Hydrogen bond directed crystal engineering of nickel complexes:
the effect of ligand methyl substituents on supramolecular
structure
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The interactions between two hydrogen bond donors and two hydrogen bond acceptors (DD : AA) have been used to
form extended linear polymers based on bis(thiosemicarbazide)nickel(i1) cations and terephthalate anions. In order
to investigate the influence of the other hydrogen bond donors and acceptors present on these structures, the bis-
(thiosemicarbazide)nickel(1r) complexes trans-[NiL,]*", where L is the methyl substituted thiosemicarbazides L
[NHMeC(S)NHNH,], L* [NHMeC(S)NHNMe,] and L* [NH,C(S)NHNMe,], have been prepared as terephthalate
(tere) salts and their crystal structures investigated. The supramolecular structures of trans-[Ni(L?),][tere]-4H,O 2
and trans-[Ni(L?),(OH,),][tere] 3 show the expected R3(8) motif linking the cations and anions into chains which are,
in turn, cross-linked into sheets via amino N-H - - - O hydrogen bonds in 2 and aqua O-H - - - O hydrogen bonds in 3.
The supramolecular structure of trans-[Ni(L*),(OH,),][tere]-2H,O 4, in contrast, shows the absence of the expected
cation - - - anion - - - cation chains. In this case, the cations and anions are linked by only one hydrogen bond, though
interactions with the water molecules lead to an efficient hydrogen bonded structure with all potential hydrogen bond
donors and acceptors involved in hydrogen bonding interactions. These structures demonstrate that the presence or

absence of NH groups that are not involved in cation - - - anion - - - cation chain formation has a marked effect on
both the nickel co-ordination geometry and the presence or absence of the anticipated linear hydrogen bonded

chains.

Introduction

In recent years there has been an enormous increase of interest
in using supramolecular interactions as the basis for the
attempted design of solid state structures, a process commonly
referred to as crystal engineering.! The successes of crystal
engineering have largely come about through the use of
‘supramolecular synthons’.?> By analogy with the synthons of
organic synthesis, these ‘supramolecular synthons’ are small
units, likely to interact with each other, or with other synthons,
in a predictable or robust manner. These interactions can
involve a number of different types of force, though the most
commonly used of these is the hydrogen bond.?

The use of hydrogen bonds in crystal engineering has
several advantages over the use of other intermolecular forces:
hydrogen bonds are relatively strong and directional and they
can act in concert with each other. By using complementary
combinations of hydrogen bond donors and acceptors,
Lehn* and Whitesides® have demonstrated that derivatives of
melamine and cyanuric or barbituric acid co-crystallise as
either extended tapes or discrete rosettes, depending on the
steric requirements of the other substituents. Other combin-
ations of donors and acceptors have also been employed in the
design of organic solids®® and a series of empirical rules’
(Etter’s rules) have been established for prediction of structures
from the nature of the synthons. Complementary hydrogen
bond interactions have been used as the basis of self-assembled
tubular nanostructures,® imprinted polymers® and fluorescence
probes.’ In addition, the directionality of hydrogen bonds can
be used in the generation of structures containing voids, since in
a compound containing a symmetrical disposition of hydrogen
bonding groups either close packing or hydrogen bonding
potential has to be compromised.'' Materials with such voids
are of interest for both separation and catalytic applications.

Although most work in the past has focussed on the design
of organic solids, the concepts have recently been extended
into the inorganic domain.'”? Transition metal ions can be
incorporated into hydrogen bonding networks by employing
bifunctional ligands that contain, in addition to metal binding
sites, hydrogen bonding functionalities that are retained on com-
plexation.”® As well as the potential harnessing of transition
metal ion properties, the metal ion is able to act as a template,
with the metal geometry dictating the relative orientation of
ligands.

