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Abstract

The crystal structure of (R,R)-N-methyltartramic acid
monohydrate is presented and compared with that of
the parent compound, (R,R)-tartaric acid. Despite some
conformational differences between the two molecules
the packing is very similar, as it is dictated by the
carboxyl rather than the amide function. Particular
attention is paid to a mediated three-centre hydrogen
bond as one of the packing motifs involving the �-
hydroxycarboxyl moiety. The stability and geometry of
such structures in the gas phase and in solution are
examined via theoretical ab initio methods using the
RHF/6-311++G** and RHF/6-311++G**/Onsager
models, respectively. Liquid media, in particular those
of high polarity, are found to stabilize the structures
considerably.

1. Introduction

One of many interesting structural features of (R,R)-
tartaric acid, its esters, amides and salts is the observa-
tion that the preference for a planar T conformation of
the four-atom carbon chain is accompanied by the
planarity of the �-hydroxycarboxylate or �-hydroxy-
amide moieties (GawronÂ ski et al., 1997, and references
therein). The planarity of these fragments is, to some
extent, stabilized by intramolecular hydrogen bonding
involving proximal groups, in which a hydroxyl group
plays either the role of a donor in a hydrogen bond to O
atoms from proximal acid, ester or tertiary amide groups
or the role of an acceptor of a proton from the neigh-
bouring primary or secondary amide function (Szcze-
panÂ ska & Rychlewska, 1994; Rychlewska et al., 1997).
Usually, although not always, these intramolecular
interactions occur in crystals as minor components of
three- or four-centre hydrogen bonds with other
components being intermolecular. However, as has been
noted previously (Kroon, 1982), in many crystal struc-
tures hydroxyl H atoms of �-hydroxycarboxylic acids
are involved solely in intermolecular interactions, yet
the planarity of this fragment is preserved. Analysis of

such systems has led us to the observation that O atoms
from the �-hydroxycarboxyl group that are syn to each
other are joined by hydrogen bonds in which the
hydroxyl OH group from the neighbouring molecule is a
donor. This leads to the formation of a three-centre
hydrogen bond instead of a typical intramolecular
linkage. This type of bonding has been described by
Jeffrey & Saenger (1991) as a mediated intramolecular
hydrogen bond. Mediated (1a) and `typical' (1b)
hydrogen bonds are shown schematically below.

The pattern designator for the motif formed is R2
1(5)

while that for its intramolecular analogue is S(5) (for a
description of pattern designators see, for example,
Bernstein et al., 1995; Etter, 1990; Bernstein et al., 1990;
Etter et al., 1990; Bernstein et al., 1994). The motif is not
only common among tartaric acid derivatives and salts
(for example, see Bootsma & Schoone, 1967; CarlstroÈ m,
1973; Duesler et al., 1984a,b) but is also present in other
systems containing either the �-hydroxycarboxylate
moiety (Flippen, 1973; Larsen & Marthi, 1994; Foster et
al., 1983; Schouten et al., 1994) or the dicarboxylate
moiety as in oxalic acid (Bernstein et al., 1994). In some
of the cases cited above the role of the mediator is
played by the solvent water molecule (Flippen, 1973) or
by a hydroxyl group from a cation (CarlstroÈ m, 1973). In
this study, we present the results of an X-ray analysis of
the mono-N-methylamide derivative of (R,R)-tartaric
acid, MMA, as an example of the occurrence of a
mediated type of internal hydrogen bonding.
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In the case presented here, a water molecule mediates
between both functions of the �-hydroxycarboxyl group,
i.e. between the �-hydroxyl and carbonyl groups, instead
of a typical direct linkage between these two groups.
Also reported are high-accuracy ab initio Hartree±Fock
studies of the model systems shown below. These were
carried out for the isolated state and in the presence of
both polar and nonpolar solvents.

Detailed ab initio studies of the structure and both inter-
and typical intramolecular hydrogen bonding involving
the �-COX group, X being OH, OCH3, NH2 or
N(CH3)2, have been recently carried out (Szarecka et al.,
1996, 1998, 1999a,b; Hoffmann et al., 1998).

