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ABSTRACT: In the crystal structures of O,O-diphenyl 1-(3-phenylthioureido)pentanephosphonate (1) and O,O-
diphenyl 1-(3-phenylthioureido)butanephosphonate (2) analysed here, bifurcated H-bonds within R2

1(6) motifs are
formed. It seems that such interactions play a crucial role in the crystal architecture. This is supported by ab initio
MP2/6–311 �� G** calculations on simple, modelled complexes of urea, thiourea and their derivatives with water,
where the oxygen atom of water molecule is the bifurcated proton-accepting centre. The calculations show that single
H-bonds within bifurcated systems are of medium strength (2.7–3.6 kcal mol�1). The topological parameters obtained
from the Bader theory are applied for the analysis of these bifurcated H-bonds. Copyright  2003 John Wiley & Sons,
Ltd.
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Hydrogen bonds belong to the most important interac-
tions which influence the arrangement of molecules in
crystals.1–4 The hydrogen-bond motifs found in organic
crystals were classified to be used in crystal engineering
and organic synthesis.1,5 Such a classification has led to
the term supramolecular synthons, many of which
involve different kinds of H-bonds such as O—H���O,
N—H���N, N—H���O, C—H���O, etc. A graph-set
approach has also been used to describe the topology of
motifs involving H-bonds.6 This topological treatment
yields a description of H-bonded systems. The following
main patterns may be pointed out: chains (C), rings (R),
intramolecular H-bonds (S) and finite dimers (D).
Additionally, the designator of the motif contains a
subscript which corresponds to the number of donors and
a supercript which corresponds to the number of
acceptors. For example, the R2

2(8) topological motif
designates a ring containing eight atoms with two donors
and two acceptors. This H-bonded pattern is one of the

most often formed motifs in crystals, for example, for
centrosymmetric dimers of carboxylic acids.7

Hydrogen bonds with a bifurcated donor and hydrogen
bonds with a bifurcated acceptor may exist.8 Studies on
such systems may be exemplified. The three-centre
hydrogen bond in diarylamides was investigated by IR,
1H NMR and crystallographic methods.9 Zimmerman
and Murray examined intermolecular three-centre hydro-
gen bonding in base-paring models and found that two-
centre H-bonds were more favourable than three-centre
H-bonds.10 X-ray analysis and solution studies support
the formation of the bifurcated hydrogen bonding motif
for these systems. IR data for some of dipeptides
indicated that three-centre interaction is less energetically
favourable than a two-centre H-bond.11,12 The IR and 1H
NMR spectra of solutions containing 2,6-disubstituted
phenol derivatives with strong intramolecular H-bonds
confirmed the existence of the bifurcated H-bonds in the
liquid state.13

The aim of this paper is to describe bifurcated N—
H���O hydrogen bonds with two N—H donors and one
oxygen-accepting centre. Such H-bonds were recently
found, for example, for the crystal structures of O,O-
diphenyl N-phenylthioureidoalkanephosphonates14,15

and may be partly described in terms of R2
1(6)

topological motifs (Scheme 1).
Different topological motifs were described according

to their frequency of occurrence and according to their
probabilities of formation16 and it was found that the
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R2
1(6) motif occurs frequently in organic crystals.

Similar H-bonded patterns to that presented in Scheme
1 were found in proteins but one of the N—H donors is
replaced by a C—H bond. Hence in the case of the
structure of proteins the R2

1(6) motif contains N—H and
C—H donating bonds and an oxygen acceptor belonging
to a C=O carbonyl group.8,17

In this study, the crystal structures of O,O-diphenyl 1-
(3-phenylthioureido)pentanephosphonate (1) and O,O-
diphenyl 1-(3-phenylthioureido)butanephosphonate (2)
were analysed. Both of them contain the above-
mentioned H-bond patterns. Additionally MP2/6–
311 �� G** calculations were performed for simple
modelled complexes containing R2

1(6) motifs with two
N—H donors and an oxygen atom as an accepting centre.
The relationships between geometric and energetic
parameters of the calculated systems are also given for
a better understanding of the interactions that occur in the
more complicated crystal structures. The Bader theory18

was also applied to gain a better insight into the nature of
bifurcated H-bonds. Such systems are analysed in terms
of properties of bond critical points (BCPs).