The strength of the interaction provided by sets of hydrogen
bond donors and acceptors depends in part on the relative
orientation of the hydrogen bonding groups. The interaction
between a hydrogen bond donor-hydrogen bond donor (DD)
set and a hydrogen bond acceptor-hydrogen bond acceptor
(AA) set has been shown to be particularly robust since it
contains only attractive secondary interactions,' and this com-
bination has been used as the basis for dicarboxylate receptors
in competitive solvents.'”®> We have previously established !
that the use of cations containing two DD sets from thiosemi-
carbazide ligands [thiosemicarbazide = NH,C(S)NHNH,, L]
together with dicarboxylate anions containing two AA sets
leads to the formation of hydrogen bonded chains in the solid
state even when the products are crystallised from a competitive
solvent such as water. Identical chain formation occurs in
trans-[Ni(L"),][tere] 1 [tere = terephthalate, C;H,(CO, ),-1,4],'
trans-[Ni(L"),(OH,),][fum] (fum = fumarate, trans--O,CCH=
CHCO, ) and trans-[Zn(L"),(OH,),][tere]-2H,0"" through
the DD: AA interaction (Fig. 1), which can be denoted as the
principal hydrogen bonds. In all cases the chains interact
together to give sheets, and the sheets interact to give three-
dimensional structures through further hydrogen bonding
involving the other N-H groups, carboxylate lone pairs and
both free and co-ordinated water molecules. The cation and
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Fig. 1 Principal and subsidiary hydrogen bond interactions between
bis(thiosemicarbazide) complexes and dicarboxylates.

anion in all of these structures are essentially planar, and this
coupled with the fact that sheet formation involves the co-
planar thioamido proton leads to the sheets being nominally
flat.

In this paper we explore the effects of the subsidiary hydrogen
bonds, those not involved in chain formation, on the solid state
structure. Towards this end, we have prepared and investigated
nickel(rr) complexes of the thiosemicarbazides RNHC(S)-
NHNR', [L2R=Me, R’"=H; L* R=Me, R’=Me; L* R =H,
R’ = Me] in which one or more NH hydrogen atoms involved
in subsidiary hydrogen bond formation in 1 have been replaced
by methyl groups. This does not affect the potential to form
the cation - - -anion---cation chains, but does influence the
way in which these chains can interact with each other. To aid
structural comparisons, the cations were all crystallised with
terephthalate anions from aqueous solution.
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Results and discussion

Single crystals of the terephthalate salts of trans-[Ni(L),]**
(L=1L2 L3 L* were prepared by mixing aqueous solutions
of sodium terephthalate and the appropriate bis(thiosemi-
carbazide)nickel(mr) nitrate. In each case the single crystals were
the only nickel-containing compounds formed, and the formula
obtained by the crystal structure analysis was confirmed by
microanalysis. These analyses confirmed the formulae of the
compounds as trans-[Ni(L?),][tere]-4H,0 2, trans-[Ni(L%),-
(OH,),][tere] 3 and trans-[Ni(L*),(OH,),][tere]-2H,0 4.

In the following discussions the cation plane is defined by
atoms Ni, N(1) and S(1), the anion plane by the terephthalate
aromatic ring and the sheet plane by the nickel atoms in the
hydrogen bonded molecular sheet.

Structure of trans-[Ni(L?),][tere]-4H,O 2

The asymmetric unit of compound 2, as illustrated in the
ORTEX plot (Fig. 2) by the atoms with unprimed labels,
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Fig. 2 The asymmetric unit of compound 2.

Table 1 Selected bond lengths (A) and angles (°) for 2

Ni-N(1) 1.911(2) N(1)-NQ2) 1.429(3)
Ni-S(1) 2.1773(7) N@)-C(1) 1.321(3)
S(1)-C(1) 1.718(2) N(3)-C(1) 1.316(3)
O(1)-C(6) 1.271(3) N(3)-C(2) 1.443(4)
0(2)-C(6) 1.245(3) C(3)-C(6) 1.511(3)
N(1)-Ni-S(1) 88.20(7) N(3)-C(1)-S(1) 122.3(2)
N(1)-Ni-S(1") 91.80(7) N(2)-C(1)-S(1) 119.7(2)
N(Q2)-N(1)-Ni 114.5(2) 0(2)-C(6)-O(1) 124.9(2)
C(1)-N(2)-N(1) 117.8(2) 0(2)-C(6)-C(3) 118.9(2)
C(1)-N(3)-C(2) 123.5(2) O(1)-C(6)-C(3) 116.2(2)
NG)-C(1)-NQ2) 118.0(2)

Equivalent atoms labelled ' are generated via the symmetry transform-
ation —x, —y, —z.

consists of one half of a cation, one half of an anion and two
included water molecules. The nickel atom is positioned at
0, 0, 0 with a site occupancy of 0.5, and an inversion centre at
this position serves to generate the remaining portion of
the cationic complex. Similarly, the anion straddles another
inversion centre, at —0.5, 0, —1, which yields the symmetry
related portion.

