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1 Introduction

The control of molecular assembly using supramolecular inter-
actions is a major new area in chemistry and biochemistry.! In
particular, the directional interactions resulting from hydrogen
bonding are being exploited for molecular recognition studies
associated with biological activity? and for crystal engineering
of solids.* The design of organic molecular solids utilising the
self-assembly of molecules which contain complementary
hydrogen bonding groups structurally related to those found in
nucleic acid base pairs is a common feature in the research work
of Whitesides,* Lehn,’ Hamilton,® and their co-workers. Excel-
lent reviews describing the application of biologically inspired
hydrogen bonding models for developing molecular recognition
strategies are to be found in references 7—10. This review
describes the extension of this principle to transition metal
containing complexes. The incorporation of transition metal
ions into such systems is important because the magnetic and
optical properties characteristic of these ions become part of a
broader strategy for the crystal engineering of nonlinear optical,
conducting, and ferromagnetic materials. In addition the biolo-
gical effects associated with, for example, platinum and gold,

could lead to
possibilities.

Specifically we have a synthetic, structural, and theoretical
programme of research aimed at synthesizing bifunctional tran-
sition metal complexes, which combine the covalent bond
forming capabilities of the metal ion with a ligand surface
capable of forming triple hydrogen bonds analogous to those
found in cytosine-guanine base pairs (1) and related
permutations.

Target complexes which satisfy these structural requirements
are illustrated in (2)-—(7) in Figure 1. In (2) the complex has a
donor (D)-acceptor (A)-donor (D) hydrogen bonding capabi-
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Figure 1 Triple hydrogen bonds between metal complexes and comple-
mentary organic molecules.

lity which complements that found in thymine for example,
whereas (3) has an ADA hydrogen bonding recognition site
which complements that in 2,6-diaminopyridine. Of course the
metal complexes in (2) and (3) are themselves complementary.
This raises the possibility of forming aggregates which combine
the magnetic or electronic properties of quite different metal
ions. Less symmetrical hydrogen bonding ligand recognition
sites are also possible and are illustrated in (4) and (5). The
complexes as shown in (2}—(5) have the molecular recognition
group only on one face of the complex, but of course complexes
which contain two or three ligands provide multiple recognition
sites and oligomerization and polymerization possibilities.
Alternative ligand geometries about the metal centre, e.g.
square-planar and tetrahedral, will promote different crystal
packing geometries after oligomerization. Structures (6) and (7)
in Figure 1 indicate the possibility of combining all hydrogen
donor or acceptor sites in one molecule. This raises the interest-
ing question of how the strength of the triple hydrogen bonding
interaction is affected by the different possible arrangements of
donor and acceptor sites.

2 Theoretical Aspects

Accurate calculation of the noncovalent interactions prevalent
in supramolecular systems provides a great challenge to conven-
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tional ab initio molecular orbital techniques. The need for an
extended basis set, and also for an explicit treatment of electron
correlation, means that extensive computational resources are
required to treat the relatively large organic molecules relevant
to the supramolecular field. Studies of DNA base pairs at the
post-SCF level have recently been reported,!! but such high
quality calculations remain prohibitively expensive for a com-
parative study of a series of large complexes, particularly those
incorporating transition metal ions. Molecular mechanics simu-
lations offer a less expensive alternative for the estimation of
interactions in supramolecular systems, and considerable effort
has been made to develop suitable potential functions. In
conjunction with the recently developed Statistical Perturbation
Theory (SPT),!'? these empirical functions have provided quan-
titative estimates of free energies of association in solution. The
widespread application of the SPT type calculations is, however,
limited by the quality of the parameter set used to describe the
potential function, and by the high cost of the computation.
Recent advances in Density Functional Theory!3 (DFT) have
made possible the inclusion of electron correlation at substan-
tially lower cost than traditional ab initio methods. Several
groups have now shown that DFT can give accurate estimates of
hydrogen bond energies and bond lengths.!* In this section, we
describe the application of DFT to a series of complexes relevant
to the supramolecular field. The total bonding energy, AE,,
between two fragments is decomposed according to the Transi-
tion State (TS) approach.!s
AE[OI:AEe1+AExrp+AEm (1)
AE, represents the electrostatic interaction between the two
monomeric fragments, while AE,.,, the exchange repulsion
term, results from the destabilizing interaction between occu-
pied orbitals on different components. The final term, AE,
represents the interaction between occupied and virtual orbitals,
and takes into account the transfer of electron density between
fragments. The analysis of the components provides additional
insight into the nature of the interactions, over and above that
provided by simply calculating total interaction energies.

