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The structures of the title compounds, C9H8O3S, (I), and

C13H11NO5S, (II), were determined by X-ray powder diffrac-

tion. Both were solved using the direct-space parallel

tempering algorithm and refined using the Rietveld method.

In (I), the C—S—C bond angle is slightly smaller than normal,

indicating more p character in the bonding orbitals of the S

atom. The carboxylic acid group joins across an inversion

centre to form a dimer. The crystal packing includes a weak

C—H� � �O hydrogen bond between an aromatic C—H group

and a carboxylic acid O atom to form a two-dimensional

network parallel to (101). The C—S—C bond angle in (II) is

larger than its counterpart in (I), indicating that the S atom of

(II) has less p character in its bonding orbitals than that of (I),

according to Bent’s rule. The crystal structure of (II) includes

weak C—H� � �O hydrogen bonds between the H atoms of the

methylene groups and carbonyl O atoms, forming a three-

dimensional network.

Comment

S-Benzoyl mercaptoacetic triglycine (S-Bz-MAG3) is widely

used in radiopharmaceutical applications in nuclear medicine

after labelling with 99mTc or 188Re for kidney imaging (Guhlke

et al., 1998; Van Gog et al., 1998; Hjelstuen et al., 1998). As part

of our interest in preparing S-Bz-MAG3 for pharmaceutical

applications using literature methods (Brandau et al., 1988;

Schneider et al., 1984; Xiuli et al., 2003), and during the course

of these preparations, the two title precursors of Bz-MAG3,

viz. 2-(benzoylsulfanyl)acetic acid, (I), and 2,5-dioxopyrrol-

idin-1-yl 2-(benzoylsulfanyl)acetate, (II), were isolated. These

compounds have a tendency to crystallize as very fine white

powders. No crystal of sufficient thickness and quality could be

obtained to perform a single-crystal analysis, hence laboratory

powder X-ray diffraction was used to solve and refine their

crystal structures. This involves a 13-atom (non-H) problem

for (I) and a 20-atom (non-H) problem for (II). The crystal

structures of a number of pharmaceutical compounds have

been determined from X-ray powder data as a last resort in

the absence of single crystals of sufficient quality (Chan et al.,

1999; Shankland et al., 2001; Chernyshev et al., 2003; Kiang et

al., 2003; Rukiah et al., 2004; Van der Lee et al., 2005; Rukiah &

Assaad, 2010; Al-Ktaifani & Rukiah, 2010).

For success in a structure determination from powder

diffraction data, the method is long and difficult before the

final refinement step. This final step is commonly realised

using the Rietveld method. Initial attempts to solve the

structures of (I) and (II) by direct methods with the program

EXPO2004 (Altomare et al., 2004) failed. The structures were

solved with Monte Carlo simulated annealing (parallel

tempering algorithm) from powder patterns in direct space

using the program FOX (Favre-Nicolin & Černý, 2002). FOX

solves structures by altering the positions, orientations and

conformations of the molecule(s) in the unit cell according to

the constraints of the space-group symmetry, until a good

match is obtained between the calculated and observed

intensities. One molecule was introduced randomly into the

unit cell, which was calculated by Le Bail refinement. The H

atoms can be ignored during the structure-solution process
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Figure 1
The molecular structures of (a) (I) and (b) (II). Displacement ellipsoids
are drawn at the 30% probability level.



because they do not contribute significantly to the powder

diffraction pattern, due to their low X-ray scattering power.

During the parallel tempering calculations, the molecule had

the possibility of translating, rotating around its centre of mass

and modifying its torsion angles. The molecule of (I) has four

independent torsion angles and there are thus ten degrees of

freedom for determination of the starting model by FOX. On

the other hand, the molecule of (II) has six independent

torsion angles, which indicates that there are 12 degrees of

freedom for determining the starting model.

Compound (I) crystallizes with one molecule in the asym-

metric unit in the space group P21/n (Fig. 1a). In (I), atoms C7,

S1 and O1 of the C6H5–CO–S fragment lie almost in the same

plane, which is also that of the benzene ring. Atoms C8, C9, O2

and O3 of the C–COOH fragment are coplanar and roughly

perpendicular to the plane of the C6H5–CO–S fragment and

the C6H5 ring. The C—S—C bond angle [97.9 (3)�] is smaller

than the normal value for tetrahedral geometry (109.5�). This

observation indicates more p character in the bonding orbitals

of the S atom in (I) (causing a reduced C—S—C bond angle),

according to Bent’s rule (Huheey et al., 1993).

