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Rational Design, Synthesis and Crystal Structure Investigation of Hydrogen-
Bonded Coordination Polymers of Bicyclic Bis-Lactam Dicarboxylates[‡]
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The crystal structures of the racemic coordination polymers
(±)-1 to (±)-4 and the coordination dimers (±)-6 and (±)-7, con-
taining molecular ‘‘brick walls’’ with inorganic coatings and
molecular ‘‘brick walls’’ with mixed organic-inorganic coat-
ings, respectively, were predicted and verified on the basis

Introduction

H-bonded supramolecular aggregation of metal ion-co-
ordinated assemblies is a promising approach in crystal
engineering, combining a variety of coordination types and
well established organic motifs of H-bonding.[1�8] In a pre-
ceding paper[9] we have shown that functionalized deriva-

Scheme 1. Molecular ‘‘brick wall’’ with nonpolar coating (X � CO2alkyl) observed in crystal structures of dialkyl DBO-1,4-dicarboxylates,
where d1 is the distance between adjacent molecules in the column and is equal to the corresponding translation (crystal lattice parameter)
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of the zigzag R2
2(8) H-bonded tape columnar packing motif

of the purely organic racemic dialkyl 3,6-dioxo-2,5-diaza-
bicyclo[2.2.2]octane-1,4-dicarboxylates.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

tives of chiral C2-symmetric bicyclic dipeptide, 2,5-diaza-
bicyclo[2.2.2]octane-3,6-dione (DBO), viz. corresponding
dialkyl 1,4-dicarboxylates, form predictable heterochiral
zigzag tapes with lactamic R2

2(8) H-bonding, in which
molecules of different chirality alternate strictly (Scheme 1),
as in the crystal structures of (�)-DBO and other bis-
lactams[10�14] (for other important works on lactamic H-

bonded tapes, see refs.[15�17]). A new two-dimensional motif
appears in all investigated crystals of the racemic and chiral
quasi-racemic esters, with homochiral columns being
formed by stacking of the heterochiral tapes orthogonally
to their propagation axes. We refer to this two-dimensional
motif as molecular ‘‘brick walls’’ with non-polar coating
(Scheme 1) (compare ref.[18]). An attempt to extend the
‘‘brick walls’’ into the third dimension (and thus explain the
design of the whole crystal structure) through H-bonding,
involving carboxylic acid moieties (Scheme 1, X � CO2H)
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failed because of hydrate formation.[9] In the case of com-
petitive H-bonding carbamoyl substituents (X � CONH2),
either nanochannels or unbalanced chiral, triply inter-
penetrated, diamondoid networks form.[19] We therefore
tried to use supramolecular forces from another field,
metal�carboxylate ligand interactions, which it was hoped
might direct self-assembly of the desired three-dimensional
crystal structure (Scheme 2). In addition, we were also very
interested in the senses of chirality of the assemblies
formed. In this study we report the results of the initiated
research. In fact, examples of coordination structures of
cyclic dipeptides have already been published for Na and
TlI salts of cyclo-(-α-aspartyl--phenylalanine)[20,21] and in
particular for a coordination polymer of AgI with cyclo-(-
methionyl--methionyl).[22] However, little attention is given
in those papers to the supramolecular aspects of the struc-
tures.

Scheme 2. Hypothetical three-dimensional self-assembly of H-
bonded tapes of DBO-1,4-dicarboxylate dianions by coordination
with metal cations (M lilac, C grey, N blue, O red, H green)

Results and Discussion

The synthesis of the metal DBO-1,4-dicarboxylates is de-
picted in Scheme 3. Metal salts of the diacid (�)-A[9] (�)-1
to (�)-3 were prepared in aqueous solution through ex-
change reactions. The potassium acid salt (�)-4 was pre-
pared by treatment of A with one equivalent of KOH.
Monosaponification of diester (�)-B[9] gave compound
(�)-5, which was converted into salts (�)-6 and (�)-7
through exchange reactions. All the salts were racemic. For
the compounds (�)-1 to (�)-4, (�)-6 and (�)-7, single crys-
tals were grown and X-ray diffraction investigation was
undertaken (Table 1).

