proposed kinetic
models to explain polyamide solid-state polymerization of
nylon 6.6 resins by heating at temperatures of 433 to 473 K.
Furthermore, the condensation product of the direct mixture
of carboxylic acids and primary amines is amides; reactions
of this type have been recently carried out using microwave
irradiation (Perreux et al., 2002). On the basis of these
works, we proposed the direct conversion of N-carbamoyls
to hydantoins by heating of reagent at certain temperature.
Hydatoins or imidazolidine-2,4-diones are compounds with
an imidazolic ring that have keto groups in positions 2 and 4.
Depending on the nature and type of substitution on the het-
erocyclic ring, these compounds may display pharmaceutical
and biological activity with a variety of applications: fungi-
cidal (Marton et al., 1993), antiviral (Opaci¢ et al., 2005),
herbicide (Hanessian er al., 1995), antitumoral and anti-
inflammatory (Thenmozhiyal et al., 2004), protein inhibitor
(Wu er al., 2004), HIV protease inhibitor (Comber er al.,
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1992), hypolipidimic agent (Tompkins, 1986), and antihyper-
tensive agent (Kie¢-Kononowicz et al., 2003). However, hy-
dantoins are better known as anticonvulsants (Merrit and
Putnam, 1938); if they are substituted by aliphatic groups
they display hypnotic properties, while those substituted by
phenyl groups, such as diphenylhydantoin, display antiepi-
leptic activity (Camerman and Camerman, 1971; Then-
mozhiyal et al., 2004). Poupaert et al. (1984) and Cortes et
al. (1985) observed a reduction on the anticonvulsant activity
in 5,5-diphenylhydantoin when the imidazolidin-2,4-dione
ring was compared with analogous compounds with
imidazol-2-one and 2-thioxoimidazolidin-4-one rings. The
reduction of the biological activity was attributed to alter-
ation of the hydrogen donor and acceptor capacity of the
heterocyclic rings. Recently, the biocatalytic conversion of
hidantoins has called the attention since it is a source for
production of natural and non-natural amino acids. The reac-
tion involves two consecutive hydrolysis catalyzed by two
enzymes: (1) dihydropyrimidase (EC 3.5.2.2), which con-
verts S-monosubstituted hydantoins into L- or D-N-
carbamoyls; (2) N-carbamoylase (EC 3.5.1), which converts
the L- or D-N-carbamoyls into L- or D-a—amino acids (Bur-
ton and Dorrington, 2004).

Here, we report the conversion of N-carbamoyl-L-
proline to hydantoin-L-proline by direct heating at 470 K.
The melt product was allowed to solidify and the crystal
structure of hydantoin-L-proline was solved and refined from
powder synchrotron diffraction data.

Il. EXPERIMENTAL
A. Synthesis

Hydantoin-L-proline ~ (I) was  obtained from
N-carbamoyl-L-proline (I) by the solvent-free reaction de-
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Figure 1. (Color online) (a) TGA plot of N-carbamoyl-L-proline; (b) DSC plot of N-carbamoyl-L-proline.