2.1 Double Hydrogen Bonded Systems

Association constants between imide and lactam molecular
pairs (Figure 2) have been measured by several groups,!® and
complexes between two imides are consistently found to be less
stable than their dilactam counterparts. SPT-type calculations
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Figure 2 Hydrogen bonding between imide and lactam molecular pairs.
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have successfully modelled the trend in association energies,! 24
and suggest that the differences are due to secondary electro-
static interactions between nonbonded oxygen atoms, indicated
by the curved arrows in Figure 2. There are two such destabiliz-
ing interactions in imide.imide, one in imide.lactam, and none in
the dilactam complex.

The decomposition of AE,, at r = 1.8 A is summarized in
Table 1, and indicates that the DFT methodology successfully
models the observed differences in interaction energy, with the
diimide and dilactam complexes the least and most stable
respectively. The components of the total energy indicate that
the interaction is primarily electrostatic in nature, and that
differences within this electrostatic term determine the overall
trend in total bonding energy.!'” While these results do not
eliminate the possibility that changes in the primary hydrogen
bonds are responsible for the observed trends, the identification
of the electrostatic component as the dominant influence lends
support to the suggestion that secondary interactions involving
nonbonded oxygens contribute significantly to variations in
total energy. Variations in A E, suggest a destabilizing effect of
10 kJmol~! per secondary interaction, which compares favour-
ably with the estimate of 11 kJmol~! derived from the SPT
methodology.

Table 1

imide.imide imide.lactam lactam.lactam
AE, — 85.52 —95.73 — 105.73
AEy, 108.53 112.26 115.44
AE —71.42 - 73.81 — 75.48
AE, —48.41 — 57.28 - 65.77

22 Triply Hydrogen Bonded Systems

Model systems exhibiting the three different triple hydrogen
bonding motifs are illustrated in Figure 3. Experimental data
suggest that complexes of the AAA.DDD type have the highest
association constants, while those of the ADA.DAD type are
considerably lower.!® On the basis of SPT-type calculations,!2b
the trend in association energies has been interpreted by Jorgen-
sen and co-workers in terms of differences in the secondary
electrostatic interactions, illustrated in Figure 3. In the
AAA.DDD system, all four secondary interactions are attract-
ive, in AAD.DDA, two are attractive and two are repulsive,
while in ADA.DAD, all four are repulsive.

The results of DFT calculations on the three model systems
are illustrated in Figure 4.1° Once again the DFT methodology
predicts the correct order of bonding energies, with the
AAA.DDD complex the most stable. The energy decomposition
(summarized in Table 2 forr = 1.8 Aand r = 4.5 ,Z\) reveals that
the underlying cause of the different stabilities is rather more
subtle than in the comparison of imides and lactams described
above. At an intermolecular separation of 4.5 A, the total energy
is almost entirely dominated by the long range electrostatic
term. In the vicinity of the energy mimina (r = 1.8 A), however,
differences in AE,; exert a significant influence on the relative
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Figure 3 Model systems exhibiting three different triple hydrogen
bonding motifs.
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Figure 4 Total energy versus hydrogen bond distance for the three triple
hydrogen bonding motifs.

values of the total energy. As explained previously, the orbital
interaction term reflects the ability of the two interacting systems
to respond to changes in their environment by redistribution of
electronic density. Table 2 indicates that this reorganization is
most favourable for the AAD.DDA complex. Furthermore, the
changes in A E,; occur almost entirely within orbitals which are
antisymmetric with respect to the molecular plane — i.e. within
the delocalized 7 system. Cooperative = effects, which have been
proposed by several authors,!852° are able to enhance the
hydrogen bonding interaction in ADA.DAD and AAD.DDA,
but notin AAA.DDD systems. The results summarized in Table
2 suggest that these cooperative effects are indeed significant,
and account for the enhanced AE,; term in the AAD.DDA
complex relative to AAA.DDD.