The molecular structures of the bis-lactam dicarboxylate
anions in all structures studied remain practically un-
changed, with variation of the bicyclic conformation from
synchro- to asynchro-twist, as previously observed for the
diester derivatives.[9] The dianion symmetry in 1 to 3 is close
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Scheme 3. Synthesis of metal DBO-1,4-dicarboxylates

to C2 (in 1, the dianion occupies the special position on the
twofold axis) with some deviation due to variations of the
disposition of the CO2

� groups and the bicyclic skeleton.
In contrast, the symmetry of the monoanionic species in
the compounds 4, 6 and 7 cannot exceed C1.

It is remarkable that all the studied compounds 1 to 4, 6
and 7 are tetrahydrates. X-ray diffraction investigation has
shown that in 1 to 4 the bicyclic anions assemble in hetero-
chiral zigzag tapes and form the expected ‘‘brick walls’’
(Scheme 1) with carboxylic groups on the outer surfaces.
The carboxylic oxygen atoms of neighbouring ‘‘brick walls’,
together with four water molecules, form the coordination
sphere of each metal ion. Metal ion coordination crosslinks
the ‘‘brick walls’, so the observed structures consist of alter-
nating organic and inorganic layers (Figure 1). Conse-
quently we may regard compounds 1 to 4 as coordination
polymers. Their crystal structures differ in the building of
the inorganic layers, but 1 and 2 are practically isostructural
(if we do not take into account the crystallographic axis 2,
which is present in 1 but missing in 2). A change in the
metal ion results only in slight deviations in lactam H-bond
strength (N···O distance) and d1 separation (Scheme 1). The
N···O distance increases systematically from 2.854(4) Å in
4 to 3.042(5) Å in 2. The same trend is observed for the
d1 separation, being 5.49 Å in 4 (even shorter than in the
corresponding esters; see below) and going up to 6.12 Å in
2. Thus, even bigger cations, such as Sr, although making
lactam H-bonding weaker, do not change the observed mo-
lecular ‘‘brick wall’’ motif. The construction of the inor-
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Table 1. X-ray diffraction data for the compounds 1 to 4, 6 and 7

(�)-1 (�)-2 (�)-3 (�)-4 (�)-6 (�)-7

Formula C8H14CaN2O10 C8H14N2O10Sr C8H14CoN2O10 C8H15KN2O10 C20H30N4O16Sr C20H30CoN4O16

T, K 110 298 110 298 110 110
Crystal system Monoclinic Monoclinic Triclinic Orthorhombic Monoclinic Orthorhombic
Space group P2/c Pc P1̄ Pca21 C2/c Pca21

a, Å 10.851(2) 11.027(2) 5.804(1)[a] 11.429(2) 43.554(5) 10.326(2)
b, Å 5.987(1)[a] 6.117(1)[a] 10.261(2) 5.493(1)[a] 5.9568(7)[a] 5.586(1)[a]

c, Å 9.980(2) 10.191(2) 11.449(3) 20.021(4) 10.371(1) 44.179(9)
α, deg 77.582(4)
β, deg 112.393(5) 112.88(3) 79.037(4) 99.047(3)
γ, deg 75.162(4)
V, Å3 599.5(2) 633.3(2) 637.1(3) 1257.0(4) 2657.1(5) 2548.3(9)
Z 2 2 2 4 4 4
M 338.29 385.83 357.14 338.32 670.10 641.41
µ, cm�1 5.85 43.16 14.05 4.82 21.35 7.62
F(000) 352 388 366 704 1376 1332
Absorption Correction[b] A B A none A A
ρcalcd, g·cm�3 1.874 2.023 1.862 1.788 1.675 1.672
2θmax, deg 60 60 57 64 52 58
Diffractometer Smart CCD Siemens P3 Smart CCD Siemens P3 Smart CCD Smart CCD
Scan mode ω θ/2θ ω θ/2θ ω ω
No. of reflections measured 4774 3185 6068 4459 7885 12426
Rint 0.0286 0.0171 0.0253 0.0033 0.0639 0.0351
No. of independent reflections 1751 1837 3137 3447 2637 5206
No. of reflections with I � 2σ(I) 1465 1668 2530 2855 1860 4436
No. of parameters 124 200 249 205 240 462
R1 0.0465 0.0203 0.0467 0.0435 0.0524 0.0496
wR2 0.1173 0.0513 0.1040 0.1210 0.1282 0.1277
GOF 0.930 1.018 1.074 1.069 0.934 1.031
Max./min peak, e·Å�3 0.83/�0.35 0.33/�0.41 0.86/�0.56 0.38/�0.40 1.23/�0.68 1.13/�0.58