The nickel co-ordination geometry in 2 is distorted square
planar, and selected bond lengths and angles are given in
Table 1. The Ni-N and Ni-S distances are all slightly longer
than those observed for the [Ni(L"),]*" cation in the crystal
structure of [Ni(L'),][tere] 1. In contrast to 1, in which the
pseudo-axial positions of the square planar cation are occupied
by the m-systems of terephthalate anions, the corresponding
positions in 2 are unoccupied. In the anion the carboxylate
groups are rotated out of the plane of the aromatic ring, the
mean torsional twist about C(6)-C(3) being 14.5°.

Details of the hydrogen bonding within the supramolecular
structure are given in Table 2. The cations are linked to the
terephthalate anions through the anticipated two principal
hydrogen bonds between N(2)-H(2) and O(1), and N(3)-H(3)
and O(2) respectively. These interactions lead to the formation
of 8-membered hydrogen bonded rings [graph set R%(8)] and
consequently, to infinite cation---anion---cation chains
through the gross structure (Fig. 3). An additional longer (and
less directional) hydrogen bond between one of the amino
hydrogen atoms, H(1B), and a terephthalate oxygen atom, O(1),
serves to inter-link these linear polymers into sheets with
formation of 10- and 30-membered hydrogen-bonded rings
(Fig. 3). In contrast to the structure of [Ni(L"),][tere] 1,'6
neither the cations nor anions in 2 lie flat within the sheets.
This is a direct consequence of the involvement of one of the
amino protons on N(1) in sheet formation, as these protons are
directed above and below the cation plane, and is reflected in
the angles between the planes defined by the cations and anions
and that defined by the sheets, which are 71.3(1) and 58.8(1)°
respectively.

A second type of intermolecular interaction results from the
presence of the water molecules, and these link the sheets



Table 2 Hydrogen bond geometries in the crystal structure of 2

X-H---Y X+ Y/A H---Y/A X-H---YF Symmetry operation generating Y
Within sheets

N(2)-H(2)---0O(1) 2.767(3) 1.82(2) 172(3)

N@3)-H(3)---0(2) 2.804(3) 1.87(2) 176(3)

N(1)-H(1B)---O(1) 2.956(3) 2.05(2) 161(2) -x,—y,—1l—z

Between sheets

N(1)-H(1A)---04) 2.880(3) 1.96(2) 166(2) —l-x,—y,-1—-z
O@4)-H(4A)---0(3) 2.771(3) 1.87(2) 166(3) —1-x,05+y, -1.5-z
O4)-H@#4B)---0(2) 2.825(3) 1.92(2) 164(3)

O(3)-H(3B)---0(4) 2.806(3) 1.92(3) 153(4) —1—-x,-y,-1-z
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Fig. 3 Part of the hydrogen bonded sheets present in the structure of
compound 2.

Fig. 4 Interactions between the sheets in the structure of compound 2.

together (Fig. 4). The amino hydrogen atom H(1A) hydrogen
bonds to the oxygen atom O(4) of the water molecule that con-
tains the hydrogen atoms H(4A) and H(4B). These protons,
in turn, form contacts to the water oxygen atom O(3) and
terephthalate oxygen atom O(2) respectively. Finally, H(3B) in
one of the water molecules hydrogen bonds to the oxygen atom
of the other water molecule O(4), the second hydrogen bond
that this atom accepts.” The remaining proton in this water
molecule [H(3A)] is not involved in any intermolecular
interactions.