2. Experimental

2.1. Synthesis

(R,R)-N-Methyltartramic acid (MMA) was prepared
in the Laboratory of Natural Products, Department of
Chemistry, Adam Mickiewicz University, PoznanÂ ,
Poland (GawronÂ ski et al., 1997).

2.2. X-ray crystallography

Crystals of MMA�H2O suitable for X-ray analysis
were grown from aqueous solution. Re¯ection inten-
sities were measured on a four-circle KUMA Diffraction
KM-4 diffractometer equipped with a graphite mono-

Table 1. Experimental details for MMA�H2O

Crystal data
Chemical formula C5H9NO5�H2O
Chemical formula weight 181.15
Cell setting Orthorhombic
Space group P212121

a (AÊ ) 7.3010 (10)
b (AÊ ) 7.658 (2)
c (AÊ ) 13.855 (3)
V (AÊ 3) 774.6 (3)
Z 4
Dx (Mg mÿ3) 1.553
Dm (Mg mÿ3) 1.533
Density measured by Flotation in KI
Radiation type Mo K�
Wavelength (AÊ ) 0.71073
No. of re¯ections for cell para-

meters
36

� range (�) 8.42±14.825
� (mmÿ1) 0.144
Temperature (K) 293 (2)
F(000) 384
Crystal form Prism
Crystal size (mm) 0.6 � 0.25 � 0.2
Crystal colour Colourless

Data collection
Diffractometer KM-4
Data collection method �±2� scans
Absorption correction None
No. of measured re¯ections 2066
No. of independent re¯ections 1875
No. of observed re¯ections 1485
Criterion for observed re¯ections I > 2�(I)
Rint 0.0211
�max (�) 28.06
Range of h, k, l ÿ9! h! 9

0! k! 10
0! l! 18

No. of standard re¯ections 2
Frequency of standard re¯ections Every 100 re¯ections
Intensity decay (%) 0

Re®nement
Re®nement on F2

R�F2>2��F2�� 0.0310
wR�F2� 0.0737
S 1.063
No. of re¯ections used in re®ne-

ment
1874

No. of restraints used 0
No. of parameters used 129
Weighting scheme w = 1/[�2(F2

o) + (0.0445P)2

+ 0.0586P] where
P = (F2

o + 2F2
c )/3

��=��max 0.000
��max (e AÊ ÿ3) 0.183
��min (e AÊ ÿ3) ÿ0.165
Extinction method None
Source of atomic scattering

factors
International Tables for Crystal-

lography (1992, Vol. C,
Tables 4.2.6.8 and 6.1.1.4)

Computer programs
Data collection KM-4 (Kuma Diffraction, 1991)
Cell re®nement KM-4
Data reduction DATAPROC (Gaødecki et al.,

1995)
Structure solution SHELXS86 (Sheldrick, 1990)
Structure re®nement SHELXL93 (Sheldrick, 1993)

Fig. 1. An illustration of the T(s,a) conformation of the MMA molecule
and the atom-numbering scheme. Note the change of conformation
around the CÐC* bond caused by replacement of carboxyl by an
amide group. Arrows indicate CO/C�H dipole±dipole interactions.
Displacement ellipsoids are drawn at the 40% probability level and
H atoms are drawn as spheres of arbitrary radii.
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chromator. The intensities were corrected for Lorentz
and polarization effects. The structure was solved by
direct methods using SHELXS86 (Sheldrick, 1990) and
re®ned against F2 using SHELXL93 (Sheldrick, 1993).
Heavy atoms (C, O, N) were re®ned anisotropically. The
positions of the H atoms attached to the C and N atoms
were calculated and re®ned using a riding model and
their isotropic displacement parameters were given a
value 20% higher than the isotropic equivalent for the
atom to which the H atom was bonded. The coordinates
of the hydroxyl H atoms were determined from a
difference Fourier map and re®ned, together with their
isotropic displacement parameters, in the least-squares
process. The absolute structure of the crystals was
assumed from the known absolute con®guration of
(R,R)-tartaric acid. The value of the corresponding
Flack parameter is ÿ0.7 (13). Stereochemical Work-
station (Siemens, 1989) was used to prepare the ®gures.
Experimental details are summarized in Table 1.² A
perspective view of the MMA molecule showing its
conformation and the numbering system is shown in
Fig. 1.