scribed here. The N-carbamoyl (I) (mp of 476 to 478 K) was
obtained from L-proline following a synthetic procedure de-
scribed elsewhere (Seijas et al., 2006). FT-IR has
1695.5 cm™ [t, C=0 (acid group)] and 1660.8 cm™' [t, C
=0 (carbamyl group)]. IH NMR has (400 MHz, DMSO-d6)
6=12.45 (b-s, H2), 5.88 (s, H2A, H2B), 4.14 (dd, H4), 3.32
(m, H1B), 3.23 (m, H1A), 1.84 (m, H3A), 2.06 (m, H3B),
and 1.84 (H2C and H2D). 13C NMR has (100.6 MHz,
DMSO0-d6) 6=7 (C5), 157.2 (C6), 58.4 (C4), 46.4 (C1), 29.6
(C3), and 24.4 (C2). 200 mg (1.266 mmol) of (I) was placed
on a glass reactor under reduce pressure; the reactor was
heated at a rate of 5°/min from room temperature to 476 K,
keeping the reactor at this temperature for 10 min until the
complete fusion of the solid. The melt was allowed to cool to
room temperature observing a change in the color of the
solid from white to beige (yielding 98.0 mg, 0.700 mmol,
and mp of 457 to 458 K). FT-IR has (in KBr Pallets)
3443 cm™!' (t, N-H), 1757 cm™ (tsym, C=0), 1708 cm™!
(tasym, C=0), and 1405 cm™' (t, C-N). 'H NMR has (400
MHz, DMSO-d6) §=10.4 (H3, b-s), 4.07 (H5A, t, J1
=4 Hz), 3.43 (H8B, m), 3.02 (H8A, m), 3.23 (H1A, m), 1.95
(H7A=H7B m), 2.03 (H6B, m), and 1.60 (H6A, m); 1°C
NMR has (100.6 MHz, DMSO-d6) 6=161.0 (C2), 175.4
(C4), 64.0 (C5), 44.9 (C8), 26.7 (C6), and 26.6 (C7). Addi-
tional signals in the "H NMR with very low intensity were
observed at 1.75, 3.25, and 3.75 ppm.

B. Thermal analysis

For the thermogravimetric analysis, sufficient quantities
of N-carbamoyl-L-proline (I) (4.1 mg) and hydantoin-L-
proline (IT) (5.3 mg) were placed on the aluminum canisters
of a thermobalance Perkin-Elmer TGA7 programmed to heat

(o]

OH
A
—_—
N 470-476 K N \(NH + H0

j,/NHZ

a o ® O (iIa)

the samples from 295 to 623 K at a rate of 10 K min~" under
a dry N, flux of 50 mL min~'. The thermograms for (I) were
recorded and are shown in Figure 1.

C. Synchrotron X-ray powder diffraction

X-ray powder diffraction data of (I) and (IT) were col-
lected with the high-resolution X-ray powder diffractometer
on beamline ID31, ESRF (Fitch, 2004), selecting X-rays
from an undulator source with wavelengths of

0.799 93(1) A. Small quantities of (I) and (IT) were lightly
ground with a pestle in an agate mortar and introduced into
1.0-mm-diameter borosilicate glass capillaries, mounted on
the axis of the diffractometer and spun at approximately 1 Hz
during measurements. Data were collected in continuous
mode, normalized against monitor counts and detector effi-
ciencies, and rebinned into steps of 26=0.003°.

lll. RESULTS AND DISCUSSION

Figure 1(a) shows the TGA plot of (I). A weight loss of
10.6% occurs around 470 to 473 K, which can be explain as
shown in Figure 2: (a) loss of a H,O molecule, correspond-
ing to the formation of tetrahydro-pyrrol-[1,2-c]-imidazol-
1,3-dione or hydantoin-L-proline (ITa); (b) loss of a NH;
molecule, which will produce the tetrahydro-pyrrol-[1,2-c]-
oxazol-1,3-dione (IIb); or (c) both thermal reactions occurs
simultaneously. Additional decomposition peaks are also
seen at 489 and 530 K. The DSC plot [Figure 1(b)] of (I)
shows the melting and decomposition peaks overlapping at
470.7 K. Also, the baseline of the DSC rises prior to melting,
which is an evidence of the onset of the thermal reaction Ila
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T

b) o O (1ib)

Figure 2. Two possible reaction routes for the thermal decomposition of N-carbomoyl-L-proline (i) at 473 K. Cyclization of (i) to form an imidazol ring (Ila)
and water (left). Cyclization of (i) to form an oxazol ring (IIb) and ammonia (right). Both reactions explain a weight loss of around 102 % in the TGA

experiment.
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Figure 3. (Color online) "H-'"H COSY spectra of the reaction product.

or IIb, which changes the nature of the compound and hence
its molar heat capacity (C,). The '"H NMR spectra of the
thermal reaction product show all the signals corresponding
to compound Ila and few additional peaks of very low inten-
sity, which could be assigned to another unidentified com-
pound present in the reaction bulk in very small quantities. In
the 'H—"H COSY spectra, these additional signals are more
clearly observed, and since they are all correlated with each
other, it can be inferred that all of them belong to a single
compound (see Figure 3).