As shown in Fig. 2, the crystal structure of (I) is stabilized by

hydrogen bonds (Table 1). The molecules are joined into

hydrogen-bonded dimers across an inversion centre. These

dimers are then joined by weak aromatic C—H� � �O hydrogen

bonds to form a two-dimensional network parallel to (101).

Compound (II) crystallizes with one molecule in the

asymmetric unit in the space group P1 (Fig. 1b). Its structure is

similar to that of (I), except that the H atom in the COOH

group of (I) is replaced by a five-membered N(COCH2)2 ring

in (II). This ring is effectively planar, with a maximum

deviation of �0.044 (6) Å for atom C13 (average C—C bond

distance = 1.499 Å and C—C—C bond angle = 107.4�). A

major point in the structure dimensions is that each pair of

chemically equivalent N—C and C O bonds in the five-

membered ring has significantly different bond lengths

(Table 2). Similar observations were reported for the parent

molecule N-hydroxysuccinimide (Jones, 2003). This could be

attributed to delocalization resulting from conjugation

between the N-atom nonbonding pair [the tricoordinate N

atom is planar and the sum of the angles around it is

359.9 (12)�] and one of the carbonyl groups (specifically,

C10—O4), which increases the C O bond length (reduces

the double-bond character) and decreases the N—C bond

lengths (increases the double-bond character). It is note-

worthy that the C—S—C bond angle of 100.0 (3)� in (II) is

larger than its counterpart in (I) [97.9 (3)�]; this gives an

indication that the S atom of (II) has less p character in the

bonding orbitals than that in (I), according to Bent’s rule.

organic compounds
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Figure 2
A view of the crystal structure of (I) along the b axis. Hydrogen bonds are
indicated by dotted lines. [Symmetry codes: (i)�x + 1,�y + 1,�z + 1; (ii)
�x + 1

2, y + 1
2, �z + 1

2; (iii) x + 1
2, �y + 1

2, z + 1
2.]

Figure 3
(a) Molecules of (II), linked into chains by weak C—H� � �O hydrogen-
bonding contacts, viewed along the b axis. (b) Molecules of (II), linked
into two-dinemsional networks by weak C—H� � �O hydrogen-bonding
contacts, viewed along the a axis. Nonclassical hydrogen bonds are
indicated by dotted lines. [Symmetry codes: (i) x � 1, y, z; (ii) x + 1, y, z;
(iii) �x, �y + 1, �z + 1; (iv) �x � 1, �y + 1, �z + 1; (v) �x, �y, �z + 1.]



The crystal structure of (II) is stabilized by weak C—H� � �O

hydrogen-bonding contacts (Table 3). Molecules related only

by translation are linked into chains parallel to [100] by

interactions between the central methylene (C8—H) and one

pyrrolidine methylene (C12—H) group with pyrrolidine O

atoms (Fig. 3a). Additional C—H� � �O interactions involving

more methylene H atoms link molecules across centres of

inversion, thereby completing two-dimensional networks

which lie parallel to the (001) plane (Fig. 3b).

Experimental

Benzoyl chloride, mercaptoacetic acid, dicyclohexylcarbodiimide and

N-hydroxysuccinimide were commercial samples and used as

received. 1H and 13C{1H} NMR spectra were recorded on a Bruker

Bio Spin 400 spectrometer. IR spectra were recorded on an FT–IR

Jasco 300E. Microanalysis was performed using a EURO EA

instrument. X-ray powder diffraction patterns were obtained using a

Stoe Stadi P diffractometer with monochromatic Cu K�1 radiation

(� = 1.5406 Å) selected with an incident-beam curved-crystal Ge(111)

monochromator, using Stoe transmission geometry (horizontal set-

up) with a linear position-sensitive detector (PSD).

For the preparation of (I), benzoyl chloride (14.05 g, 0.10 mol) was

added dropwise to an aqueous solution of NaOH (0.22 mol) and

mercaptoacetic acid (9.2 g, 0.12 mol) at 273 K and the mixture stirred

at room temperature overnight. The organic layer was separated and

washed with distilled water. The aqueous solutions were combined

and acidified to pH 1.5 by adding concentrated HCl to obtain a white

precipitate, which was separated and washed with ether to afford a

white powder. Further purification of the product was achieved by

recrystallization from ethyl acetate at 263 K (yield 11.8 g, 60%; m.p.