[a] The translation corresponding to the d1 distance between the DBO molecules in columns. [b] A, semiempirical absorption correction
from equivalent reflections; B, ψ-scan absorption correction.

Figure 1. Projections of the crystal structures of 1 and 2 (practically isostructural) (a), 3 (b) and 4 (c), showing H-bonded heterochiral
tapes of bicyclic anions united by metal ions coordination on the ac, bc and ac crystallographic planes, respectively

ganic layer is dictated solely by the nature of the metal cat-
ion (compare ref.[23]). The coordination numbers are 7 for
K, 8 for Sr and Ca, and 6 for Co. Metal�oxygen distance
ranges in the coordination polyhedra of 1 to 4, 6 and 7 are
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shown in Table 2. The observed distances are not unusual,
with the shortest being found in the cases of the Co com-
plexes 3 and 7. The inorganic layer is reinforced by H-bonds
involving water molecules and carboxylic or amide carbonyl
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Table 2. Metal ion � carboxylate Ocarb or water Ow oxygen distance ranges in coordination polyhedra of 1 to 4, 6 and 7

1 2 3 4 6 7

M�Ocarb 2.371(1)�2.480(1) 2.498(6)�2.615(5) 2.056(2)�2.084(2) 2.357(2)�2.437(2) 2.491(3)�2.582(3) 2.057(3)�2.092(3)
M�Ow 2.466(1)�2.497(1) 2.584(6)�2.645(6) 2.041(2)�2.125(2) 2.426(3)�2.571(3) 2.601(3)�2.604(3) 2.083(3)�2.096(3)

Figure 2. Projection of the H-bonded inorganic layer in 3 on the
ac crystallographic plane

oxygens (Figure 2 shows an example of H-bonded inorganic
layer in 3). The O···O distance, which characterizes the
strength of the O�H···O bonds in the inorganic layer, varies
between 2.732 and 3.034 Å and is practically unaffected by
the nature of the cation. If one takes only the H-bonded
network into consideration, the water molecules intercon-
nect the H-bonded tapes in 1 to 4 in a three-dimensional
framework.

The number and the chirality of bicyclic bis-lactam
anions coordinated by metal ions vary, thus giving rise to
differences in the structures of the inorganic layers and the
positioning of the ‘‘brick walls’. In the cases of 1 and 2, the
alkaline earth metal ion is surrounded by four aqua ligands
and four carboxylate oxygens. Each carboxylate group of
the bis-lactams in these compounds is bound to two cations
and thus serves as a bridging ligand. It is noteworthy that
the coordination spheres of Ca and Sr in 1 and 2 both con-
tain two (R,R) and two (S,S) enantiomers (Figure 3, a). In
contrast, in the potassium complex 4 the bicyclic
monoanions have two different kinds of carboxylate groups.
In the first, only one of the carboxylate oxygen atoms is
coordinated by metal ion, in the second both oxygen atoms
are coordinated. This molecular asymmetry is not cancelled
and propagates along the screw axis 21, so the acentric crys-
tal structure (space group Pca21) has a polar axis in the c
direction (Figure 1, c). In addition, the coordination poly-
hedron of K is homochiral (three bicyclic ligands are
characterized by the same chirality; Figure 3, b). The ob-
served difference in the chirality of the ligands is due to the
fact that potassium forms bonds with anions from three
separate H-bonded tapes: one from one ‘‘brick wall’ and
the two others from another. The latter two anions lie in
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Figure 3. Coordination polyhedra and ligand chirality in 1 and 2
(a), 4 (b) and 3 (c)

the same column, one under the other, so that coordination
causes a pronounced contraction of the d1 distance (5.49 Å)
in relation to the 5.57 Å in the crystal structure of the ester
(�)-B.[9] Finally, in the crystal structure of the cobalt() salt
3 the metal ion (two independent cations each in the centre
of symmetry) is characterized by the usual octahedral coor-
dination with a trans arrangement of the monodentate li-
gands of opposite chirality (Figure 3, c).

