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The ligands PhL and MeL are obtained by condensing 2-formylpyridine with benzil dihydrazone and diacetyl
dihydrazone, respectively, in 2:1 molar proportion. With silver(1), PhL yields a double-stranded dinuclear
cationic helicate 1 in which the metal is tetrahedral but MeL gives a cationic one-dimensional polymeric
complex 2 where silver(1) is distorted square planar and the ligand backbone is nearly planar. In both
complexes, metal:ligand ratio is 1:1. Ab initio calculations on the ligands at the HF /6-31+G* level reveal that
while PhL strongly prefers a helical conformation, MeL has a natural inclination to remain in a planar
conformation. Density functional theory calculations on model silver(1) complexes show that formation of the
linear polymer in the case of MeL is also an important factor in imposing the planar geometry of Ag(1) in 2.
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In metallo proteins and enzymes, it is now known that to
stabilise a high energy metal site (i.e., one having an unusual
geometry or configuration) the peptide backbone undergoes
suitable compensatory conformational change(s).! In small
metallo organic molecules, the conformation of the ligand is
found to play a dominant role in determining the geometry
of a metal ion. The most impressive example of this is possibly
the stabilisation of square planar copper(1) by a stereochemi-
cally rigid tetradentate N-donor macrocycle.> Herein we
describe a case of stabilisation of a planar geometry for a
four-coordinate silver(1) by an acyclic N-donor ligand as a part
of our continued studies on metal helicates.*®

Results and discussion

The ligands employed in this work are PhL and MeL (Chart
1), which are prepared by condensing two moles of 2-formyl-
pyridine with one mole of benzil dihydrazone or diacetyl
dihydrazone, respectively. The X-ray crystal structure of
PhL, earlier reported elsewhere by us,’ reveals that it is a heli-
cal ligand. The helical twist in PhL is brought about mainly by
the torsion angle N9-C10-C11-N12, which is —99.5(3)°. All
our attempts to obtain single crystals of MeL suitable for
X-ray diffraction have so far failed.

We have synthesised the silver(1) complexes of PhL. and MeL
by reacting them with hydrated AgClO4 in methanol. PhL
yields 1.5{[Agx(PhL),](ClOy),}-3.5(CH3;0H) (1) and MeL
gives [Ag(MeL)]|ClO,4 (2).

X-Ray crystallography shows that 1 consists of a discrete
dimeric cation [Ag>(PhL),]*" and perchlorate anions. There
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Chart 1 The ligands with the numbering scheme, which is the same
as that used in Figs. 1 and 2, for the skeletal atoms.
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are two independent cations in the crystal, one of which has
crystallographic C, symmetry. The other cation, shown in
Fig. 1, has approximate C, symmetry though this is not crys-
tallographically imposed. In this structure the silver atoms
are tetrahedral, being bonded to four nitrogen atoms from
two PhL ligands. Although there is considerable variation in
the Ag-N bond lengths it is clear that the Ag-N(pyridine) dis-
tances [range: 2.256(7)-2.299(7) A] are significantly shorter
than the Ag-N(imino) distances [range: 2.395(6)-2.479(7) Al.
The angles subtended at the silver atoms are very similar with
two small chelate angles, N1-Ag—N8 and N13-Ag-N20 (72.2—
73.4°), and four angles extending above the tetrahedral angle
of which one is much larger (141.1-141.7°) than the other three
(122.9-129.9°). The sum of the six angles around the metal lies
in the range of 665.2-665.4° (for an ideal tetrahedron, this sum
is 109.5° x 6 = 657°).

The structure of 2 consists of a 1-dimensional polymer of
[Ag(MeL)]* units, shown in Fig. 2, with discrete perchlorate
anions. The silver atom occupies a crystallographic centre of
symmetry and is bonded to two nitrogen atoms from each of
two MeL ligands. The bite angle of the MeL ligand is
70.9(2)°. The coordination sphere is perforce planar. But the
unique bond lengths are very different, being 2.247(5) A for
N(imino) and 2.543(6) A for N(pyridine). It should be noted
that the difference between the lengths of the two types of
Ag-N bonds is significantly more than that observed in 1
and that the structure can be considered as distorted square
planar.31°