Structure of trans-[Ni(L?),(OH,),l[tere] 3

The asymmetric unit of compound 3, as illustrated in the
ORTEX plot (Fig. 5) by the labelled unprimed atoms, con-
sists of one half of a cation and one half of an anion. The
remainder of the cation is generated by transformation through
the inversion centre at 0, 0, 0 (the nickel atom location, site
occupancy 0.5), while the anion is completed by transformation
through the inversion centre at —1, 0.5, —0.5.

The nickel co-ordination geometry of compound 3 is dis-
torted octahedral, with water molecules occupying the axial
sites. Selected bond lengths and angles are given in Table 3. The
Ni-N and Ni-S distances are, as expected, longer than those in
2 due to the increase in co-ordination number. The parameters
in 3 are much closer to those in [Ni(L"),(OH,),][fum],'® though
the Ni-N distance is considerably longer [2.190(2) A cf.

Table 3 Selected bond lengths (A) and angles (°) for 3

Ni-O(3) 2.090(2) NQ)-C(1) 1.350(3)
Ni-N(1) 2.190(2) N@G3)-C(1) 1.323(3)
Ni-S(1) 2.3801(8) N(3)-C(3) 1.448(3)
S(1)-C(1) 1.702(2) O(1)-C(8) 1.261(2)
N(1)-NQ) 1.432(2) 0(2)-C(8) 1.250(2)
N(1)-C(2) 1.479(3) C(6)-C(8) 1.509(3)
N(1)-C(3) 1.484(3)

O(3)-Ni-N(1) 85.85(6) C()-NQ)-N(1)  120.2(2)
O(3)-Ni-S(1) 89.36(5) C()-N(3)-C3)  124.2(2)
O(3)-Ni-S(1") 90.64(5) NG)-C(1)-NQ2)  114.5(2)
O(3)-Ni-N(1") 94.15(6) NG3)-C(1)-S(1)  122.9(2)
N(1)-Ni-S(1) 81.97(5) NQ)-C(1)-S(1)  122.58(14)
N(1)-Ni-S(1") 98.03(5) 0Q2)-C(8)-0(1)  123.92)
C(1)-S(1)-Ni 95.36(7) 0Q2)-C(8)-C(6)  119.52)
N(@2)-N(1)-Ni 107.88(11) O(1)-C(8)-C(6)  116.6(2)

Equivalent atoms labelled '
formation —x, —y, —z.

are generated via the symmetry trans-

Fig. 5 The asymmetric unit of compound 3.

2.093(2) A], consistent with the weaker co-ordination of the
tertiary amine nitrogen atom. As in 2 the carboxylate groups of
the terephthalate anion are rotated out of the plane of the
aromatic ring, the mean torsional twist around C(8)-C(6) being
9.5°

The hydrogen bonds present within the structure of 3 are
summarised in Table 4. Once again the supramolecular
structure is dominated by the two principal hydrogen bonds
between each co-ordinated L*® ligand and carboxylate group
[graph set R3(8)] which serve to link the ions into infinite
cation - - -anion - - -cation chains. The interaction between
N(3)-H(3) and O(2) is considerably longer than that between
N(2)-H(2) and O(1), though the longer bond is more dir-
ectional. There is considerable twisting of the chains, and this is
reflected in the angle between the cation and anion planes,
which is surprisingly large [75.9(1)°].

Ligand L? has only two N-H functionalities, both of which
are tied up in chain formation. In the absence of further N-H

J. Chem. Soc., Dalton Trans., 1999, 215-221 217



Table4 Hydrogen bond geometries in the crystal structure of 3

X-H:--Y X---Y/A H---YA X-H---YF Symmetry operation generating Y
Within sheets

N(@2)-H(2)---0(1) 2.767(2) 1.89(2) 162(2)

N@3)-H@3)---0(2) 2.925(2) 2.04(2) 178(2)

O@3)-H(3A)---0O(1) 2.799(2) 1.93(2) 174(3) 1+xpz

Between sheets

O@3)-H(3B)---0O(2) 2.749(2) 1.89(2) 170(3) —l-x,—y,-1—-z

Fig. 6 Part of the hydrogen bonded sheets present in the structure of
compound 3.