If we take only the coordination connectivity into ac-
count, cations interconnect the anions, depending on the
nature of the metal, in corrugated heterochiral layers (1 and
2) in the plane orthogonal to the axes of homochiral col-
umns, or in the homochiral layers orthogonal to the axes
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of the heterochiral tapes (4), or in heterochiral chains (3)
orthogonal to the ‘‘brick walls’.

All the coordination polymers obtained thus possessed
the same general structure regardless of the type of metal
(alkali, alkaline earth or transition), so that any desired
property (e.g., magnetic) of the resulting material should be
fine-tuneable simply by a change in the cation (compare
ref.[2]).

Using the distinct and stable supramolecular organiz-
ation of the ‘‘brick walls’ in the crystal structures of coval-
ent[9] (for example, (�)-B) and ionic DBO-1,4-dicar-
boxylates 1 to 4, and also the well known analogy of the
structure of biological membranes, we also tried to obtain
coordination dimers 6 and 7. In these structures, polar ionic
and nonpolar alkyl residue regions should alternate, simi-
larly to what has been observed in, for example, the struc-
ture of the monohydrate of the diketopiperazine cyclo-(-
leucyl--hystidyl).[24] Indeed, X-ray analysis has shown that
the main features of packing remain unchanged, and we
observe coordination dimerization of carboxylic ions.
Strongly polar inorganic water-containing layers and non-
polar alkyl regions alternate as anticipated (Figure 4 shows
the crystal structure of 7). Comparison of the structures of
organic and inorganic layers with those of the correspond-
ing coordination polymers 2 and 3 has shown that the struc-
ture remains practically unchanged in the case of Sr, except
for insignificant variations in the H-bonding in the inor-
ganic layer. In 7 these changes are much more pronounced,
and this is reflected in the homochirality of the coordi-
nation octahedron (Figure 5). The example of the Co com-
plexes 3 and 7 thus implies that the chiralities of the ligands
are practically independent of each other ((RR,SS) in one
case and (RR,RR) in the other) and, unfortunately, are de-

Figure 4. The projection of the crystal structure of coordination
dimer 7 on the ac crystallographic plane

Figure 5. The coordination polyhedron and homochirality of the
ligands in 7
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fined by peculiarities of crystal symmetry (centrosymmetric
arrangement in 3 and acentric structure of 7) and packing.
It is noteworthy that the d1 distances in 6 and 7 are approxi-
mately the average of those in the structures of (�)-B and
2 and 3, respectively: in 6 d1 equals 5.96 Å, in 7 5.59 Å,
whereas in 2 it is 6.12 Å, in 3 5.80 Å, and in B 5.57 Å.

Compounds 6 and 7 thus represent hybrid-type materials.
Firstly, the organic part makes the introduction of substitu-
ents with various functionalities possible; secondly, the nat-
ure of the cation itself may be varied. Moreover, the struc-
tures of these complexes are similar to those of biological
membranes and offer perspectives for construction of
ionoactive monolayers on that basis.

Conclusion

In this paper we have used a productive approach to crys-
tal engineering � rational design of metal-organic H-
bonded solids by combining a well defined H-bonded motif
derived from pure organic crystal structures with the well
known geometries of carboxylate metal complexes. Metal
ion-assisted assembly of the bicyclic bis-lactam-dicar-
boxylate ions results in the predicted coordination polymers
1 to 4, in which the molecular ‘‘brick wall’’ motif, found
previously in dialkyl dicarboxylates (now with an inorganic
ionic coating), is preserved. Formation of layers, stabilized
by H-bonding of aqua ligands, is also observed. The salts’
structures differ insignificantly as the coordinating centre
changes. Monocarboxylate ion coordination results in other
types of predicted structures, represented in the paper by
coordination dimers 6 and 7. In these compounds, ‘‘brick
wall’’ formation is ‘‘coordinationally doubled’’, resulting in
alternation of polar and non-polar layers (wall coatings) in
the crystal.