2.3. Molecular-orbital calculations

We considered three structures with a mediated
three-centre bond, namely a hydroxyacetic acid (glycolic
acid)/water complex (3a), a hydroxyacetic acid (glycolic
acid)/methanol complex (3b) and a hydroxyacetic acid
dimer (3c). They are designated HA±W, HA±M and
HA±HA, respectively.

All calculations were carried out at the Restricted
Hartree±Fock (RHF) level of theory (Pople & Bever-
idge, 1970) with a 6-311++G** basis set, i.e. a large split-
valence 6-311G basis set additionally augmented by two
sets of polarization and two sets of diffuse functions
(Krishnan et al., 1980; Clark et al., 1983; Frisch et al.,
1984). Starting geometries were built based on the
structures observed in the crystalline state, although we
have used standard values of bond lengths and angles
(Rademacher, 1987). Solvation energies were computed
with the aid of the Self-Consistent Reaction Field
approach±Onsager model (Onsager, 1936; Wong et al.,
1991). All structures were optimized fully (both in the
isolated state and in solution) and converged to stable
local energy minima. We considered both polar
(dielectric constant " = 80.0) and nonpolar (dielectric
constant " = 2.0) media. Onsager cavity radii for the
systems studied were derived from the respective
molecular volumes calculated via Monte Carlo integra-
tion of molecular electron density (Foresman & Frisch,
1996). We used the GAUSSIAN94 package (Frisch et al.,
1995) for all the computations.

3. Results and discussion

3.1. X-ray crystallography

In MMA, as in the optically active tartaric acid
(Okaya et al., 1966) and the majority of crystalline
(R,R)-tartramides (Dobashi et al., 1988; GawronÂ ski et
al., 1997; Molander et al., 1997; Singh et al., 1990; Szar-
ecka et al., 1996, SzczepanÂ ska & Rychlewska, 1994;
Williams et al., 1984), the conformation around the C*Ð
C* bond linking the two chiral centres is staggered such
that the two carboxyl groups are trans (T) and the two
adjacent CÐOH bonds are gauche minus. The reported
exceptions among (R,R)-tartramides are (R,R)-
N,N,N0,N0-tetramethyltartramide and its dibenzoyl
derivative (GawronÂ ski et al., 1989; Rychlewska, 1992)
and (R,R)-N,N,N0,N0-tetracyclohexyldimethoxy-
succinamide (S)-2,20-dihydroxy-1,10-binaphthyl clathrate
(Toda et al., 1988), in which two amide groups are in a
gauche plus orientation and, consequently, the four-
atom carbon chain is bent. The value of the CÐC*Ð
C*ÐC torsion angle in MMA is 173.9 (1)�, while the
OÐC*ÐC*ÐO torsion angle is ÿ69.9 (2)� (selected
torsion angles are listed in Table 2). The conformation
around the C*ÐC bond is such that the hydroxyl O
atoms O2 and O3 lie nearly in the plane de®ned by the
carboxy and amide groups, respectively. However, while
at the carboxyl end of the molecule the �-hydroxyl O
atom nearly eclipses the carbonyl O atom, at the amide
end the carbonyl O atom is on the opposite side to the �-
hydroxyl O atom, which now eclipses the amide N atom.
The corresponding O CÐC*ÐOH torsion angles of
ÿ15.7 (2) and 176.3 (1)� describe synplanar `s' and
antiplanar `a' conformations. The overall conformation
of the molecule can thus be described as T(s,a). In our
previous reports on a related subject (Rychlewska et al.,
1997; GawronÂ ski et al., 1997) we pointed out that such a
conformation of optically active tartaric acid derivatives
might be stabilized by attractive interactions of local
dipoles, illustrated by arrows in Fig. 1. Moreover, the
planarity of the �-hydroxyamide moiety is stabilized by
an intramolecular hydrogen bond (indicated by a dashed
line in Fig. 1) in which the amide group acts as a proton