The reasons for the low AE,; term in the ADA.DAD system,
where = cooperativity is also possible, are less clear. In
AAD.DDA (C, symmetry), a bulk redistribution of charge from
one side of each molecular fragment to the other can occur,

Table 2
r=18A r=45A
ADA.DAD AAD.DDA AAA.DDD ADA.DAD AAD.DDA AAA.DDD
AE, - 206.35 —221.96 —233.76 —5.98 —16.74 - 37.49
AE,, 241.42 237.19 231.67 0.59 0.75 0.71
AE,; —150.16 — 166.86 — 156.48 —1.09 —1.84 —4.81
AE, - 115.09 —151.63 — 158.57 —6.48 -17.83 —41.59
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compensating for the local loss or gain of electron density due to
hydrogen bonding. The ADA.DAD motif has C,, symmetry,
and the presence of a symmetry axis perpendicular to the
molecule plane prevents this bulk redistribution of charge, and
may account for the rather small calculated orbital interaction
term.

The contrast between the triply hydrogen bonded systems and
the diimide/dilactam molecular pairs described previously is
noteworthy. In the latter, the hydrogen bonding motif is identi-
cal in all cases, and so the redistribution of electron density is
approximately constant across the series. In contrast, the three
systems ADA.DAD, AAD.DDA, and AAA.DDD have differ-
ent topologies, which permit different degrees of electronic
relaxation, and consequently changes in the orbital interaction
term become significant.

If, as in the case of the imide/lactam systems, differences in
AE, are equated with the secondary electrostatic interactions,
we arrive at an estimate of approximately 7 kJ mol~! per
secondary interaction, somewhat smaller than the 10kJmol~!
for the imide/lactam systems. This may reflect the fact that, in
the triply bonded systems, the groups responsible for the second-
ary interactions are also involved in primary hydrogen bonds
with the other component of the molecular pair. In contrast, the
carbonyl oxygens responsible for the destabilization of the
diimides are entirely nonbonding, and are able to exert a greater
destabilizing influence on the molecular pair.

2.3 Metal-mediated Effects on Hydrogen Bonding

The role of metal ions in supramolecular systems may simply be
to act as a coordination centre, providing a template for the
formation of a rigid framework of remote hydrogen bonding
sites. Alternatively, the metal ion may exert an electronic effect
on the individual proton donor and acceptor sites, influencing
the hydrogen bonding in a more subtle manner. Complexes of
biureto ([C,N;0,H;]?>") and dithiobiureto ([C,N;S,H,]' )
ligands (Figure 5) have surfaces suitable for triple hydrogen
bonding interactions. The two ligands present rather different
hydrogen bonding motifs to a probe molecule, biureto com-
plexes having an ADA arrangement of sites, while in complexes
of dithiobiuret, the arrangement is DAD. In Table 3, the total
interaction energy is summarized for a range of biureto and
dithiobiureto complexes with the complementary probe frag-
ments shown in Figure 5.19

The most significant influence on the hydrogen bonding
capability of each fragment is the overall charge. Molecular
pairs involving the biureto complex (ADA) are most stable in
the presence of neutral metal fragments such as NiCl,, and least
stable in the presence of cationic fragments such as Ni(CO)3 *.

L,M(biureto). C3NgH¢

H
'
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:N_</N—H----N>_N\>—NH,
M _ 2
H/N—<\O----H—N\>——N
H

Figure 5 Biureto and dithiobiureto complexes used to model the hydro-
gen bonding to organic bases.
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Table 3
L,M(biureto) Complexes
L,M AE, AE, AE, AE,,
NiCl, —171.80 210.58 —136.73 - 97.86
Ni(CN), —171.46 209.99 —133.80 -95.27
Ni(C5N;0,Hj;) —171.84 210.08 - 134.14 —95.90
H* —165.39 205.27 = 117.57 —177.70
Ni(CO)3* — 148.16 193.38 —113.47 — 68.28
L,M(dithiobiureto) Complexes