Four-coordinate silver(1) complexes are usually tetrahedral,
as expected on the basis of the fact that there is no ligand field
stabilisation for a d'® configuration. Distorted tetrahedral
coordination has been observed at times.!! Examples of square
planar silver(r) complexes are indeed rare. Our complex 2 pro-
vides, most possibly, the third example of a square planar
silver(1) complex. The other two examples have been reported
by Munakata and co-workers very recently.'>!? Interestingly,
these two complexes, one containing a Ag'Ny core and the
other a Ag'S, core, are also polymeric like 2. It is not under-
stood why in Munakata’s complexes silver(1) assumes a square
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Fig. 1 The structure of [Ago(PhL),]** found in 1 with ellipsoids at 15% probability. The structure of a second cation, which has crystallographic
C, symmetry, is similar and not shown. Selected bond distances (A) and angles (°): Agl-N1A 2.256(7), Agl-N8A 2.476(7), Agl-N1B 2.295(8),
Agl-N8B 2.395(6), Ag2-N20A 2.296(7), Ag2-N13A 2.397(7), Ag2-N20B 2.272(7), Ag2-N13B 2.473(6), Ag3-N1C 2.299(7), Ag3-N8C
2.403(7), Ag3-NI13CS$1 2.479(7), Ag3—-N20CS$1 2.266(8), N1A-Agl-N8A 72.8(2), NIA-Agl-N1B 125.4(2), N1A-Agl-N8B 141.1(2), N8A-
Agl-NIB 123.5(2), NSA-Agl-N8B 129.6(2), N1B-Agl-N8B 73.0(2), N13A-Ag2-N20A 73.4(2), NI3A-Ag2-N13B 129.9(2), N13A-Ag2-N20B
141.2(2), N20A-Ag2-NI13B 123.1(2), N20A-Ag2-N20B 125.2(3), NI13B-Ag2-N20B 72.4(2), N1C-Ag3-N8C 73.4(3), N1C-Ag3-N13CS$l
122.9(2), N1C-Ag3-N20C$1 125.2(3), N8C-Ag3-N13C$1 129.9(2), N8C-Ag3-N20CS1 141.7(2), N13C$1-Ag3-N20C$1 72.2(2). $1 refers to

the symmetry element 1 —x, y, —z.

planar geometry. Here we try to provide a rationale for our
case.

From Figs. 1 and 2, it is found that the ligand backbone in
PhL and MeL adopts two different conformations in the com-
plexes 1 and 2; the conformation in 1 is clearly helical while it
is nearly planar in 2 (Fig. 3). This is illustrated by the torsion
angles listed in Table 1. The ligand in 2 contains a centre of
symmetry. Of the five independent torsion angles all are trans
apart from C7-N8-N9-C10, which is 111.7(6)°. This distor-
tion from 180° is necessary to twist the methyl group away
so that the metal can bind to the two nitrogens in the ligand.
However, for the three independent ligands (named A and B
in one cation and C x 2 in the other) in the structure of 1, all
have approximate C, symmetry. The four outer torsion angles
C5-C6-C7-N8, C6-C7-N8-N9, NI12-N13-C14-C15 and
N13-C14-C15-C16 are all trans but the C7-N8-N9-C10
and CI11-N12-N13-C14 torsion angles are significantly

distorted from trans to 144.7-158.4° while N8-N9-C10-C11
and C10-C11-N12-C13 are cis (less than 10°) rather than
trans as found in 2, and the central N9—C10—C11-N12 torsion
angle is intermediate at 91.5-95.3°. The two pyridine rings at
the ends of the ligand in 2 are parallel because the ligand con-
tains a crystallographic centre of symmetry but no symmetry
restrictions apply in 1 where the three pairs of pyridine rings
in ligands A, B, C are almost perpendicular, intersecting at
angles of 89.2, 89.3 and 86.0°, respectively. It is thus apparent
that a change of tetrahedral geometry in 1 to a square planar
one for the metal in 2 is accompanied by a conformational
change in the ligand backbone.