377 K). Analytical data for C9H8O3S: found C 55.97, H 4.08, S 16.95%;

required: C 55.09, H 4.11, S 16.34%. Spectroscopic analysis: IR (KBr,

�, cm�1): 1710, 1670 (C O), 3400 (OH), 1450 (aromatic C. . .C), 1200

(C—S—CO); 1H NMR (400 MHz, CDCl3, 298 K): � 8.02 (m,

aromatic, 2H), 7.63 (m, aromatic, 1H), 7.51 (m, aromatic, 2H), 3.95 (s,

CH2, 2H), 9.58 (br, COOH, 1H); 13C{1H} NMR (100 MHz, CDCl3,

298 K): � 31.1 (s, CH2), 127.52 (s, aromatic), 128.81 (s, aromatic),

134.04 (s, aromatic), 135.90 (s, aromatic), 174.58 (s, CO), 190.12 (s,

COOH).

For the preparation of (II), a solution of dicyclohexylcarbodiimide

(DCC; 6.02 g, 0.03 mol) in tetrahydrofuran (THF, 20 ml) was added

dropwise over a period of 20 min to a solution of (I) (4.8 g, 0.02 mol)

and N-hydroxysuccinimide (2.80 g, 0.02 mol) in THF (60 ml) at

268 K. The mixture was stirred at this temperature for 2 h and after

that at room temperature overnight. Glacial acetic acid (1 ml) was

added to the mixture, which was then stirred for a further hour. A

white precipitate (N,N0-dicyclohexylurea) was filtered off and washed

twice with boiling THF. The filtrates were combined and evaporated

to give a crude product. Purification of the product was achieved by

recrystallization from ethyl acetate at 268 K to give a white powder

(yield 3.3 g, 55%; m.p. 408 K). Analytical data for C13H11O5NS: found

C 54.20, H 4.15, S 11.70%; required: C 53.24, H 3.78, S 10.93%.

Spectroscopic analysis: IR (KBr, �, cm�1): 1550–1850 (C O), 1450

(aromatic C. . . C), 1220 (C—S—CO); 1H NMR (400 MHz, CDCl3,

298 K): � 8.01 (m, aromatic, 2H), 7.61 (m, aromatic, 1H), 7.51 (m,

aromatic, 2H), 4.19 (s, CH2, 2H), 2.83 (s, CH2, 4H); 13C{1H} NMR

(100 MHz, CDCl3, 298 K): � 25.58 (s, CH2–ring), 28.28 (s, S—CH2),

127.62 (s, aromatic), 128.87 (s, aromatic), 134.20 (s, aromatic), 135.59

(s, aromatic), 164.80 (s, COS), 168.65 (s, CO–ring), 188.66 (s, COO).

Compound (I)

Crystal data

C9H8O3S
Mr = 196.22
Monoclinic, P21=n
a = 13.3928 (14) Å
b = 5.1432 (5) Å
c = 14.6577 (15) Å
� = 112.6458 (6)�

V = 931.81 (16) Å3

Z = 4
Cu K�1 radiation, � = 1.54060 Å
� = 2.88 mm�1

T = 298 K
Flat sheet, 7.0 � 7.0 mm

Data collection

Stoe Stadi P transmission
diffractometer

Specimen mounting: powder loaded
between two Mylar foils

Data collection mode: transmission
Scan method: step

Absorption correction: for a
cylinder mounted on the ’ axis
(GSAS; Larson & Von Dreele,
2004)
Tmin = 0.268, Tmax = 0.303

2�min = 4.979�, 2�max = 79.969�,
2�step = 0.01�

Refinement

Rp = 0.022
Rwp = 0.028
Rexp = 0.026
R(F 2) = 0.03399
	2 = 1.210

7500 data points
133 parameters
13 restraints
H-atom parameters constrained

Compound (II)

Crystal data

C13H11NO5S
Mr = 293.30
Triclinic, P1
a = 6.51605 (7) Å
b = 8.52612 (9) Å
c = 12.91910 (11) Å
� = 84.3274 (6)�

� = 80.5788 (6)�


 = 69.1900 (4)�

V = 661.23 (1) Å3

Z = 2
Cu K�1 radiation
� = 1.5406 Å
� = 2.37 mm�1

T = 298 K
Flat sheet, 7.0 � 7.0 mm

Data collection

Stoe Stadi P transmission
diffractometer

Specimen mounting: powder loaded
between two Mylar foils

Data collection mode: transmission
Scan method: step

Absorption correction: for a
cylinder mounted on the ’ axis
(GSAS; Larson & Von Dreele,
2004)
Tmin = 0.327, Tmax = 0.358

2�min = 4.975�, 2�max = 79.965�,
2�step = 0.01�

Refinement

Rp = 0.021
Rwp = 0.028
Rexp = 0.024
R(F 2) = 0.01729
	2 = 1.440

7500 data points
228 parameters
21 restraints
H-atom parameters constrained

The powders of (I) or (II) were ground and loaded between two

Mylar foils and fixed in a sample holder with a mask of suitable

internal diameter (0.7 mm). Data were collected at room temperature

organic compounds
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Table 1
Hydrogen-bond geometry (Å, �) for (I).

D—H� � �A D—H H� � �A D� � �A D—H� � �A

O3—H3O� � �O2i 0.82 2.01 2.693 (8) 141
C5—H5� � �O2ii 0.99 2.51 3.381 (7) 147

Symmetry codes: (i) �xþ 1;�yþ 1;�zþ 1; (ii) x� 1
2;�yþ 1

2; z� 1
2.



and pressure over the angular range 5–80� (2�), with a step length for

the PSD of 0.5� (2�) and with a counting time of 360 s per step for (I)

and 420 s for (II).

Indexing was carried out using DICVOL4.0 (Boultif & Louër,

2004), run with the default option. Confidence factors were M(20) =

39.2 and F(20) = 69.9 for (I), and M(20) = 77.6 and F(20) = 166.3 for

(II). The most probable space group for (I) is P21/n, which was

obtained using the program CHECK-CELL interfaced by

WINPLOTR (Roisnel & Rodriguez-Carvajal, 2001), and the space

group for (II) is P1. In order to accelerate the process of structure

solution with the program FOX, the powder pattern was truncated to

45� in 2� (Cu K�1), corresponding to a real-space resolution of 2.0 Å.

In the Rietveld refinement, carried out with the program GSAS

(Larson & Von Dreele, 2004) interfaced by EXPGUI (Toby, 2001),

the background was refined using a shifted Chebyshev polynomial

with 23 coefficients. The Thompson–Cox–Hastings (Thompson et al.,

1987) pseudo-Voigt profile function was used with an axial divergence

asymmetry correction (Finger et al., 1994). The two asymmetry

parameters of this function, S/L and D/L, were both fixed at 0.0225

during the Rietveld refinement. Geometric soft restraints were

applied to the bond distances to guide them towards their normal

values. Before the final refinement, the H atoms of the CH and CH2

groups were introduced from geometric arguments. The hydroxy H

atom was located in a difference Fourier map. The coordinates of the

H atoms were refined as riding. The final refinement cycles were

performed using unrestrained isotropic displacement parameters for

C and O atoms and anisotropic displacement parameters for the S

atom. For H atoms, a restrained isotropic refinement was used with

Uiso(H) = 1.2Ueq(C) or 1.5Ueq(O). No anomalous dispersion correc-

tion was applied. Intensities were corrected for absorption effects

using a function for a flat-plate sample in transmission geometry with

�d values which were determined experimentally for both

compounds (� is the absorption coefficient and d is the sample

thickness). The preferred orientation was modelled using a spherical-

harmonics description by Von Dreele (1997). The use of the preferred

orientation correction leads to better molecular geometry with better

agreement factors. The observed and calculated powder patterns for

(I) and (II) are shown in Fig. 4.

For both compounds, data collection: WinXPOW (Stoe & Cie,

1999); cell refinement: GSAS (Larson & Von Dreele, 2004); data

reduction: WinXPOW; program(s) used to solve structure: FOX

(Favre-Nicolin & Černý, 2002); program(s) used to refine structure:

GSAS; molecular graphics: ORTEP-3 (Farrugia, 1997); software used

to prepare material for publication: publCIF (Westrip, 2010).

The authors thank Professor I. Othman, Director General,

and Professor T. Yassine, Head of the Chemistry Department,
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Supplementary data for this paper are available from the IUCr electronic
archives (Reference: SK3399). Services for accessing these data are
described at the back of the journal.
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