0120-*(0+,��

Colourless crystals [0.5 � 0.5 � 0.2 mm (1) and 0.5 �
0.3 � 0.25 mm (2)] were used for measurements on a
Rigaku AFC5S diffractometer.19 X-ray intensities were
collected using graphite monochromatized Cu K� radia-
tion and � scan. After each group of 150 reflections three
standard intensities were monitored and no evidence of
crystal decay was observed. All data were corrected for
Lorentz and polarization factors.20 Absorption correc-
tions21 were applied: minimum and maximum transmis-
sion factors were 0.41495, 0.69225 for 1 and 0.48439,
0.65465 for 2, respectively. The structures were solved
by direct methods (SHELXS-86)22 and refined on F2 by
full-matrix least-squares calculation (SHELXL-93).23 All
non-hydrogen atoms were refined anisotropically. All H
atoms of the phenyl, methyl and methylidene groups in 1
and 2 were geometrically placed and refined using the

riding model with isotropic displacement parameters
equal to 1.2Ueq of the attached C atom (except for
methyl-H atoms for which Uiso amounts to 0.18 in 1 and
0.15 in 2). All other hydrogen atoms were located in
difference maps and refined isotropically with the N2—
H2 distance restrained to 0.87(3) Å in 1. The geometries
of N—H bonds and H-bonds for 1 and 2 after neutron
normalization are applied in the further analysis in this
study.

The crystal data and some features of the structure
refinement are summarized in Table 1. The other crystal
data and geometric parameters (bond lengths and angles)
have been deposited at the Cambridge Crystallographic
Data Centre with reference numbers CCDC 188439 and
CCDC 188440 for 1 and 2, respectively.

��(2/,�,*�+�� .0,�*�"

All computations were performed using the Gaussian
9424 and Gaussian 9825 sets of programs. Calculations in
the framework of the MP226 theory were carried out on
H-bonded complexes of urea and thiourea derivatives
with water. The binding energy was calculated as the
difference between the total energy of the complex and
the sum of the total energies of isolated monomers.27

Basis set superposition error (BSSE) was corrected by the
counterpoise method of Boys and Bernardi.28 Geometries
of monomers and complexes were fully optimized. All of
the computations employed the 6–311 �� G** basis set.
The inclusion of diffuse components in the basis is a clear

"���� �

,�
�� �& ������ ���� ��� ��$%�$�� ��&������ ������ 
	�
%	��	$�� � ��� 3

1 2

Formula C24H27N2O3PS C23H25N2O3PS
M 454.51 440.48
T (K) 293(2) 293(2)
Crystal system Triclinic Triclinic
Space group P-1 P-1
a (Å) 9.943(1) 9.873(1)
b (Å) 10.841(1) 10.626(1)
c (Å) 11.734(1) 11.709(1)
� (°) 92.64(1) 91.39(1)
� (°) 102.38(1) 102.44(1)
� (°) 103.82(1) 104.57(1)
V (Å3) 1193.3(2) 1157.0(2)
Z 2 2
Dc (g cm�3) 1.265 1.264
� (mm�1) 2.059 2.108
2 � range 7.76–145.20 7.76–145.32
F(000) 480 464
No. of data collected 4777 4638
No. of data with I �2�(I) 3654 3270
No. of parameters varied 294 285
R 0.0495 0.0403
wR 0.1483 0.1158
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requirement to describe hydrogen-bonded systems ade-
quately.