L.M AE, AE,, AE AE,
NiCl, —169.45 200.00 —115.85 — 85.35
Ni(CN), —167.57 198.32 —114.52 —83.72
Ni(C;N;S,H )+ — 160.29 190.66 - 112.97 —82.59
H+ —159.95 190.66 —114.14 —83.43
Ni(CO)3 * — 146.82 178.49 —123.43 —91.84

The opposite trend is observed for dithiobiureto complexes
(DAD), where the positive charge enhances the hydrogen bond-
ing. Changes related to the = donor/acceptor properties of the
ligand are less significant, asillustrated by the similarity of NiCl,
and Ni(CN), complexes.

The reduced hydrogen bonding capacity in positively charged
complexes of the biuret ligand is consistent with the presence of
an excess of proton acceptor groups. Electron density is with-
drawn from the electron-rich carbonyl groups, thereby reducing
both the electrostatic and orbital interaction terms, resulting in a
substantially lower total interaction energy in the Ni(CO)3*
complex.

The trends within the series of dithiobiureto complexes are
rather more difficult to explain. In contrast to the biureto
systems, the hydrogen bonding is enhanced in the presence of a
positive charge, but the effect is far more marginal. In addition,
the electrostatic interaction is reduced, despite the presence now
of an excess of proton donor groups. The reason for this
counter-intuitive observation lies in the different influence of the
coordinated metal centre on proton donor and acceptor groups.
The nitrogen atom at the central proton acceptor site is linked
directly to the metal centre via a conjugated » system, while the
protons on the amine groups are separated from the » system by
an N—H ¢ bond. The buffering effect of this ¢ bond renders the
proton donor groups considerably less sensitive to the electronic
influence of the remote coordination site than their proton
accepting counterparts. In the case of the dithiobiureto com-
plexes, the reduction in the electrostatic interaction at the central
proton acceptor site is considerably greater than the cumulative
enhancement at the acceptor sites, despite the presence of two of
the latter.

In terms of supramolecular chemistry, and particularly the
possibility of selectively ‘tuning’ hydrogen bonds, these results
suggest that attempts to influence the interaction of two molecu-
lar fragments through modification of the proton acceptor
groups will meet with more success than the alternative strategy
of influencing the proton donors.

3 Experimental Results
3.1 Complexes with DAD Hydrogen Bonds

3.1.1 Dithiobiureto Complexes

The ligand dithiobiuret (Hdtb) forms neutral S,S’ complexes
with nickel, palladium, and platinum,?! which possess an
arrangement of hydrogen bonds DAD capable of base pairing
with ADA complementary organic bases. Through the judicious
choice of complementary bases, in terms of steric bulk, addi-
tional hydrogen bonding sites, aromaticity, etc., the dimension-
alities of the intermolecular interactions can be varied. Scheme |
illustrates how the complementary interactions may be utilised
for the construction of isolated assemblies, molecular tapes of
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sheets. and a 3D matrix structure. Specifically co-crystals of the
metal complex [Ni(dtb),] with the complementary organic mole-
cules 1,8-naphthalimide (8).22 bemigride (9),2? and uracil (10).%3
have been studied. The co-crystals (8)—(10) display self
assembly of their components via triple complementary hydro-
gen bonding interactions. However. the three-dimensional

crystal structures arc quite different with (8) containing essen-
tially an isolated three-component assembly, (9) displaying
nano-scale molecular tapes which include the Ni complex in a
unique planar arrangement, and (10) forming sheets with cross-
linking between adjacent tapes.

In [Ni(dtb),:(1,8-naphthalimide),] (8) the 1,8-naphthalimide
acts as a terminating group (Figure 6), supressing the formation
of extended inter-complex NH---N bonded chains which pre-
dominate in the crystal structures of other [M(dtb),] complexes
(where M = Ni. Pd, Pt). The hydrogen bonding distances are
2.867 and 2.915 A for NH---O and 3.113 A for NH---N
interactions. The exo-NH protons arc not involved in any
significant hydrogen bonding, the closest approaches to any
C=0 groups being 3.298 and 3.354 A. There are no aromatic
stacking interactions and thus co-crystal (8) may be identified as
an example of an isolated multimolecular assembly.