Table 2. Selected torsion angles (�) for MMA�H2O

O1ÐC1ÐC2ÐO2 ÿ15.7 (2)
O10ÐC1ÐC2ÐO2 165.1 (1)
O1ÐC1ÐC2ÐC3 ÿ138.9 (2)
O10ÐC1ÐC2ÐC3 41.8 (2)
O2ÐC2ÐC3ÐO3 ÿ69.9 (2)
C1ÐC2ÐC3ÐO3 51.3 (2)
O2ÐC2ÐC3ÐC4 52.8 (2)
C1ÐC2ÐC3ÐC4 173.9 (1)
O3ÐC3ÐC4ÐO4 176.3 (1)
C2ÐC3ÐC4ÐO4 55.0 (2)
O3ÐC3ÐC4ÐN4 ÿ5.1 (2)
C2ÐC3ÐC4ÐN4 ÿ126.4 (2)
O4ÐC4ÐN4ÐC40 4.77 (3)
C3ÐC4ÐN4ÐC40 ÿ173.8 (2)

² Supplementary data for this paper are available from the IUCr
electronic archives (Reference: CF0006). Services for accessing these
data are described at the back of the journal.
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donor to the neighbouring hydroxyl O atom. At the C1
end of the molecule, however, there is no indication of
the presence of an analogous intramolecular hydrogen
bond, despite the presence of two hydroxyl groups (one
being a part of the carboxyl group) as potential donors.
Instead, we observe the presence of what has been
called (Jeffrey & Saenger, 1991) a mediated intramole-
cular hydrogen bond. The mediating group is the water
molecule present in the crystal structure of this
compound. One of the water H atoms [H2W] is used in
the formation of a three-centre hydrogen bond. The two
acceptors are carbonyl and hydroxyl O atoms from the
same �-hydroxycarboxyl group (Fig. 2a). In this way an
R1

2(5) motif is formed, which is topologically very similar
to the S(5) motifs observed in the majority of (R,R)-
tartaric acid derivatives (GawronÂ ski et al., 1997; Szcze-
panÂ ska & Rychlewska, 1994; Szarecka et al., 1996,
Rychlewska et al., 1997) and present in the isolated
molecule of (R,R)-tartaric acid in its energetically
preferred conformation (Polavarapu et al., 1987).

Geometrical parameters for this and other types of
hydrogen bond observed in the crystal are listed in Table
3.

Interestingly, this type of mediated intramolecular
hydrogen bond is also present in the crystal structure of
(R,R)-tartaric acid (Okaya et al., 1966), although with
one of the hydroxyl substituents as the mediating group
(Fig. 2b).

3.2. Crystal structure

As in crystals of the parent (R,R)-tartaric acid (Okaya
et al., 1966), in crystals of MMA�H2O we observe
hydrogen bonds linking translationally related mole-
cules head-to-tail into in®nite chains described by a C(7)
pattern designator (Fig. 3). The chains are parallel to
one of the crystallographic axes (x) with a length of
7.301 (1) AÊ in MMA�H2O and 7.715 (3) AÊ in the crystal
structure of (R,R)-tartaric acid (Okaya et al., 1966).
However, while in MMA�H2O the chains are formed via
hydrogen bonds between carboxyl and amide groups, in

Fig. 2. (a) The mediated (through a water molecule) intramolecular
hydrogen bond present in the crystal structure of MMA�H2O. (b)
The analogous bond (through a hydroxyl substituent) in the parent
(R,R)-tartaric acid.

Table 3. Hydrogen-bond parameters (AÊ , �) for
MMA�H2O

DÐH distances for NÐH and OÐH bonds have been normalized to
values of 1.03 and 0.97 AÊ , respectively.