We have carried out conformational analyses on the two
ligands using the grid search method available in Cerius2.'*
In each ligand 5 backbone torsion angles (z1, 3, 5, 73’ and
71’ in Table 1) were considered as variable, along with 2 addi-
tional torsion angles in PhL for the orientation of the phenyl

Fig. 2 The polymeric structure of [Ag(MeL)]" in 2 with ellipsoids at 15% probability. Selected bond distances (A) and angles (°): Agl-N1

2.247(5), Agl-N8 2.543(5), N1-Agl-N8 70.9(2), N1—Agl-N8* 109.1(2).
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Fig. 3 A view of the cation in 2 along ten silver atoms showing the
centrosymmetric, near planar conformation of the ligand backbone.

rings; all these angles were allowed to vary at 60° intervals. We
also included 74, 74’ as variable torsion angles, with permitted
values of 0 or 180°. All resulting structures were energy mini-
mised using molecular mechanics with the Dreiding forcefield
available in Cerius2. The six lowest energy conformations for
each ligand were then subjected to geometry optimisation at
the HF/6-31+G* level. Common features emerged from the
conformational analyses of both ligands. The overall confor-
mation of each ligand is dependent only upon the values of
74, 15 and 4, as 12, 73, 72/, and 13’ are always close to 180°
in each low energy conformation; then independently the
values of 71, 1’ determine whether the ligand can chelate to
a metal (r1 = t1’ = 0°) or are in the lower energy trans (tl =
71’ = 180) conformation.

The two lowest energy conformations for MeL are planar
and helical with 4, 75, 74’ angles of 180°, 180°, 180° (energy =
—941.84459 a. u.) and -—-3.1°, 102.1°, —3.1° (energy =
—941.84055 a. u.), respectively. By contrast the lowest energy
conformation for PhL is helical with 75, t4, 5’ torsion angles
of —0.8°, 94.3°, —0.9° (energy = —1322.87396 a. u.). The next
lowest energy conformation is asymmetrical with torsion
angles of 0.1°, —103.5°, —176.9° and an energy of
—1322.86543 a. u. while the symmetrical planar conformation
is only the fourth lowest energy conformation at —1322.86308
a. u. Thus, in MeL there is a favourable energy difference of
2.53 kcal mol™" for the planar form over the helical while in
PhL the energy difference is of 6.83 kcal mol™! in favour of
the helical form over the planar (and of 5.35 kcal mol~' over
other low energy conformations).

It will be noted that the values of the 74 torsion angles are of
crucial importance to the conformation of the ligand. In order
to obtain a planar conformation these angles need to be transf,
but to provide a helical conformation these angles need to be
cis. It can be argued that these 74 torsion angles are not likely
to change easily and therefore that these ligands must have
these conformations in the free state with a predisposition
therefore for MeL to be planar and PhL to be helical. It is
interesting in this regard to note that the crystal structure of
PhL determined previously has a conformation very similar

Table 1 Torsion angles (°) in the ligand backbones in complexes 1
and 2 and in the free ligand PhL

2 1A 1B 1C PhL*
NI1-C6-C7-N8 (1) 3.1 —4.6 -74 —-63 -165.6
C6-C7-N8-NO (z2) 1783 1782 1751 173.3 176.5
C7-N8-N9-CI10 (13) 111.7  156.8 146.6 144.7 —169.4
N8-NI9-C10-Cl11 (4) 177.0 -1.0 =95 7.1 0.3
N9-C10-C11-N12 (z5) 180.0 91.5 953  94.0 99.5
C10-C11-NI12-C13 (z4) —177.0° —68 —33 —3.7 1.6

CII-NI2-NI3-Cl4 (z3) —111.7° 1448 1583 1584 —178.1
NI2-NI3-CI14-CI5 (z2') —178.3" 1737 179.0 179.0 —178.2
NI3-Cl4-CI5N20 (1))  -3.1° —63 —60 -52 -1755

“ The data are taken from ref. 7. > The ligand in 2 contains a crystal-
lographic centre of symmetry.
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Fig. 4 A view of the cation in 1 showing n-m interactions between
pairs of pyridine and phenyl rings. The structure of the second cation
is equivalent. The atom labelling is identical to that given in Fig. 1.

to the lowest energy form established here. However, for the
ligands to form complexes some changes in conformation are
inevitable. Clearly 71, t1’ must change from trans to cis to
form the five-membered chelate ring. Calculations show that
this cis form is higher in energy by ca. 12.5 kcal mol™! for both
ligands, independently of the values of t4, 75 and <4’. It is
therefore to be expected that the crystal structure of the free
ligand PhL would be trans, thus avoiding steric contacts
between the NH and the ortho hydrogen atom in the pyridine
ring. For MeL a further change is necessary to move the
methyl groups away from the coordination sphere and there-
fore t3 and 3’ change from 180 to 111°. For PhL, these tor-
sion angles also change on complexation but only to ca. 150°
to move the phenyl rings away from the coordination sphere,
a much smaller change being required compared to MeL
because the helical conformation already moves the phenyl
rings away from the metal.