Topological properties of the electronic density were
characterized using the atoms-in-molecules (AIM) meth-
odology.18 By means of the AIMPAC series of
programs,29,30 the bond critical points were located.
Information on the relative strength of the linkage can be
obtained in terms of electron density at proton���acceptor
(H���Y) bond critical point (�H���Y), and in terms of the
Laplacian (�2�H���Y).

-0"/�," �+. .*"�/""*�+

������� ���������

It was found earlier14,15 for thioureidophosphonate
derivatives that bifurcated H-bonds dominate in the
crystal architecture of these compounds. For the above-
mentioned structures the following patterns may be
pointed out: R2

2(14), R2
2(10) and R2

1(6). A similar
situation occurs for the crystal structures of O, O-
diphenyl 1-(3-phenylthioureido)pentanephosphonate (1)
and O, O-diphenyl 1-(3-phenylthioureido)butanephos-
phonate (2) (Fig. 1) investigated here. In both structures
the oxygen atom designated O1 (Figs 1 and 2) is a
bifurcated acceptor for two N—H���O bonds, N1—
H1���O1� and N2—H2���O1� (prime means the symmetry
relation for structures 1 and 2). For such an interaction the
simple R2

1(6) motif may be indicated (Scheme 1)
consisting of the following atoms: H1—N1—C1—
N2—H2���O1� (Fig. 1). For 1 and 2 R2

2(14) patterns also
exist within dimers (Fig. 1), created by two symmetry-
related fragments: H1—N1—C1—N2—C2—P1—O1
and H1�—N1�—C1�—N2�—C2�—P1�—O1�. Moreover,
N2—H2���O1� bonds exist within R2

2(10) patterns which
consist of two fragments related by symmetry: H2—
N2—C2—P1—O1 and H2�—N2�—C2�—P1�—O1� (Fig.
1).

The geometry of the bifurcated R2
1(6) motifs is in

accordance with those of related structures reported
earlier.14,15 It is interesting that the H1���H2 intramol-
ecular contacts within the bifurcated system are 2.17 and
2.03 Å for 1 and 2, respectively; the values are slightly
shorter than the sum of van der Waals radii. This may be
justified since both hydrogen atoms are connected with
the same oxygen atom-accepting centre.

Table 2 presents the geometry of N1—H1���O1� and
N2—H2���O1� hydrogen bonds existing in the crystal
structures. Both N—H���O interactions within the R2

1(6)
bifurcated motifs of 1 and 2 are not mutually related by
symmetry but they are practically equivalent. The donor–
acceptor distance (N���O) for all H-bridges is about 2.9 Å,
while the N—H���O angle ranges from 144 to 153°, far
from linearity as justified for bifurcated systems.

�
 ������ �������

One of the aims of the present study was to investigate in
detail the bifurcated (N—H)2���O bonds existing within
the crystal structures reported here. Since such interac-
tions play a crucial role in the architecture of crystals
investigated in this study, it would be interesting to know
more about the nature of such H-bonds. Hence MP2/6–
311 �� G** calculations were performed on simple
modelled complexes of urea and thiourea with water.
Additionally, the complexes of fluoro and chloro
derivatives of urea and thiourea with water were taken
into account. For all systems investigated two N—H
donors exist and the oxygen atom of water is an acceptor.
For some cases there is a bifurcated motif (Scheme 2).

R1 and R2 in Scheme 2 designate H, F and Cl atoms
and R3 an oxygen or sulphur atom. For systems for which
R1 = R2 = H (or Cl) the calculations show the approxi-
mate twofold axis symmetry (the axis contains R3, C and
O atoms); for example, the differences between corre-
sponding bonds are �0.01 Å and for the complex of urea
with water they are �0.001 Å. For systems for which R1

or/and R2 is fluorine there are two-centre hydrogen bonds
and bifurcated motifs are not observed. For two