The powder diffraction pattern of the starting reactive
N-carbamoyl-L-proline (I) is shown in Figure 4(a). It was
indexed in an P2,2,2; orthorhombic cell, with cell

parameters a=6.4704(1) A, b5=9.7644(1) A, and ¢

=12.5135(2) A (refined values) [DICVOLO4 (Boultif and
Louér, 2004), M,=99.7 (de Wolff, 1968), and Fy
=373.7 (Smith and Snyder, 1979)]. The cell parameters
match those reported by Seijas et al. (2007) from a single
crystal study, and therefore a Rietveld refinement of the dif-
fraction pattern was carried out using the structure reported
by those authors; also, no additional phases were observed in
it. The diffraction pattern of the reaction product shown in
Figure 4(b) was indexed in an orthorhombic cell, with cell

parameters a=11.376 53(3) A, b=8.001 12(2) A, and ¢

=7.139 16(2) A (refined values) [DICVOL04 (Boultif and
Louér, 2004), M,=1267.6 (de Wolff, 1968), and F
=3877.7 (Smith and Snyder, 1979)]. The diffraction pattern
showed eight additional peaks of very low intensity belong-
ing to the unidentified compound also observed in the NMR
experiments. Neither the NMR nor the diffraction experi-
ment allowed the identification of the spurious phase, which
might possibly be the product of the second reaction pro-
posed in scheme 1. Evaluation of the systematic absent re-
flections of the major phase yielded space group P2,2,2,
(No. 19). The structural solution was carried out using the
simulated annealing program DASH (David et al., 2006). The
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Figure 4. (Color online) Final Rietveld plot for (a) N-carbamoyl-L-proline
(i) and (b) hydantoin-L-proline (ITa).

starting molecule for the simulated annealing was obtained
using the ab initio RHF/6-311G orbital optimization calcula-
tions implemented in GAUSSIANO3 (Frisch er al, 2003).
Cycles of ten million moves were performed and the pro-
gram afforded a solution x* of 16.4.

The model was refined against the diffraction pattern
using the Rietvelt method (Rietveld, 1969) implemented in
the program GSAS (Larson and Von Dreele, 2004). Data in
the range from 5° to 41.973° 26 comprising 310 reflections
were modeled with a pseudo-Voigt peak shape function (Th-
ompson et al., 1987), which includes the axial divergence
correction at low angle (Finger et al., 1994). The background
was described by the automatic linear interpolation of 20
points throughout the diffraction pattern. Restraints were ap-
plied to bond distance and bond angles with weights being

0.001-0.005 A and 1°, respectively. The restrained values
for bond distances and angles were taken from the structure
obtained by the ab initio RHF/6-311G calculations. The ther-
mal motion was refined as follows: (a) an overall isotropic
temperature factor for all the nonhydrogen atoms and (b)
temperature factors for hydrogen atoms taken as 1.2 times
the value of the nonhydrogen atoms. In the final Rietveld
cycles the eight diffraction peaks corresponding to traces of
the secondary unindexed phase were excluded from the pat-
tern, improving the figures of merit by 3%. Details of the
diffraction experiment, structural solution, and Rietveld re-
finement are summarized in Table I. Experimental, calcu-
lated, and differences plot for the final refinement cycle for
compound (I) and (ITa) are shown in Figure 4. Table IT shows
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TABLE I. Crystallographic data and experimental details.