These calculations are remarkably consistent with the
experimental results that MeL adopts a planar conformation
and PhL a helical conformation, which is retained on metal
complexation. An additional stabilising feature of the helical
dimer observed in 1 is the presence of strong m-m interactions
between a pyridine ring of one ligand and a phenyl ring of
the other ligand (Fig. 4). There are two such pairs of interact-
ing aromatic rings in each molecule in 1. These are parallel to
each other within experimental error (angle of intersection:
0.5°, 0.6° in one molecule and twice 0.2° in the other) with dis-
tances of two times 3.45 A in one molecule and two times 3.43
A in the other, resulting in extremely short n-m interactions. ' It
may be noted that such interactions are not possible in the case
of MeL and in the near planar conformation of PhL. The n-n
interactions present in 1 are likely to increase the stabilisation
of the helical dimer with tetrahedral silver(1) centres with
regards to other possible products.

We then estimated the difference in energy between square
planar and tetrahedral silver for this type of coordination
sphere. Because one complex was a dimer and the other a poly-
mer, and also because we wished to neglect differences between
MeL and PhL, it was decided to consider the model compound

[Ag(L"),]" where L'is:
O
N N—H

Two models of [Ag(L'),]* were built, one tetrahedral with no
imposed symmetry and the other square planar with C;
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symmetry, and these were subjected to density functional cal-
culations. The final energies after geometry optimisation were
—7.09825, —7.11617 a. u. with a difference of 11.2 kcal mol™".
This is only an approximate measure of the energy required to
force Ag(1) to become square planar rather than tetrahedral in
the presence of MeL, but it is considerably larger than the dif-
ference in energy of the two ligand conformations, suggesting
that the formation of the linear polymer is also an important
factor in the stabilisation of the square planar structure for
silver(1).

Experimental

Computations

Density functional calculations on [Ag(L'),]" were performed
by using the ADF programme.'® Slater-type orbital basis sets
of triple zeta quality for the valence orbitals were employed
with polarisation functions on the ligand atoms (2p for H,
and 3d for C and N). The Generalised Gradient Appoximation
was used with Becke88 exchange and Perdew86 correlation
gradient corrections. The cations were given +1 charges and
the input symmetry was maintained. 4b initio calculations
on PhL and MeL were carried out using the Gaussian98
programme.'’

Syntheses

CAUTION! Though while working with 1 and 2 we have not
met with any incident, care should be taken in handling them
as perchlorates are potentially explosive. These should not be
prepared and stored in large amounts.

PhL. This was synthesised as reported elsewhere by us.’

MeL. Diacetyl dihydrazone (1.25 g, 11 mmol), synthesised
by a literature procedure,'® was dissolved in 50 ml of anhy-
drous methanol, to which 2 ml (22 mmol) of freshly distilled
2-formylpyridine was added. The resulting yellow mixture
was stirred for 4 h while maintaining a dry atmosphere. The
yellow compound that precipitated was filtered, washed with
15 ml of diethyl ether and stored in vacuo over fused CaCl,.
Yield, 2.0 g (62%); mp 152°C. Anal. found (calcd): C, 64.68
(65.72); H, 5.49 (5.52); N, 28.79 (28.75)%. FTIR (KBr)
v/cmflz 1615vs (C=N). UV/VIS (CH)Cly) Zmax/nm
(¢/dm® mol~! em™1): 267sh (23 557), 302 (36 642).

