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Supramolecule Assembled from Sulfonyl Hydrazone Ni(I)
Complex via 77---7 and C-H:--7r Interactions
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Abstract: An intriguing supramolecular complex Nil,, (HL: (E)-4-methyl-N’-(pyridin-2-ylmethylene) benzenesul-
fonohydrazide) with novel Ni-O (sulfonyl) coordination bond has been synthesized and characterized. The
structural studies indicate that two types of dimers are assembled via intermolecular offset face-to-face -+
stacking (OFF) and edge-to-face C-H---7 (EF) interactions between two pyridyl rings in the crystal structure of
NiL,. Each dimer exists in two enantiomeric forms. The DFT calculation indicates that the parallel fourfold aryl
embrace (P4AE) interactions, with one OFF interaction and two EF interactions, are stronger than that of only
OFF, which can be called synergistic effects. The spectral studies show that the ratio of Ni(ll) to HL is 1:2 in this
compound. CCDC: 773667.
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In the past decade, supramolecular chemistry is
one of the most popular and fastest growing areas of
experimental chemistry and it seems set to remain that
way for the foreseeable future!?. Although self-
assemblies directed by coordination-driven  and
conventional hydrogen-bonding form high-symmetry
conglomerates, other non-covalent interactions such as
aromatic 7 stacking also play an important role in the
folding of biological macromolecules and in packing of
organic small molecules in crystals. The non-covalent
interactions are also used in crystal engineering for
the design of functional materials™®. However, it is
still a great challenging subject to construct
supramolecular polyhedra merely via weaker affinities
such as aromatic-aromatic interaction because of the
weak attraction of an individual interaction . In this
regard, multiple concerted 7 -7 and C-H --- 7
interactions will be required, thus resulting in a
collective contribution to the formation of a reliable
supramolecular synthon, which has been described as
a multiple aryl embrace!'*".
In this work, the (FE)-4-methyl-N' -(pyridin-2-
ylmethylene)  benzenesulfonohydrazide  (HL) was
chosen as the ligand, which is composed of tolyl,
pyridyl and sulfonyl hydrazone group, and has the
(1) HL is a flexible ligand, and the
pyridyl ring connects with tolyl through sulfonyl
hydrazone group (-0,S-NH-N=CH-). It contains N-N,
C-C, S-N and S-C single bonds, which can freely

rotate according to the demand of coordination,

following features:

making HL a potential tridentate chelating ligand
(Scheme 1). (i) When deprotonation of the -NH-
group, the keto form HL transforms into anionic
enolate form L ~ resulting in new coordinative
properties in metal complex (Scheme 1). For instance,
the O atom of sulfonyl and metal Ni(ll) can form strong
coordination bond, which is rarely found in the
literature.  (iii) HL contains pyridyl ring, yet, in
principle, this should be well suited for 7 -+ 7
interactions because of low w-electron density
resulting from nitrogen heteroatoms, which serve as
electron acceptors within the ring"®. (iv) HL is an

asymmetrical ligand with a tendency to form chiral
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Scheme 1 Keto form, enolate form isomers of ligand and

bonding mode of Ni(Il)-complexes

complexes, in which the only asymmetric center is
metal itself".

When R=phenyl (Ph), ligand and metal Ni(ll) can
form complex Ni(BPSH),-H,O (BPSH=benzoyl pyridin
-toluensulfonylhydrazido) ™ which has a distorted
tetrahedral structure with two six-membered chelate
rings (Scheme 1a). In our work, however, the complex
Nil, has a distorted octahedral structure with four
five-membered chelate rings (Scheme 1b, R=H).

In this paper, we reported synthesis, crystal
structure, and DFT calculation together with spectra
properties of bis((F)-4-methyl-N'-(pyridin-2-ylmethyl-
ene)phenylsulfohydrazonooxy)Ni(Il).