The smaller size of the bemigride molecule in [Ni(dtb),:(bemi-
gride),] (9) modifies the crystal packing and permits additional
intermolccular interactions. These involve hydrogen bonding of
the exo-NH proton to the carbonyl oxygen atoms of adjacent, in
plane, [Ni(dtb),:(bemigride),] units and thereby forming mole-
cular tapes (Figure 7). These tapes have a width of 2nm (19.2A)
and propagate along the crystallographic a-axis. The tapes are
packed in an interacting herring-bonc fashion (Figure 8) with
minimum edge-to-face and face-to-face separations of 3.5 A.
Thus in (9), six of the eight protons of [Ni(dtb),] are involved in
strong hydrogen bonds to bemigride molecules. Within the tapes
the two remaining NH protons are directed towards the sulfur
atoms of adjacent [Ni(dtb),:(bemigride),] units.

On replacing bemigride by uracil (10), further hydrogen
bonding interactions become possible because of the additional

can - cu2)
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Figure 6 The sclf-assembled unit of (8) illustrating the complementary triple hydrogen bonding interactions. and molecular packing of the isolated

1 + 2 assemblies.
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Figure 7 A section of the molecular “metatlo-tape” in (9).

Figure 9 Sheet structure of (10). Spacer included water molecules link the tapes in addition to the intermolecular hydrogen bonds.

ring NH group (Figure 9). The conditions for tape formation are
unchanged but the presence of the additional NH group permits
cross-linking between adjacent tapes creating a sheet structure.
The cross-linking between tapes requires the presence of addi-
tional hydrogen bonding H,O spacer molecules. In common
with (9). only six of the eight dtb hydrogen atoms arc involved in
hydrogen bonding with the other two directed towards the sulfur
atoms of the adjacent molecules.

3.1.2 Pyridvi-2.4-diamino-1,3.5-triazine Complexes

Only a few 1.3.5-triazine metal complexes has been reported in
the literature.** probably because the ligand is readily hydro-
lysed. Lerner and Lippard?® revealed that 2.4.6-tris(2-pyrimi-
dyl)- and 2.4.6-tris(2-pyridyl)-1.3.5-triaincs were hydrolysed n
the presence of divalent copper to give bis(arylcarbonyl)amina-
tocopper(11) complexes and the frec arylamides.
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The series of pyridyl-2,4-diamino-1,3,5-triazines shown in
Figure 10 have been prepared and fully characterized and they
possess both metal coordinating and hydrogen bonding capabi-
lities.2¢ All these ligands were prepared by heating the arylamide
with the corresponding biguanide in methanol (Scheme 2).
Thus, condensation of 4-pyridinecarboxamide with biguanide
afforded 4-pyridyl-2,4-diamino-1,3,5-triazine in 50% yield. The
yields of some of the ligands can be as high as 90%.

Br

LJa,b Lﬂa b

a,R=H;b,R=Ph

Figure 10 The series of pyridyl-2,4-diamino-1,3,5-triazines that have
been synthesized.
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Scheme 2

The crystal structure of 6-(4-pyridyl)-2-phenylamino-4-
amino-1,3,5-triazine?® (Figure 11) shows that the molecules
adopt a head-to-tail arrangement with the phenylamino-hydro-
gen bonded to the pyridine nitrogen. The phenyl ring points
away from the other amino-group. Water molecules are incor-
porated in the lattice, and act as hydrogen bond donors to the
triazine nitrogens and as hydrogen bond acceptors to the
remaining amino-hydrogens.

NH..

O O
NN = % N =/ "\ N
~ N\( N\/(
NH, NH, NH,

Figure 11 Hydrogen bonding observed within 6-(4-pyridyl)-2-phenyl-
amino-4-amino-1,3,5-triazine (L®).

Blue crystals have been obtained from a dimethylsulfoxide
solution of copper(tt) perchlorate and 6-(4-pyridyl)-2,4-dia-
mino-1,3,5-triazine (2 eq.). A crystal structure analysis?® indi-
cates that the metal centre is coordinated to four solvent
molecules and two pyridyl rings which are cis to each other.
Although the solvent molecules and counter anions are ex-
tremely disordered, a zig-zag chain of hydrogen bonded pyridyl-
diaminotriazine copper complexes is well defined (Figure 12).