4�)��� �& '��( 	
 ��� ����� 	
 )�* +�+!�������� �!)�!
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complexes, (NH2)CO(NHCl) � H2O and (NH2)CS
(NHCl) � H2O, there are R2

1(6) non-symmetric motifs.
We see that there are three types of interactions for this
set of complexes: approximately symmetrical bifurcated,
non-symmetrical bifurcated and two-centre H-bonds.
Selected geometric and energetic parameters of the
complexes optimized at the MP2/6–311 �� G** level
are shown in Table 3. The H-bond energies or binding

energies corrected for the basis set superposition error are
given in the last column. Since bifurcated H-bonds are
symmetrical, the energies given in Table 3 are those of
single N—H���O interactions. In other words, the H-bond
energies of the symmetrical systems mentioned above are
the differences between the energies of complexes and of
isolated molecules divided by two. For the remaining
systems for which two-centre H-bonds or non-sym-
metrical bifurcated motifs exist the binding energies are
given in Table 3; it means that there are the differences
between the energies of complexes and the energies of
monomers. All systems, both symmetrical and non-
symmetrical, were fully optimized during the calcula-
tions. The absence of imaginary frequencies (negative
eigenvalues of the Hessian matrices) confirmed that for
the optimized systems true minima were found.

The results presented above show that the nature of the
R1 and R2 substituents within (NHR1)CO(NHR2) and
(NHR1)CS(NHR2) molecules strongly affect the type of
intermolecular pattern. For the 1 and 2 structures
investigated here there are bifurcated motifs with
practically equivalent N—H���O H-bonds in spite of
different substituents attached to CS groups. It is
reasonable to assume that packing and symmetry
conditions in the crystals are responsible for the existence
of such patterns.

Figure 3 presents the molecular graph of the
O=C(NH2)2���OH2 complex for which the symmetrical
bifurcated motif is observed. The bond critical points
(BCPs) and the ring critical point (RCP) are shown. There
are two critical points corresponding to H���O interactions
between water molecules and urea. Figure 4 shows the
molecular graph of the S=C(NH2)(NFH)���OH2 com-
plex. The positions of atoms and critical points are

4�)��� 3& -��$%�$�� 	
 )�* � ��� ),* 3 (��� ��	� ��,������
%����. �����%����� �����	�� ��� ���(� �� ��� � /
��	,�,����� �����
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	� � ��� 3 �
��� ��$��	� �	���������	� 
	� ��	�	�!�	������ ,	��1 �������2 �3�
��� ��
Compound D—H���A d (D—H) (Å) d (H���A) (Å) d (D���A) (Å) �(DHA) (°)

1 N1—H1���O1 1.009 2.039 2.915(2) 143.8
N2—H2���O1 1.009 1.990 2.914(3) 151.0

2 N1—H1���O1 1.009 1.961 2.896(2) 153.1
N2—H2���O1 1.009 1.989 2.910(2) 150.7
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presented within the graph. For this case the situation is
more complicated. The water molecule behaves as a
single proton acceptor and also a proton donor to one of
the amino groups of thiourea. A similar situation is
observed for other ‘non-bifurcated’ systems. In other
words, for such systems the binding energies presented in
Table 3 do not correspond directly to two-centre N—
H���O H-bonds but they also contain the O(water)—
H���N(urea or thiourea derivative) interactions.

The results mentioned above and presented in Table 3
indicate roughly the dependences known for typical
conventional O—H���O bonds31,32 and also known for
non-conventional C—H���X bonds.8,33 The stronger the
H-bond the greater is the lengthening of the N—H

,�
�� �& 0�	�����% ��� ��������% ��������� 	
 ��� 4!,	���� ���� %	�������2 564 ��	�	� �	������ ,	�� ������� 4���+
�����%�� 564���+ ������ 4���4 �����%� ��� 4!,	�� 	� ,������ ������� 748

Substituents Proton donors N—H (Å) H���O (Å) N—H���O (°) H���H (Å) EHB (kcal mol�1)