M

(ITa)

Crystal data

Chemical formula CeH;oO3N,
M, 158.07
Cell setting, space group Orthorhombic, P2,2,2,
Temperature (K) 295
a, b, ¢ (A) 6.470 79 (7), 9.765 45 (7), 12.5142 (1)
v (A% 790.77 (2)
z 4
D, (Mg m™) 1.325
Radiation type Synchrotron
Incident radiation wavelength (A) 0.799 93
u (mm™) 0.11
Cylinder (particle morphology: thin powder), white
Specimen form, color powder
Specimen size (mm) 1.5X40

Specimen preparation temperature (K)

Data collection
Diffractometer

Data collection method
Absorption correction
26 (deg)

Refinement
R-factors: Ry, Ryp, R
Wavelength of incident radiation (A)

exp

Room temperature

Beamline ID31, ESRF

Specimen mounting: borosilicate glass capillary; mode:

transmission; scan method: continuous
None
26 min=4.002, 20 max=31.82, increment=0.003

0.0885, 0.1235, 0.06920
0.799 93

C¢HgO,N,
140.06
Orthorhombic, P2,2,2,
295
11.376 82 (2), 8.001 34 (1), 7.139 39 (1)
649.90 (2)
4
1.432
Synchrotron
0.799 93
0.048
Cylinder (particle morphology: thin powder), beige
powder
1.5X40
Room temperature

Beamline ID31, ESRF

Specimen mounting: borosilicate glass capillary; mode:
transmission; scan method: continuous

None
260 min=5.00, 26 max=41.97, increment=0.003

0.0876, 0.1223, 0.0379
0.799 93

Excluded region(s) None
Profile function
No. of parameters 98

(A/o)max 0.04

CW profile function number 4 with 19 terms

Eight; 11.832 to 11.859, 16.749 to 16.815, 23.796 to
23.841, 26.661 to 26.700, 29.268 to 29.316, 33.921 to
33.954, 36.048 to 36.084, 38.064 to 38.136

CW profile function number 4 with 19 terms
93
0.05

a selection of bond distances and angles for compound (ITa).

The analysis of the hydrogen bond network of
N-carbamoyl-L-proline (I) (Seijas et al., 2007) shows hydro-
gen bonds, two of the type N---H---O and one O---H---O.
These hydrogen bonds lock both the ureide and the acidic
groups in an orientation that makes the NH, group “anti” to

the carboxylic acid group and at a distance of 4.310(3) A
from its carbonylic carbon; therefore, any nucleofilic attack
from the lone pair of the NH, group to this carbon is geo-
metrically hindered in the solid state. However, once the
compound reaches it melting point, the free rotation of the
ureide and the carboxylic acid groups is allowed and, there-
fore, a nucleophilic intramolecular substitution reaction
might take place through the route shown in Figure 5 (Per-
reux et al., 2002).

Once the reaction has taken place and the melt of the
product solidifies, the molecular rearrangement caused by
the reaction is so subtle that as a result the product (Ila)
crystallizes in the same space group as the reactact (I), with
more or less similar molecular packing but undergoing a cell
contraction of 150 A3 from the lost of four water molecules,
one from each carbamoyl converted into the corresponding
hydantoin in the unit cell. Figure 6 shows the molecular
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structure of the hydantoine-L-proline (ITa) with the atom la-
beling scheme. Bond distances in the same hydantoin [struc-
tural report without hydrogen atoms (Arte et al., 1980)] and
other hydantoin rings (Yu er al., 2004; Rizzi et al., 1989,
Gauthier et al., 1997; Delgado et al., 2007) show similar
asymmetry patterns as the ones reported here, with bond dis-

tances N1-C2 and N3-C4 being shorter by 0.057 A than
N3-C2 bond distance. The asymmetry parameters of Griffin
et al. (1984) evaluated in the pirrolidin ring show an enve-
lope conformation, with C1 being the flap of the envelope
[ACS,x=+47.1(3)°, ACspin=+1.9(4)°, AC2,,.x=+62.0(3)°,
AC2,,;,=16.5(3)°, ACs(C1)=1.9(4)°, and ACs(C4-N3)
=1.9(4)°]. The crystal packing is stabilized by a hydrogen
bond of the type N-H---O and two of the type C—H---O.
The geometry of these hydrogen bonds is summarized in
Table III. Pairs of molecules related by 2; screw axes interact
by hydrogen bond N3-H3---04 [1—x,—%+y,%—z], form-
ing supramolecular chain structure described by the graph set
C(4) (Etter, 1990) (Figure 7). The repetition of these ribbons
along a by means of another 2; screw axis produces sheets of
molecules that pile up along the ¢ direction. These sheets are
linked by additional nonconventional hydrogen bonds of the
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TABLE II. Selected bond distances (A) and bond angles (deg) for TABLE III. Hydrogen bonds in hydantoin-L-proline (Ila).
hydantoin-L-proline (Ila).