1.5{[Ag»(PhL),](ClOy),} - 3.5(CH30H) (1). AgClO4xH,0
(0.21 g) was added to 0.42 g (1 mmol) of PhL dissolved in
20 ml of methanol and stirred for 30 min at room temperature.
The yellow compound that precipitated was filtered, washed
with 10 ml of diethyl ether and dried in vacuo over fused
CaCl,. It was recrystallised from a 1:3 dichloromethane—
n-hexane mixture to obtain deep yellow microcrystals of 1.
Yield, 0.40 g (77%). Single crystals were grown by direct diffu-
sion of n-hexane into a dilute dichloromethane solution of the
complex. Anal. found (calcd.): C 49.37 (49.33), H 3.71 (3.76),
N 12.69 (12.71%). FTIR (KBr) v/cm™': 1630s (C=N), 1083
vs (ClOg4). UV/VIS (CH,Cl,) Jpmax/nm (¢/dm? mol ™' cm™):
267sh (34400), 299 (55300).

[Ag(MeL)],(Cl10y), (2). AgClO4-xH>0 (0.21 g) was added to
0.29 g (1 mmol) of MeL dissolved in 20 ml of methanol and
stirred for 30 min at room temperature. The yellow compound
that precipitated was filtered, washed with 10 ml of diethyl
ether and dried in vacuo over fused CaCl, . It was recrystallised
from a 1:3 acetonitrile-diethyl ether mixture to obtain a deep
yellow powder of 2. Yield, 0.40 g (80%). Single crystals were
grown by direct diffusion of diethyl ether into a dilute acetoni-
trile solution of the complex. Anal. found (calcd): C 38.53

834 New J. Chem., 2003, 27, 831-835

View Online

(38.43), H 3.19 (3.23), N 16.76 (16.81%). FTIR (KBr) v/cm™:
1613s (C=N), 1083vs (ClO4). UV/VIS (CH5CN) Zpmay/nm
(¢/dm® mol~! ecm™"): 197 (20 300), 267sh (25 850), 297 (38 100).

X-ray crystallography

The data were collected with Mo-Kao radiation using the
MARtresearch Image Plate System at 293(2) K. The crystals
were positioned at 70 mm from the image plate. One hundred
frames were measured at 2° intervals with a counting time of 2
min. Data analysis was carried out with the XDS program.'’
The structures were solved using direct methods with the
SHELXS-86 program.?® In 1 there are four independent per-
chlorate anions, one in a general position and one on a 2-fold
axis, both ordered, and also one in a general position and one
on a 2-fold axis, both disordered with the oxygen atoms occu-
pying two sets of tetrahedral sites. There are also 7 solvent
methanol molecules, each refined with 50% occupancy. In 2
the perchlorate anions are disordered with the oxygen atoms
occupying two sets of tetrahedral sites. Apart from disordered
atoms, non-hydrogen atoms were refined with anisotropic
thermal parameters. The hydrogen atoms bonded to carbon
were included in geometric positions and given thermal para-
meters equivalent to 1.2 times those of the atom to which they
were attached. Empirical absorption corrections were carried
out using DIFABS.?' The structures were refined on F> using
SHELXL-93.?> Final R values: for 1 with observed data
[ > 2a(1)] Ry = 0.0684, wR, = 0.1867 and for all data R, =
0.0897, wR, = 0.2069; for 2 with observed data [I > 2a(])]
Ry = 0.0675, wR, = 0.2010 and for all data R; = 0.1061,
wR, = 0.2705. The relatively high R values are due to poor
spot shapes in the diffraction pattern.

CCDC reference numbers 201371 and 201372. See http://
www.rsc.org/suppdata/nj/b2/b211898j/ for crystallographic
data files in CIF or other electronic format.

1. C81'5H74N18015'5Ag3C13, MW = 198355, monoclinioc,
space group C2/c, a = 26.66(4), b = 15.40(2), c = 21.64(3) A,
B =90.06(1)°, U= 8885(23) A°, d,=1.483 g cm>, Z =4,
p = 0.817 mm~', 28 146 reflections collected, 16892 indepen-
dent, R;,; = 0.0501.

2. CiH6N704AgCl, My, = 499.67, monoclinic, space
group C2/c, a = 18.46(3), b = 5.612(11), ¢ = 18.46(3) A, f =
100.17(1)°, U = 1882(5) A%, d.=1.763 gem™>, Z =2, u =
1.249 mm™!, 4974 reflections collected, 1785 independent,
R;,, = 0.0867.
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