Fig.7 Interactions between the sheets in the structure of compound 3.

groups, the linking of chains into sheets has to occur via
another means. In this compound it occurs via a hydrogen
bond from a proton on the axial co-ordinated water molecule
[H(3A)] to the carboxylate oxygen atom O(1), which results in
formation of both 14- and 30-membered hydrogen bonded
rings (Fig. 6). The use of an aqua proton to link the chains into
sheets means that, as in 2, the cations and anions do not lie flat
within the sheets, and this is evidenced by the angles between
the cation and anion planes and that of the sheets which are
62.3(1) and 57.9(1)° respectively.

An additional hydrogen bond between the carboxylate
oxygen atom O(2) and the second aqua proton H(3B) serves to
link the sheets into a three-dimensional network (Fig. 7).

Structure of trans-[Ni(L*),(OH,),]l[tere]-2H,0 4

The asymmetric unit of compound 4, as illustrated in the
ORTEX plot (Fig. 8) by the labelled unprimed atoms, consists
of one half of a cation, one half of an anion and one included
water molecule. The nickel atom is positioned at 0, 0, 0 with a
site occupancy of 0.5, and an inversion centre at this position
serves to generate the remaining portion of the cationic
complex. The anion straddles another inversion centre at 0.5,
0.5, —1 which yields the symmetry related portion.

The nickel co-ordination geometry in 4 is distorted octa-
hedral with water molecules occupying the axial sites as in 3.
Selected bond lengths and angles are given in Table 5. The
Ni-N distance, at 2.219(2) A, is somewhat longer than that
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Table 5 Selected bond lengths (A) and angles (°) for 4

Ni-O(3) 2.113(2) N(1)-C(3) 1.482(4)
Ni-N(1) 2.219(2) N(@2)-C(1) 1.325(3)
Ni-S(1) 2.3252(7) N@3)-C(1) 1.332(3)
S(1)-C(1) 1.702(2) o(1)-C(7) 1.277(3)
N(1)-N(2) 1.431(3) 0(2)-C(7) 1.248(3)
N(1)-C(2) 1.480(4) C(7)-C(5) 1.508(3)
O(3)-Ni-N(1") 90.57(8) N(2)-N(1)-Ni 110.5(2)
O(3)-Ni-N(1) 89.43(8) C(1)-N(2)-N(1) 122.3(2)
O(3)-Ni-S(1") 89.49(6) N(2)-C(1)-S(1) 124.1(2)
N(1)-Ni-S(1") 95.60(6) 0(2)-C(7)-O(1) 123.0(2)
0(3)-Ni-S(1) 90.51(6) 0(2)-C(7)-C(5) 119.4(2)
N(1)-Ni-S(1) 84.40(6) O(1)-C(7)-C(5) 117.5(2)
C(1)-S(1)-Ni 98.35(9)

Equivalent atoms labelled ' are generated via the symmetry transform-
ation —x, —y, —z.

Fig. 9 Part of the hydrogen bonded sheets present in the structure of
compound 4.

in 3 whereas the Ni-S distance, at 2.3252(7) A, is somewhat
shorter. These changes in co-ordination geometry are also
reflected in an increase in the N-Ni-S bite angle to 84.40(6)°,
¢f- 81.97(5)° for 3. The carboxylate groups of the terephthalate
anion are again rotated out of the plane of the aromatic ring,
the mean torsional twist around C(7)-C(5) being 10.3°.



Table 6 Hydrogen bond geometries in the crystal structure of 4

X-H---Y X Y/A H---Y/A X-H---YF Symmetry operation generating Y
Within sheets

N(@2)-H(2)---0(1) 2.837(3) 1.860(4) 175(3)

N@3)-H(3A)---04) 3.042(3) 2.083(9) 166(3)

O4)-H@4B)---0O(1) 2.775(3) 1.88(2) 151(4)

O(3)-HBC)---0(2) 2.719(3) 1.748(7) 170(3) X,y 1+z

O4)-H@4A)---0(1) 2.864(3) 1.91(1) 165(3) l-x,1-y,-1-z

Between sheets

N@3)-H(3B)---0(2) 2.963(3) 2.03(1) 159(3) l—x,—y,—1-z
O(3)-H(3D)---04) 2.812(3) 1.839(7) 171(4) —1+x,p1+z

Fig. 10 Interactions between the sheets in the structure of compound 4.