We should also underline the limitations of our approach.
Although we control the chirality of bis-lactam anions in
the ‘‘brick walls’’, the examples of Co coordination polymer
3 and coordination dimer 7 imply that the chiralities of two
anions coordinated by metal in a spatially distinct trans ar-
rangement are independent of each other and depend only
on the crystal symmetry and packing. Moreover, taking the
strength of ionic interactions in comparison to hydrogen
bonds into account, we believe that both organic
dipole�dipole and van der Waals interaction-stabilized
‘‘brick walls’’ and inorganic H-bonded layers are respon-
sible for the three-dimensional structure as a whole, their
dimensionalities fortunately being complementary.

Finally, it should be mentioned that in the overall series
of 1 to 4, 6 and 7, three crystal structures (2, 4, 7) are non-
centrosymmetric (though achiral) and therefore offer per-
spectives for pyroelectric, piezoelectric and NLO appli-
cations.

Experimental Section

General Method for Preparation of Salts of (�)-A: A solution of
LiOH in H2O (2 mL, 0.2 ) was added to diacid (�)-A (25 mg,
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0.1 mmol), and the mixture was heated until it became clear, was
filtered through cotton wool, and 1 mol equiv. of solution of metal
salt [CaCl2, Sr(NO3)2 or CoCl2] in H2O (1 mL) was added. On
standing at ambient temperature a fine powder usually crystallized.
This was filtered off, dried in air, weighed and then suspended in
H2O (2 mL). The suspension was heated at reflux with slow ad-
dition of water until complete dissolution of the precipitate
(5�15 min). The clear solutions were left to cool down and were
kept at ambient temperature under the conditions suitable for slow
evaporation of the solvent. Separate crystals formed over several
days. Besides the complexes 1 to 4, well defined crystals also
formed in the cases of Zn, MnII, NiII and CuII. The Ba and AgI

salts were insoluble in hot H2O.

Calcium 3,6-Dioxo-2,5-diazabicyclo[2.2.2]octane-1,4-dicarboxylate
Tetrahydrate (�)-(1): Yield 30 mg (88%). Colourless needles, be-
coming turbid in air. C8H14CaN2O10 (338.3): calcd. C 28.4, H 4.2,
N 8.3, Ca 11.6; found C 28.7, H 3.9, N 8.1, Ca 12.0.

Strontium 3,6-Dioxo-2,5-diazabicyclo[2.2.2]octane-1,4-dicarboxylate
Tetrahydrate [(�)-2]: Yield 15 mg (40%). Colourless prisms.
C8H14N2O10Sr (385.8): calcd. C 24.9, H 3.7, N 7.3; found C 25.0,
H 3.8, N 7.3.

Cobalt(II) 3,6-Dioxo-2,5-diazabicyclo[2.2.2]octane-1,4-dicarboxylate
Tetrahydrate [(�)-3]: Yield 21 mg (58%). Transparent pink prisms,
becoming blue and turbid in air. C8H14CoN2O10 (357.1): calcd. C
26.9, H 4.0, N 7.8; found C 28.0, H 4.0, N 8.1 (the significant
deviation of the amount of C found from the calculated value may
be attributed to water loss).

Potassium 3,6-Dioxo-2,5-diazabicyclo[2.2.2]octane-1,4-dicarboxy-
late Tetrahydrate [(�)-4]: For preparation of this acid salt, 1 mol
equiv. of KOH was taken per mol of (�)-A. Yield 18 mg (52%).
Colourless blocks. C8H15KN2O10 (338.3): calcd. C 28.4, H 4.5, N
8.3; found C 28.0, H 4.3, N 8.3.