DÐH� � �A D� � �A H� � �A DÐH� � �A
O2ÐH2O� � �OWi 2.640 (2) 1.67 178
O3ÐH3O� � �O2ii 2.859 (2) 1.90 171
O10ÐH10� � �O4iii 2.571 (2) 1.61 170
OWÐH1W� � �O1iv 2.903 (2) 1.94 171
OWÐH2W� � �O1v 2.851 (2) 2.03 141
OWÐH2W� � �O2v 2.983 (2) 2.19 139
N4ÐH4� � �OWvi 3.105 (2) 2.23 141
N4ÐH4� � �O3 2.632 (2) 2.15 107

Symmetry codes: (i) ÿx� 1, y� 1
2, ÿz� 3

2; (ii) ÿx� 1, yÿ 1
2, ÿz� 1

2;
(iii) xÿ 1, y, z; (iv) ÿx, yÿ 1

2, ÿz� 3
2; (v) ÿx� 1

2, ÿy� 1, z� 1
2; (vi)

x� 1
2, ÿy� 1

2, ÿz� 1.

Fig. 3. C(7) chains formed by translationally related molecules
hydrogen bonded in a head-to-tail fashion (a) in MMA�H2O and
(b) in (R,R)-tartaric acid. Note that in (a) the chains are formed
between carboxylic and N-methylamide groups, while in (b) they
are formed between two carboxylic groups.
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the parent tartaric acid only carboxyl groups are
involved. The motif described here appears not only in
the crystals of (R,R)-tartaric acid but is characteristic of
the mode of packing of hydrogen tartrate anions
(Marthi et al., 1995, and references therein). On the
other hand, in the crystal structures of (R,R)-tartaric
acid diamides the C(7) motif, if present, involves screw-
axis-related molecules (Rychlewska, 1999). It follows
from the above that in MMA�H2O the packing is
dictated by carboxyl rather than amide functions. The
combination of one of the strongest proton donor
groups, such as the carboxylic group, with one of the
strongest proton acceptors, such as the amide carbonyl
group, leads to the formation of a very short inter-
molecular hydrogen bond of length 2.571 (2) AÊ , the
shortest one in this crystal structure. The corresponding
donor±acceptor distance in (R,R)-tartaric acid is
2.695 AÊ . The C(7) chains are additionally supported by
water molecules which, by accepting a proton from one
of the hydroxyl groups (O2) and by donating one proton
to the carboxyl carbonyl group of a translationally
related molecule, form C2

2(7) chains propagating along x.
Combination of C(7) and C2

2(7) motifs generates an
R3

3(12) motif. As a result, molecules related by transla-
tion along the x direction form ribbons consisting of
R3

3(12) and R1
2(5) rings. Exactly the same pattern is

observed in the crystal structure of (R,R)-tartaric acid,
as shown in Fig. 4. Ribbons that are neighbours along z
run in opposite directions and are connected by NÐ
H� � �OW hydrogen bonds. In this way an in®nite (010)
layer is formed (Fig. 5). Moreover, ribbons that are
neighbours along y are connected via water molecules in
such a way that the H2W H atom is a donor in a three-
centre hydrogen bond joining neighbouring �-hydroxy-
carboxyl moieties. In this way water molecules join
proximal xy layers, as do the O3ÐH3O� � �O2(1ÿ x,
yÿ 1

2,
1
2ÿ z) hydrogen bonds. The crystal structure

viewed along the y and z directions is illustrated in Figs.
5 and 6, respectively.

3.3. Theoretical results

Structures with a mediated intramolecular three-
centre hydrogen bond proved stable in the isolated state
and also in solution. The fully optimized structures of
the hydroxyacetic acid/water, hydroxyacetic acid/
methanol and hydroxyacetic acid/hydroxyacetic acid
complexes are presented in Figs. 7, 8 and 9, respectively,
and the mediated hydrogen-bond parameters in these
systems are given in Tables 4, 5 and 6, respectively.