The major surprise provided by the crystal structure of 4
involves the supramolecular structure, as the expected DD:AA
hydrogen bond links between the thiosemicarbazide and
carboxylate groups are not present. This leads to an absence
of the infinite cation---anion - --cation chains present in all
the other complexes of this type, and the structure of 4 is best
described in terms of sheets running in the (1-10) planes of
the crystal (Fig. 9). The hydrogen bonds present within the
structure of 4 are summarised in Table 6. There is a single
hydrogen bond between a thiosemicarbazide NH group N(2)—
H(2) and terephthalate oxygen atom O(1) in the expected
orientation but instead of being virtually co-planar, the planes
of the two ions are almost perpendicular [79.1(2)°]. The NH
group parallel to the N(2)-H(2) vector [i.e. N(3)-H(3A)] is
involved in hydrogen bonding, but to an oxygen atom from an
included water molecule [O(4)] rather than the terephthalate.
The second carboxylate oxygen atom O(2) hydrogen bonds to
the hydrogen atom H(3C) of a bound water molecule in
another asymmetric unit. Additional hydrogen bonds between
the carboxylate oxygen atom O(1) and both hydrogen atoms
H(4A) and H(4B) from the included water molecule serve to
link terephthalate anions through R%(8) rings and complete the
hydrogen bonding within the sheets. Each O(1) carboxylate
oxygen atom acts as a hydrogen bond acceptor to three
protons. The absence of the expected principal hydrogen
bonds leads to the major first order motifs being those
described by the graph sets R3(8) and R%(8), as opposed to R3(8)
as in the structures of 1, 2 and 3. Of the hydrogen bonded rings
present in the structure of 4, R3(8) is very common in hydrogen
bonded structures® whereas the R3(8) motif is somewhat more
unusual. Larger 17- and 18-membered hydrogen-bonded rings
are also present.

Two further hydrogen bond interactions link the sheets into
the final three-dimensional network (Fig. 10). The remaining
amino proton H(3B) links to a terephthalate anion oxygen
atom O(2), and the second proton on the co-ordinated water

H(3D) links to the included water oxygen atom O(4). Overall
all hydrogen bond donors and acceptors are satisfied.

Comparison of the structures of 1-4

This series of compounds, prepared under identical conditions,
contains nickel() in either a distorted square planar (1 and 2)
or octahedral (3 and 4) geometry, depending on the absence or
presence of axially co-ordinated water molecules. Water is a
versatile component in these systems with the potential to act as
both hydrogen bond donor and acceptor as well as ligand.
Hence, the presence of water molecules, either co-ordinated or
included in the lattice, is likely to be dictated by the energy
requirements of the crystal structure as a whole. A ligand
such as L? has a paucity of hydrogen bond donors, all of which
are involved in chain formation. Hence any compound of the
type [Ni(L%),][dica] (dica = dicarboxylate) will contain four
‘unsatisfied” hydrogen bond acceptors per dicarboxylate. The
introduction of co-ordinated water increases the number of
hydrogen bond donors, hence compounds of the type
[Ni(L*),(OH,),][dica] are likely to form more efficient hydrogen
bonded structures than [Ni(L®),][dica]. This is supported
not only by the crystal structure of 3, but also by the crystal
structure of [Ni(L%),(OH,),]J[A] [A =isophthalate, C.H,-
(CO,7),-1,3].% The presence or absence of hydrogen bonding
sites within the ligands can therefore have an effect on the metal
co-ordination geometry, at least in cases where the energy
difference between alternative geometries is relatively small.
Compounds 1, 2 and 3 all possess structures in which the
DD:AA ‘principal’ hydrogen bond interactions serve to link
the cations and anions into infinite chains. These hydrogen
bonds, giving rise to R3(8) rings, are fairly flexible as witnessed
by the amount of twisting observed in the structures. This
twisting of the DD:AA motif can be quantified by the angle
made by superimposing the O - - O vector of the carboxylate
onto the N---N vector of the thiosemicarbazide [the
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Table 7 Crystallographic data for compounds 2, 3 and 4