Chelating triazine complexes have been synthesized by replac-
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Figure 12 Hydrogen bonding observed within c¢is-[Cu(dmso),

(L12),](ClO,), resulting in zig-zag chains.

ing the para substituted pyridine with an ortho pyridine (Scheme
3).

6-(2-pyridyl)-2,4-diamino-1,3,5-triazine (L??) reacts with
sodium tetrachloropalladate in water giving [PdL32]Cl,, which
is water soluble, and no degradation of this complex was
observed after heating in boiling water for several days. Reac-
tion with dichlorobis(benzonitrile)palladium in hot acetonitrile
leads to [PdL22Cl,]. Both compounds of L?* have melting points
higher than 300°C. Possibilities for configurational isomerism
arise in the case of [PdL2%]Cl, and when one of the amino groups
is substituted as in L2°. The structural similarity of L?2 and 2,2'-
bipyridine suggests many interesting possibilities for future
development, not only of crystal engineering but also in the
intercalation reactions involving DNA.

NH2 NH:
0 HN N=
L 0 O
=N NH, HN=( =N N~
NH» NH:
Scheme 3

3.2 Complexes with ADA Hydrogen Bonds

3.2.1 Orotic Acid Complexes

Another ligand containing a combination of hydrogen bond
donors and acceptors is the dianion based on orotic acid (2,6-
dioxo-1,2,3,6-tetrahydro-4-pyrimidine carboxylic acid):

0

HN

|
o)\g co

orotic acid (H zorot)

2H

This has the ability to act as a bidentate ligand whilst retaining
the hydrogen bond acceptor, donor, acceptor (ADA) arrange-
ment. Tetra-aqua orotate complexes of nickel, copper, and zinc
have been previously reported.2’” We have shown that these
compounds co-crystallize with a variety of molecules with
complementary hydrogen bonding groups, including adenine
and melamine. Single crystals have been obtained from [Ni
(orot)(OH,),] and melamine. The crystal structure2® shown in
Figure 13 illustrates that, as expected, the two molecules are
linked by three hydrogen bonds between the C(O)—NH—-C(O)
moiety of the orotate and the NH,—C—N-C—NH, moiety of
one face of the melamine. These 1 + 1 units are linked into tapes
by hydrogen bonds between the third amino group on the
melamine and both a carboxylate oxygen and one aquo oxygen
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Figure 13 Hydrogen bonding observed within [Ni(orot)(OH,),] - melamine showing molecular tapes linked together by hydrogen bonds to the axial

water molecules.

on another [Ni(orot)(OH,),] molecule. Further hydrogen bond-
ing between the axial water molecules and both triazine nitrogen
atoms and other water molecules link together these tapes.

New bis(phosphine) orotate complexes of palladium and
platinum have been made from [M(cod)Cl,](M = Pd and Pt) as
below,28 using the method of Kemmitt ez a/.2? to abstract the
chloride ligands (Scheme 4).

OY 0
PR;, H,orot R,P. N
Meod)Cl, ——2t e N NP
Ag,0, CH,Cl, M
R3P 0]} (0]

M = Pt; PR, = PPh,, PMe,Ph, PEt,, 0.5 dppe
M = Pd; PR, = 0.5 dppe

Scheme 4

The chemical shift of N(3)—H in the 'H-NMR spectrum is
concentration dependent in CDCl;, suggesting an equilibrium
between the monomer and a di-hydrogen bonded dimer. Such a
dimer is observed in the crystal structure of [Pt(PPh;),(orot)],
shown in Figure 14.

PPh3 O M
Ph3P\ N
Pt H
\N .
~ -H \[r Pt\PPh;
° PPh3

Figure 14 Hydrogen bonded dimers observed in the crystal structure of
[Pt(PPh;),(orot)].