Fig. 4. An illustration of the similarity in packing along x in (a)
MMA�H2O and (b) in (R,R)-tartaric acid. Fig. 5. The packing of MMA�H2O along y.
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In the gas-phase optimized geometries of the struc-
tures studied we observe a surprising tendency for the
OH(m)� � �O(H) (m designates a mediating hydroxyl
group) bond to be signi®cantly shorter than the
OH(m)� � �O C bond. Moreover, the hydrogen-bond
angles for the OH� � �OH(m) bonds are signi®cantly
more favourable than those for the C O� � �HO(m)
bonds. It is worth noticing that in the case of both the
HA±HA and HA±M complexes the hydrogen-bond
angles are about 150±160� and 130±140�, respectively,
while in the case of the HA±W complex the difference
between the (H)O� � �HO and (C )O� � �HO angles is
signi®cantly larger and much more in favour of the

hydroxyl±hydroxyl bond (the angles are about 170 and
122�, respectively). This strongly asymmetric case has
been described by Newton et al. (1979). It is interesting
to note that in the crystal structure of MMA�H2O the
three-centre bond is symmetrical while in the crystal
structure of (R,R)-tartaric acid it is markedly asym-
metric. The corresponding values are OÐH(m)� � �O C
2.03 AÊ , 141� and 1.95 AÊ , 169�, OÐH(m)� � �OH 2.19 AÊ ,
139� and 2.48 AÊ , 114� for MMA�H2O and (R,R)-tartaric
acid, respectively.

The deviation from planarity of the �-hydroxyacetic
acid molecule is about 3.4 (HA±W) and 5.7� (HA±M).
In HA±HA both �-hydroxyacid molecules are nearly
planar (i.e. the O1ÐC1ÐC2ÐO2 and O1bÐC1bÐ
C2bÐO2b angles are 5.34 and 2.01�, respectively). The
degree of planarity of the �-hydroxyacid moiety is
therefore higher than that in the crystalline state.

Solvation affects all three structures in a similar way.
We observe an increase in the dipole moments and
changes in hydrogen-bond parameters, namely elonga-
tion of both PA (proton±acceptor) distances, particu-
larly in a polar solvent, and signi®cant changes in
hydrogen-bond angles, i.e. further increase in the
OH� � �OH angle and decrease in the C O� � �HO angle,
resulting from the O atom (from the mediating group)
moving towards the carboxylic end of the molecule. This
effect is most pronounced in HA±W where the `free' H
atom approaches the carbonyl O atom and its distance

Fig. 7. The optimized structure of HA±W.

Table 4. Hydrogen-bond parameters (AÊ , �) for HA±W

Hydrogen bond 1 is O1bÐH� � �O1 (OH� � �OH); hydrogen bond 2 is O1bÐH� � �O2 (OH� � �O C).

Dipole moment
Donor±acceptor distance Proton±acceptor distance Hydrogen-bond angle

Hydrogen bond 1 2 1 2 1 2
Isolated state 5.389 3.0796 3.2636 2.1436 2.6647 170.60 121.86
Nonpolar solvent 5.668 3.0916 3.2276 2.1487 2.6793 175.49 117.61
Polar solvent 5.978 3.1059 3.1812 2.1618 2.7117 177.34 111.45

Fig. 6. An extension of the constitutional motifs along y by means of
water molecules in the crystal of MMA�H2O.
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from the carbonyl O atom, being nearly 3 AÊ in the gas
phase, decreases to about 2.70 AÊ in a polar environment.
This tendency seems to be characteristic of changes
which the HA±W structure undergoes when solvated.
We have found that the test structure HA±W7 (see
below) with a symmetrical seven-membered hydrogen-
bonded ring is unstable in the isolated state and opti-
mizes again to the HA±W structure, as shown in Fig. 7.