Potassium 3,6-Dioxo-4-(ethoxycarbonyl)-3,6-dioxo-2,5-diazabicy-
clo[2.2.2]octane-1-carboxylate [(�)-5]: A solution of KOH in EtOH
(0.0546 , 20 mL) was slowly (10 min) added, with heating and
vigorous stirring, to a boiling solution of (�)-B (1.551 g,
5.456 mmol) in 96% EtOH (130 mL). As soon as the mixture
started to become turbid (� 15�20 min after the start of addition),
heating was stopped, the mixture was cooled to 40 °C, and, with
this temperature being maintained, KOH (0.0546 , 80 mL) was
added (slowly, 2 h). The mixture was cooled to 0°C and left for
24 h. The white precipitate of a mixture of mono- and disalts was
filtered off, washed with EtOH and dried in vacuo. It was then
recrystallized from the minimum possible amount of boiling water.
The product crystallized as thin plates, which were filtered off,
washed with cold H2O and dried in air. Yield is 977 mg (61%), m.p.
380�390° C(dec.). 1H NMR (400 MHz, D2O, 60° C): δ � 1.32 (t,
3J � 7 Hz, 3 H, CH3, ), 2.2�2.35 (m, 4 H, CH2CH2, ), 4.38 (m, 2
H, CH2Me) ppm. C10H11KN2O6 (294.3): calcd. K 13.3, C 40.8, H
3.7, N 9.5; found K 13.7, C 39.7, H 4.0, N 9.5.

Preparation of Salts (�)-6 and (�)-7: A solution of CoCl2 (6.5 mg,
0.05 mmol) or Sr(NO3)2 (10.6 mg, 0.05 mmol) in H2O (0.5 mL) was
added to a hot solution of (�)-5 (30 mg, 0.10 mmol) in H2O
(1 mL). After 1 h the precipitate was filtered off, dried in air and
recrystallized from water in the same manner as for the coordi-
nation polymers.

Strontium Bis{4-(Ethoxycarbonyl)-3,6-dioxo-2,5-diazabicyclo[2.2.2]-
octane-1-carboxylate} tetrahydrate [(�)-6]: Yield 8 mg (25%). Very
thin colourless plates. C20H30N4O16Sr (670.1): calcd. C 35.9, H 4.5,
N 8.4; found C 36.0, H 4.3, N 8.2.
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Cobalt(II) Bis{4-(Ethoxycarbonyl)-3,6-dioxo-2,5-diazabicyclo[2.2.2]-
octane-1-carboxylate} Tetrahydrate (�)-7: Yield 8 mg (27%). Trans-
parent pink prisms. C20H30CoN4O16 (641.4): calcd. C 37.5, H 4.7,
N 8.7; found C 37.5, H 4.5, N 8.9.

Crystallographic data and parameters of the refinement for com-
plexes 1 to 4, 6 and 7 are presented in Table 1. The data collection
was carried out by use of the θ/2θ scan mode for the 4-circle dif-
fractometer (Siemens P3) and the ω-scan mode with 0.3° step in ω
and 10 s (for 1 and 3) or 20 s (6 and 7) exposure for SMART CCD
diffractometer. The X-ray diffraction data for SMART CCD were
processed by use of the SAINT PLUS program package. All struc-
tures were solved by direct methods and refined by full-matrix, le-
ast-squares against F2 in the anisotropic (H atoms isotropic)
approximation, by use of the SHELXTL-97 package. The positions
of hydrogen atoms were located from the Fourier electron density
synthesis and included in refinement in isotropic or riding model
approximation. The hydrogen atom of the CO2H groups in the
monohydropotassium salt 4 was not located, probably due to the
superposition of the CO2

� and CO2H groups, reflected in the equa-
lization of the corresponding C�O bond lengths. The absolute
structures in the cases of 2, 4 and 7 were determined on the basis
of the Flack parameter.
CCDC entries 204270�204275 (1 to 4, 6 and 7) contain the sup-
plementary crystallographic data for this paper. These data can be
obtained free of charge at www.ccdc.cam.ac.uk/conts/retriev-
ing.html [or from the Cambridge Crystallographic Data Centre, 12,
Union Road, Cambridge CB2 1EZ, UK; fax: (internat.) �44-1223/
336-033; E-mail: deposit@ccdc.cam.ac.uk].
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