H,H (C=O)a (NH2)2 1.011 2.225 143.9 2.263 �2.68
F,F (C=O)b NHF 1.026 1.934 174.9 2.639 �7.05
Cl,Cl (C=O)a (NHCl)2 1.016 2.109 143.5 2.137 �3.56
H,F (C=O)b NHF 1.024 1.999 171.0 2.483 �5.70
H,Cl (C=O)c NHCl 1.016 2.044 157.3 2.163 �5.95

(NH2) 1.011 2.227 148.4
F,Cl (C=O)b NHCl 1.023 1.913 157.2 2.514 �7.23
H,H (C=S)a (NH2)2 1.012 2.190 146.6 2.226 �3.06
F,F (C=S)b NHF 1.027 1.917 172.7 2.656 �6.96
Cl,Cl (C=S)a (NHCl)2 1.018 2.079 147.6 2.041 �3.61
H,F (C=S)b NHF 1.026 1.965 168.4 2.454 �6.41
H,Cl (C=S)c NHCl 1.019 1.959 187.4 2.175 �6.67

(NH2) 1.013 2.441 124.8
F,Cl (C=S)b NHCl 1.026 1.880 158.0 2.600 �7.20

a Bifurcated approximately symmetrical systems.
b Two-centre H-bonds.
c Bifurcated non-symmetrical systems.
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 ���� �������� �"�54 ��� �"�4���+� ����%������ )���
���$� �� �$1 $,���$��� (����� ����	 ��	$� ��� ����� ��
��� &�� %	�$��1 ��� 	���� 	
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Substituents �NH �2�NH �H���O �2�H���O

H,H (C=O) 0.334 �1.690 0.014 0.052
F,F (C=O) 0.330 �1.832 0.026 0.096
Cl,Cl (C=O) 0.333 �1.747 0.018 0.067
H,F (C=O) 0.333 �1.815 0.023 0.084
H,Cl (C=O) 0.334 �1.747 0.020 0.076

0.334 �1.691 0.014 0.051
F,Cl (C=O) 0.325 �1.771 0.027 0.099
H,H (C=S) 0.333 �1.699 0.015 0.055
F,F (C=S) 0.328 �1.826 0.027 0.099
Cl,Cl (C=S) 0.332 �1.741 0.019 0.072
H,F (C=S) 0.330 �1.815 0.025 0.090
H,Cl (C=S) 0.330 �1.765 0.024 0.091

0.333 �1.653 0.010 0.035
F,Cl (C=S) 0.322 �1.770 0.029 0.105

Copyright  2003 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2003; 16: 213–219

ANALYSIS OF BIFURCATED H-BONDS 217



donating bond and the shorter is the H���O intermolecular
contact. Table 3 also shows the H���H intramolecular
distances which are in agreement with the corresponding
distances for the crystal structures presented above. For
the crystal structures such contacts are 2.17 and 2.03 Å
for 1 and 2, respectively. For calculated systems these
distances are in the range 2.04–2.26 Å for bifurcated
systems and 2.45–2.66 Å for systems with two-centre H-
bonds.

Table 4 presents the properties of the bond critical
points (BCPs): the electron densities of BCPs of the N—
H donors, �NH, the electron densities of H���O BCPs,
�H���O, and their Laplacians, �2�NH and �2�H���O,
respectively. The topological parameters have been used
previously for the description of the nature of bifurcated,
three-centre hydrogen bonds.34 Different compounds
were chosen in the above-mentioned study and all the
systems were optimized at the B3LYP/6–31G* level. The
authors pointed out that for three-centre HBs there are
two BCPs with similar characteristics of � and �2�;
bifurcated H-bonds are energetically weaker than the
typical hydrogen bonds.