However, when the same starting structure HA±W7 is
optimized in solution it does retain the seven-
membered-ring arrangement in both polar and nonpolar

surroundings, although the polarity of the solvent affects
the symmetry of the ring. That is, in a nonpolar solvent
the OH� � �OH PA distance is shorter than that in the
OH� � �O C bond (2.2468 and 2.3910 AÊ , respectively).
The OH� � �OH hydrogen-bond angle is also more
favourable than that of OH� � �O C (159 and 130�,
respectively). In polar surroundings it is the
C O� � �HO bond which becomes stronger:
HO� � �O C and OH� � �OH PA distances are 2.0808 and
2.5550 AÊ , respectively, and angles are 160 and 131�,
respectively. The energies of solvation of the HA±W7
complex are also lower than their HA±W counterparts
by 8.8 (" = 2.00) and 27.6 kJ molÿ1 (" = 80.00).

Solvent also seems to affect the planarity of the �-
hydroxycarboxyl moiety in such a way that the OCCO
torsion angles in all structures decrease, again, particu-
larly in polar solvent as shown in Table 7.

Table 5. Hydrogen-bond parameters (AÊ , �) for HA±M

Hydrogen bond 1 is O1bÐH� � �O1 (OH� � �OH); hydrogen bond 2 is O1bÐH� � �O2 (OH� � �O C).

Dipole moment
Donor±acceptor distance Proton±acceptor distance Hydrogen-bond angle

Hydrogen bond 1 2 1 2 1 2
Isolated state 4.353 3.0478 3.4109 2.1876 2.6335 151.12 140.07
Nonpolar solvent 4.614 3.0561 3.4104 2.1864 2.6369 152.81 139.58
Polar solvent 4.9074 3.0687 3.4004 2.1907 2.6335 154.35 138.75

Table 6. Hydrogen-bond parameters (AÊ , �) for HA±HA

Hydrogen bond 1 is O1bÐH� � �O1 (OH� � �OH); hydrogen bond 2 is O1bÐH� � �O2 (OH� � �O C).

Dipole moment
Donor±acceptor distance Proton±acceptor distance Hydrogen-bond angle

Hydrogen bond 1 2 1 2 1 2
Isolated state 5.819 3.0018 3.3105 2.1266 2.5641 153.60 136.17
Nonpolar solvent 6.550 3.0187 3.3112 2.1272 2.5776 156.84 134.74
Polar solvent 7.234 3.0400 3.2989 2.1350 2.5880 159.83 132.26

Fig. 9. The optimized structure of HA±HA.Fig. 8. The optimized structure of HA±M.
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The relative energies Ei of the ith structure (i.e. the
differences between Onsager solute energy for low and
high dielectric constant, respectively, and the isolated
state energy of the ith structure) are given in Table 8. As
can be seen from the data collected in Table 8 solvent
stabilizes the complexes. However, the degree of stabi-
lization depends markedly on the polarity of the solvent
and is rather low: in a polar solvent it amounts to about
2.1, 4.2 and 7.5 kJ molÿ1 for HA±M, HA±W and HA±
HA, respectively. We have performed test calculations
for HA±W with the aid of the Polarisable Continuum
Model (PCM) (MiertusÏ et al., 1981), in which solute±
solvent interactions are taken into account via a charge
distribution much more complex than a simple dipole.
Importantly, the PCM also predicts stabilization of the
HA±W structure, which increases with the rising polarity
of the solvent. There are, however, signi®cant quanti-
tative differences since PCM solvation energies are
much higher, and amount to about 30 and 94 kJ molÿ1

for nonpolar and polar solvents, respectively.

3.4. Conclusions

In conclusion we would like to emphasize that a
mediated intramolecular hydrogen bond, R2

1(5), is
observed as one of the packing motifs in crystal lattices
of (R,R)-N-methyltartramic acid monohydrate. The
R2

1(5) motif can be regarded as a typical association unit
in systems with an �-hydroxycarboxyl group, in parti-
cular in crystals containing solvent water molecules.
Selected structures with this type of hydrogen bond are
stable according to the ab initio RHF method. Interac-
tions with solvent (according to the Onsager model)
additionally stabilize the structures considered ± the
higher polarity of the solvent, the bigger this effect
becomes.
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