Complex 2

Empirical formula C,H6N4OgS,Ni
M 473.22
Crystal system Monoclinic
Space group P2,/c (no. 14)
alA 7.668(1)

bIA 15.926(2)
clA 8.951(1)

al®

pr 100.25(1)

2"°

UIA? 1075.7(2)

zZ 2

DJ/gcm™? 1.560
#(Mo-Ka)/mm™* 1.146

F(000) 528

0.25x0.25%x0.2
0-8, —18t0 0, —10 to 10

Crystal size/mm
Index ranges

No. data collected 1824

R(int) 0.0102

Data, restraints, parameters 1688, 8, 159
Goodness-of-fit 1.132

R1, wR2 [I > 2a(I)] 0.0282, 0.0696

R indices (all data)

Largest difference peak, hole/e A~

Weighting scheme, w™!, where
P=(F2+2F}3

Extinction coefficient 0.0142(15)

Details in common: A(Mo-Ka) 0.71069 A, T'=293(2) K, 0 range 2-24°

0.0428, 0.0777
0.404, —0.298

GHF,) + (0.0425P) + 0.5615P

3 4
Ci6H30NgO4S,Ni C14H30NgO4S,Ni
525.29 533.28
Triclinic Triclinic

P1 (no. 2) P1 (no. 2)
8.107(1) 8.215(1)
8.108(2) 8.344(1)
9.675(2) 8.888(1)
93.52(2) 88.30(1)
113.86(2) 66.78(1)
90.10(2) 83.19(1)
580.3(2) 555.8(1)

1 1

1.503 1.593

1.060 1.114

276 280
0.5%x0.25%0.25 02x02x0.3

—91t09,0-9, —11to 11 0-9,-9t09, —=9to 10

1956 1882
0.0074 0.0177
1809, 4, 162 1741,7, 173
1.055 0.968

0.0218, 0.0607
0.0263, 0.0639
0.290, —0.265

0.0272, 0.0648
0.0414, 0.0722
0.257, —0.203

HF,) + (0.0393P) + 0.2807P
0.0369(32)

GHF,2) + (0.0406P) + 0.3965P
0.0019(24)

N@3)---N(@2):--0O(1)---O(2) torsion angle in 2 and 3], which
gives values of 6.1° for 1, 22.4(1)° for 2 and 48.0(1)° for 3. The
deviations from 0° occur presumably due to the other demands
made upon the ions, as the overall lowest energy structure is a
compromise taking into account all interactions. However, the
flexibility of supramolecular synthons such as the DD:AA
interaction is a factor in the frequency of their occurrence. This
twisting is also a factor in the large angle between the cation
and anion planes in 3 [75.9(1)°, ¢/ 16.2° for 1 and 15.4(2)° for 2].

In compounds 1, 2 and 3 the hydrogen bonded chains are
linked to form sheets. In 1 this occurs through the thioamido
proton that is not involved in chain formation, and since this
NH bond is orientated in essentially the same plane as the
metal co-ordination sphere, the plane described by the sheets is
similar to those described by the ions. The cation plane—sheet
and anion plane-sheet angles are 16.4 and 9.5° respectively. In
2 the thioamido proton has been substituted by a methyl group,
and consequently it is an amino proton that serves to hydrogen
bond the chains into sheets. Since this NH vector is not directed
in the plane of the cation, the planes described by the ions
are much less co-planar with those of the sheets: the cation
plane-sheet and anion plane-sheet angles are 71.3(1) and
58.8(1)° respectively. In 3 there are no NH protons available for
cross linking the chains, and hence sheet formation occurs via
OH protons on axially co-ordinated aqua ligands. This leads
once more to large differences between the planes described
by the ions and that described by the sheets, with the cation
plane-sheet and anion plane-sheet angles 62.3(1) and 57.9(1)°
respectively.