The X-ray crystal structure of a co-crystal obtained from
[Pt(dppe)(orot)] and 2,6-diaminopyridine shows the presence of
a 2+ 2 aggregate. Each [Pt(dppe)(orot)] molecule is bound
through three hydrogen bonds to a 2,6-diaminopyridine mole-
cule, then these 1 + | units are linked in a head-to-tail manner
with additional hydrogen-bonding between an amino proton
and a carbonyl group to give the 2 + 2 adduct (Figure 15).
Further hydrogen bonding to produce an extended structure is
prevented by the diphosphine ligands which act as blocking
groups. The 1 + | adduct is additionally stable enough to be
observed in the FAB mass spectrum.

It is interesting to compare the chemistry of the platinum
orotate compounds with their analogues based on 5-aminooro-
tic acid:

0
NH'_’
HN

0] CO-H

N

S-aminoorotic acid (Hzamor)

Ph, o o
P
\P/
t
P/ \N X
Ph, J\ ~ |
07 N7 N0------- Ho, A JH
Poog NT N7 N
; : : H ; N
‘-I[ ; H : 0 ;
B 1 H H
_N N No H 1 :
H | X Heeeeeeee O N__O
= \r Ph,
N P
N/
/Pt\
P
0~ o B

Figure 15 The 2 + 2 assembly observed in the crystal structure of
[Pt(dppe)(orot)] - (2,6-diaminopyridine).

The same reaction as before now gives two isomeric products,
one containing a 5-membered chelate ring as before and the
other containing a 6-membered chelate ring (Scheme 5).28

o N__o °
PR P Q
3, Hoamor R;P. N =~ 3 !
dClz ———— 2t N,/
RlcodClz — 0, CHaCE; o NH, n,
VRN 7 o
R;P 0”0 P
[0}
(1) (12)
Scheme 5

The novel isomers have been isolated by fractional crystalliza-
tion and identified from the 'H-NMR [%Jp y satellites are
observed for (12)]. Both compounds retain ADA hydrogen-
bonding groups on their surface, but their geometric arrange-
ments relative to the square-plane are quite different. The two
isomers slowly equilibrate in CDCl; with an equilibrium con-
stant of 2.1 in favour of the 5-membered ring containing isomer
(11) for the PPh; complexes. Both complexes have been charac-
terized by X-ray crystallography and show important differ-
ences in their solid-state structures. Structure (11) exists as a
hydrogen-bonded tetramer (Figure 16) whereas (12) occurs as a
hydrogen-bonded dimer (Figure 17) but with different carbonyls
involved on each molecule.

The self-assembled tetrameric structure observed for (11) is
reminiscent of the structure of guanine tetraplexes3® which have
similar hydrogen-bonding patterns and are stabilized by a
central sodium ion. Reaction of either isomer of [Pt(PPh;),
(amor)] with Na* does not lead to an alkali metal ion stabilized
tetramer, as may have been expected, but to the diplatinum
molecule shown in Figure 18.28 In this compound both faces of
the 5-aminoorotate ligand are being utilised so that both 5- and
6-membered rings are formed. Overall the ligand is acting as a
trianion so the complex is overall cationic. This complex forms
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Figure 16 Hydrogen bonded tetramers observed in the crystal structure
of (11).

PPh3

Ph3P\P
\NH PPhj

Figure 17 Hydrogen bonded dimers observed in the crystal structure of

(12).
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Ph3P, NaBF,

\p/ NH, Ph;P\P/N ZNNH
t
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PhsP 07 o Ph;P/ N
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Figure 18 Reaction of either isomer of [Pt(PPh;),(amor)] with NaBF,
gives the diplatinum complex shown.

hydrogen-bonded dimers in the solid state with two hydrogen
bonds linking the molecules.

3.2.2 Complexes of 5-( 2-pyridylmethylene ) hydantoin
5-(2-pyridylmethylene)hydantoin (pyhyH) has the desired con-
formation and bite angle to form stable complexes with transi-
tion metals:

~_N N

\
oo
O%z o

5-(2-pyridylmethylene)hydantoin
(pyhyH)

These complexes retain the ability to form complementary
hydrogen bonds with nucleotide bases through the C(O)—
NH-C(O) moiety. Indeed, hydantoins substituted at the C-5
position have a remarkably wide range of pharmacological
activities including anticonvulsant,®*! antidepressant,3? and
platelet aggregation inhibitory activities.33

The stereoisomerically pure Z-form of pyhyH3*:35 was syn-
thesized using a new high yield method?*¢ which involves the
condensation of hydantoin with 2-pyridylcarboxyaldehyde. We
have found that piperidine used both as a base and solvent at
high temperatures gave exclusively Z-pyhyH in greater than
70% yield (Scheme 6).
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, 130°C, 1h
r( N
CHO * NH o e | NH
=N 2. H:0, 60°C =N HN\<
3. HCIL, rt.