D-H H--A DA D-H A
(ITa) RHF/6-311G Difference D-H---A (A) (A) (A) (deg)
N1-C2 1.349(4) 1.361 —-0.012 N3-H3---04
C2-N5 1.421(4) 1.396 0.025 ! 0.970(3) 1.938(3) 2.903(3) 173.3(5)
N5-C4 1.343(4) 1.373 —0.030 C8-H8A---02° 0.990(3) 2.686(4) 3.602(3) 154.0(4)
C4-C5 1.557(5) 1.513 —0.044 C5-H5---02 ¢ 0.990(5) 2.556(3) 3.213(3) 123.7(3)
C5-N1 1.496(5) 1.461 0.035 Symmetry code: 1—x, L4y, 1z,
c2-02 1.220(3) 1217 0.003 bSymmetry codes: L—x,~y,—L—z.
C4-04 1.209(2) 1213 ~0.008 “Symmelry codes: 1—x.—y. L4z.
C5-C8 1.505(4) 1.524 —0.019
C8-C7 1.549(4) 1.546 0.003
C7-C6 1.539(4) 1.552 —0.013
C6-N1 1.508(4) 1.461 0.047
N1-C2-01 127.13) 1283 —-12
N1-C2-N3 106.2(3) 106.0 0.2
N3-C2-02 124.4(3) 125.7 —-1.3 C(4)
C2-N3-C4 115.9(2) 113.3 2.6
N3-C4-04 128.3(4) 126.6 1.7
N3-C4-C5 104.4(2) 105.6 —-1.2
C5-C4-04 127.3(4) 127.7 —-04
C4-C5-N1 103.6(3) 102.5 1.1

C2-N1-C5 109.8(3) 1123 -25
C5-C8-C7 101.6(2) 1021 -0.5
C8-C7-C6 105.9(2) 105.7 0.2

E : | ?
A}
C7-C6-N1 104.0(2) 103.7 0.3 n /H3 7
C6-N1-C5 111.4(3) 113.0 —-1.6 04()
N1-C5-C8 101.9(3) 102.8 —-0.9 0 K a
Y f }
" % 4

o B 0+
0 Figure 7. (Color online) Partial packing view along ¢ of hydantoin-L-
- proline (Ila). Broken lines indicate the hydrogen bonds. H atoms not in-
- volved in hydrogen bonding have been omitted for clarity. [Symmetry code:

-H,0 N\\< ) 1-x.=3+y.3-2]

Figure 5. Mechanism for the intramolecular nucleophilic attack from the
lone pair of the NH, group to the carboxylic acid group.

TS

Ci(6) R (1)

it

Figure 8. (Color online) Packing view along (b) of hydantoin-L-proline
(Ia). Broken lines indicate the hydrogen bonds. H atoms not involved in

Figure 6. (Color online) Asymmetric unit and atom labeling scheme for the hydrogen bonding have been omitted for clarity. [Symmetry codes: (ii) 3
hydantoin-L-proline (Ila). —x,—y,—%—z; (iii) I5—x,—y,%+z.]
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type C-H---O, C8-H8A---02 [%—x,—y,—%—z], and
C5-H5---02 [%—x,—y,%+z], forming chains of fused su-
pramolecular rings described by the graph set C;(6)R% as
shown in Figure 8.

IV. CONCLUSION

Conversion of N-carbamoyl-L-proline to hydantoin-L-
proline was studied by means of X-ray powder diffraction
experiments. Solvent-free in the solid state hydantoin-L-
proline was obtained from direct heating of N-carbamoyl-L-
proline via a nucleophilic intramolecular substitution reac-
tion at 470 K. For this compound, a supramolecular chain
structure is formed with a crystal packing directed by hydro-
gen bonds which displays a layered structure pile up along
the ¢ direction.
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