It is well known that the electron density at H���Y BCP
(Y is the acceptor of proton) correlates with H-bond
energy.35–37 However, such a correlation is usually
fulfilled for homogeneous samples of complexes.38

Figure 5 shows the linear relationship between �H���O

and H-bond energy for the modelled systems investigated
here; the correlation coefficient is 0.978. The non-
symmetrical bifurcated systems were excluded from the
sample of complexes here. This correlation is observed in
spite of the fact that for some systems the binding energy
also contains a slight energetic contribution of N���H—O
interaction where the water molecule is a donor of proton
(Fig. 4). We see that for the complexes investigated here
the electron density at BCP is an even more convenient
measure of H-bond strength since all intermolecular
H���O contacts may be analysed separately. Ab initio or
DFT results provide binding energies which represent the
energies of single H-bonds if the bifurcated motif is
symmetrical (contains equivalent H-bonds) and no other
H-bonds within systems exist.

The proton���acceptor distance is often treated as a
geometrical measure of the H-bond strength, especially
for homogeneous samples of complexes.2,3,8 Figure 6
shows the correlation between the electron density at
H���O BCP and H���O distance. The linear correlation
coefficient is 0.984 and for the polynomial regression of
the second degree the correlation coefficient is 1.000. The
better polynomial correlation may be explained by the
exponential or polynomial character of intermolecular
interactions for which there is no linear dependence
between the strength and the distance.

��+��/"*�+"

The crystal and molecular structures of O,O-diphenyl 1-
(3-phenylthioureido)pentanephosphonate (1) and O,O-
diphenyl 1-(3-phenylthioureido)butanephosphonate (2)
were analysed, showing the existence of bifurcated
(N—H)2���O H-bonds with a bifurcated accepting oxygen
atom. Such interactions are very important for the
stabilization of crystal networks. It may be assumed that
packing forces in the crystals are responsible for the
existence of such patterns.

Ab initio calculations at the MP2/6–311 �� G** level
for the modelled systems show that the energy of single
N—H���O interactions for symmetrical bifurcated sys-
tems is in the range � 2.7 to 3.6 kcal/mol�1

(1 kcal = 4.184 kJ); the corresponding energies of non-
symmetrical complexes are approximately two times
greater (Table 3). This means that H-bond energies
within R2

1(6) motifs may be additive. This observation is
supported by the results of topological calculations
within the AIM scheme. The electron densities of BCPs
for H���O contacts are almost two times greater for non-
bifurcated than for bifurcated systems (Table 4).
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No. BW 505/251) is gratefully acknowledged.

-040-0+�0"

1. Desiraju GR. Crystal Engineering—The Design of Organic Solids.
Elsevier: Amsterdam, 1989.

2. Jeffrey GA, Saenger W. Hydrogen Bonding in Biological
Structures. Springer: Berlin, 1991.

3. Jeffrey GA. An Introduction to Hydrogen Bonding. Oxford
University Press: New York, 1997.

4. Steiner T. Angew. Chem., Int. Ed. Engl. 2002; 41: 48.
5. Desiraju GR. Angew. Chem., Int. Ed. Engl. 1995; 34: 2311.
6. Etter MC. Acc. Chem. Res. 1990; 23: 120.
7. Leiserowitz L. Acta Crystallogr., Sect. B 1976; 32: 775.
8. Desiraju GR, Steiner T. The Weak Hydrogen Bond in Structural

Chemistry and Biology. Oxford University Press: New York, 1999.
9. Parra RD, Zeng H, Zhu J, Zheng C, Zeng XC, Gong B. Chem. Eur.

J. 2001; 7: 4352.
10. Zimmerman SC, Murray TJ. Tetrahedron Lett. 1994; 35: 4077.
11. Yang J, Gellman SH. J. Am. Chem. Soc. 1998; 120: 9090.
12. Yang J, Christianson LA, Gellman SH. Org. Lett. 1999; 1: 11.
13. Bureiko SF, Golubev NS, Pihlaja K. J. Mol. Struct. 1999; 480–481:

297.
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