0]

Scheme 6

Crystallographic studies have confirmed the planarity of the
structure and the formation of a delocalized system incorporat-
ing the N(I)H atom as proposed by Tan.3” The packing
arrangement of pyhyH results from the stacking of planar sheets
formed by hydrogen bonding interactions between the mole-
cules (Figure 19).
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Figure 19 Packing arrangement in the crystal structure of pyhyH.

Surprisingly, no metal complexes of pyhy have been reported
despite its obvious similarity with bipyridyl and phenanthroline.
The reactions summarized in Figure 20 have yielded a wide
range of complexes of this ligand.

CuCl,-2H,0 + pyhyH McOH/H.0  [Cu(pyhy),]
1h reflux
CuCl, -2H,0 + pyhyH MeOHH.0  [Cu(pyhy)(C1)(OH,)]

5 mins stir

Ni(C1O,), + pyhyH McOH/H.O  [Ni(pyhy)(OH,),]

th reflux

Pd(OAc), + pyhyH MeOH/H,0  [Pd(pyhy),]
2h reflux

[RhCI(CO),], + pyhyH MMM [Rh(pyhy)(CO),)
10 mins stir

RuCl, -H,0 + pyhyH ﬁ;"”_ (Ru(pyhy);]
reflux

Ni(OAc), -4H,0 + pyhyH “:)"_‘;‘“2“:_'“"5 [Ni(pyhy),)
80°Cy.

Pd(PhCN),Cl, + pyhyH ~ MOH __  [Pd(pyhy),]
10h reflux

Figure 20 Reactions of pyhyH, summarizing the wide range of com-
plexes which may be formed from it.

The ability of the complexes to form supramolecular aggre-
gates with nucleotide and related bases which are able to form
complementary hydrogen bonds with the C(O)-—NH-C(O)
moiety is hampered by their poor solubilities. Microwave dielec-
tric heating which superheats the solutions by 70—100°C
improves their solubility characteristics significantly. When the

CuCl, - 2H,0 + pyhyH + melamine

MeOH. )30°C
microwaves, 1h

Cu(pyhy), - 2melamine
80%.
green-red dichroic
crystals
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Figure 21 Hydrogen bonding array observed in the crystal structure of [Cu(pyhy),]- 2melamine.

reaction was carried out in the presence of a complementary
hydrogen-bonding component, crystals satisfactory for single
crystal X-ray analysis were obtained.

The novel structure of this molecular aggregate3® is shown in
Figure 21. This shows a four coordinate copper(i1) centre with
two chelated ligands adopting a distorted tetrahedral geometry.
Each ligand in this neutral complex triply hydrogen bonds to a
melamine molecule. These melamine units hydrogen bond to
neighbouring melamines and thereby form an array. These
arrays are arranged in a ‘double layered crinkle sheet’ arrange-
ment where two complex units and two melamine units assemble
via eight hydrogen bonds and eight coordinate bonds to form a
ring.

4 Conclusions

This research has confirmed that it is possible to form a wide
range of bifunctional transition metal complexes based on
ligands which can simultaneously form stable and inert metal-
ligand bonds and have recognition sites on their surface which
complement those found in nucleic acid bases. In particular,
complexes with DAD and ADA hydrogen-bonding recognition
sites have been synthesized and shown to form co-crystals with a
wide range of organic bases. The strength of the hydrogen
bonding is influenced in a subtle manner by the metal atom and
the effects have been quantified using density functional theory
calculations. The synthesis and characterization of these bifunc-
tional transition metal complexes has significant implications
both for crystal engineering studies and also the design of new
chemotherapeutic molecules.
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