Compound 4, like 1, contains a thioamido proton and
appears to be set up to form strongly hydrogen bonded sheets,
with the ions essentially co-planar with the plane of the sheets.
However, as has been observed, this structure does not occur
and indeed cation - - - anion - - - cation chain formation through
the expected principal hydrogen bond interactions is not
present. Despite not forming the predicted structure, it should
be noted that all of the potential hydrogen bond donors and
acceptors are involved in strong hydrogen bonds, suggesting the
overall three-dimensional structure is very efficient. Although
the expected planar two-dimensional structure for 4 would be
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efficient, presumably these sheets would not be able to pack
together as well, leading to a less favourable structure overall.

This series of relatively simple salts has demonstrated that
both the metal co-ordination geometry and the presence or
absence of robust supramolecular synthons can be affected by
the presence or absence of other hydrogen bonding groups.
Hence structural predictions based only upon principal hydro-
gen bond interactions may not always give rise to the observed
structures.

Experimental

Microanalyses were carried out by Mr Alan Carver (University
of Bath Microanalytical Service). Infrared spectra were
recorded on a Nicolet 510P spectrometer as KBr pellets.
Sodium terephthalate and L? were purchased from Aldrich
Chemical Co. and used as supplied, and the ligands L® and
L* were prepared following literature procedures.”® The com-
plexes [Ni(L),(ONO,),] were prepared from the reaction of
[Ni(NO;),]:6H,0 with the relevant thiosemicarbazide in
ethanol®® and used without further purification.

In the syntheses of 2, 3 and 4, yields of around 60% were
obtained under the conditions mentioned, though yields of
90% could be obtained on leaving the solutions for longer
periods of time.

Synthesis of [Ni(L?),][tere]-4H,0 2

An aqueous solution of sodium terephthalate (53.5 mg, 0.25
mmol) was added to an aqueous solution of [Ni(L?),(ONO,),]
(100 mg, 0.25 mmol). After standing for 24 h, red crystals of
[Ni(L?),][tere]-4H,O were separated by filtration. (Found: N,
16.5; C, 28.8; H, 5.09. C,,H,sN¢NiOgS, requires N, 16.6; C,
28.5; H, 5.19%); Vpa/cm (CO,) 1559s, 1356s; v, /cm (NH)
3441m, 3256m; J,,,/cm ™ (NH) 1669m, 1624m.

max’

Synthesis of [Ni(L*),(OH,),][tere] 3

An aqueous solution of sodium terephthalate (47 mg, 0.22
mmol) was added to an aqueous solution of [Ni(L?),(ONO,),]
(100 mg, 0.22 mmol). After standing for 24 h, green crystals of



[Ni(L%),(OH,),][tere] were separated by filtration (Found: N,
15.7; C, 36.4; H, 5.80. C,sH;iNgNiOS, requires N, 16.0; C,
36.6; H, 5.76%); vy /ecm (CO,) 1561s, 1372s; vy, /om™(NH)
3240m; 6, /cm™(NH) 1615m.

Synthesis of [Ni(L*),(OH,),][tere]-2H,0 4

An aqueous solution of sodium terephthalate (50 mg, 0.24
mmol) was added to an aqueous solution of [Ni(L*),(ONO,),]
(100 mg, 0.24 mmol). After standing for 24 h, green crystals
of [Ni(L*),(OH,),][tere]-2H,O were separated by filtration.
(Found: N, 15.5; C, 31.7; H, 5.65. C,,H;)N¢NiO4S, requires
N, 15.8; C, 31.5; H, 5.67%); vy /cm ' (CO,) 1560s, 1360s;
Vma/em ™ (NH) 3339m, 3190m; J,,,./cm ™ (NH) 1643m.

Crystallography

Table 7 provides a summary of the crystal data, data collection
and refinement parameters for complexes 2, 3 and 4. In all
cases, in the final least-squares cycles all atoms were allowed to
vibrate anisotropically. The hydrogen atoms were included
in calculated positions where relevant on carbon atoms, where-
as the remaining hydrogen atoms were located and refined
at a fixed distance of 0.98 A from the relevant parent atoms.
Calculations were carried out using SHELXS-86% (structure
solutions) and SHELXL-93%* (refinements). All full matrix
least-squares refinements were based on F? data.
CCDC reference number 186/1254.
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