1 Experimental

1.1 Materials and general methods

All solvents and starting materials for the
synthesis were purchased commercially and were used
as received without further purification. Infrared
spectra were obtained from KBr pellets on a Shimadzu
FTIR-8400S spectrometer in the 400 ~4 000 cm ™
(C, H and N) were

performed on a Perkin-Elmer 240C elemental analyzer.

region. Elemental analyses

Absorbance spectra were recorded on a Hewlett_
Packard HP-8453 UV-Vis spectrophotometer. The

fluorescence emission spectra were recorded on a Cary
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Eclipse fluorescence spectrophotometer (Varian). 'H
NMR spectra were measured on a Bruker DRX-300
spectrometer in dimethyl sulfoxide DMSO-ds solution,
with tetramethylsilane (TMS) as the internal standard.
The synthetic route of the complexes was shown in

Scheme 2.

< > é//o INiL,]
\

HN—NH,
Scheme 2 Synthetic route of the complexes

1.2 Synthesis of 4-methylbenzenesulfonohydra-

zide

The precursor 4-methylbenzenesulfonohydrazide
was synthesized according to literature procedures!.
1.3 Synthesis of (E)-4-methyl-N’-(pyridin-2-

ylmethylene)benzene sulfonohydrazide (HL)
093 g, 5
mmol) was dissolved in MeOH (50 mL). Pyridine-2-
aldehyd (500 L, 5 mmol) was added to the above

solution, and the mixture was

4-methylbenzenesulfonohydrazide

stirred at  room
temperature. The white precipitate was formed in
solution, and the mixture was further stirred at room
temperature for 1.5 h. The precipitate was collected
and washed three times with MeOH. Recrystallization
from hot MeOH and drying in vacuum afforded a
white solid. Yield was 0.75 ¢ (55%). Anal. Caled. for
CisHi3N;0:5(%): C 56.71, H 4.76, N 15.26; Found(%):
C 56.63, H 4.75, N 15.31. IR (KBr, cm™): »(N-H)
3 053, »(ArC-H) 2 995, »(MeC-H) 2 875, »(C=N) 1 593,
v(SO02) 1 330, 1184, 1 167, v(S-N) 1 068, 'H NMR
(300 MHz, DMSO-dg, 6, ppm): 11.79 (s, 1H), 8.55 (d,
J=3.6 Hz, 1H), 7.91 (s, 1H), 7.84 (d, J=7.5 Hz, 1H),
7.81 (d, J=11.4 Hz, 1H), 7.78 (dd, J=8.4 Hz, J=9.9
Hz, 1H), 7.72 (d, J=6.4 Hz, 1H), 7.42 (dd, J=7.8 Hz,
J=1.5 Hz, 1H), 7.38 (d, J=5.7 Hz, 1H), 7.36 (d, J=5.4
Hz, 1H), 3.33 (s, 3H).
1.4 Synthesis of bis((E)-4-methyl-N’-(pyridin-2-
ylmethylene) phenylsulfohydrazonooxy) Ni(Il)
(E)-4-methyl-N’ -(pyridin-2-ylmethylene)benzenes-

ulfonohydrazide (HL) (0.275 g, 1 mmol) was dissolved
in 30 mI. MeOH and heated to reflux. Ni(Ac),*4H,0
(0.125 g, 0.5 mmol) was then added to the refluxing
mixture and further refluxed for 3 h. The reaction
mixture was cooled and was placed at room temperature
overnight. The brown precipitate was collected and
washed three times with MeOH. Yield was 85%. The
powdered solid (Nily) was dissolved in MeOH, and the
single crystals was collected after slow evaporation at
room temperature for about several weeks. Anal.
Caled. for CyHuNeNiO,S, (%): C 51.42, H 3.98, N
13.84; Found(%): C 51.34, H 3.98, N 13.91. IR (KB,
em™): v(ArC-H) 3 026, v(MeC-H) 2 921, »(C=N) 1 600,
v(S0,) 1257, 1 128, 1 105, »(S-N) 1 047.
1.5 X-ray crystallography

Crystallographic data were collected on a Bruker
Smart CCD diffractometer at 298 K using graphite
monochromated Mo Ko« radiation source (A=0.071 073
nm). Intensity data were corrected for Lorentz and
polarization effects. The frames were integrated with
the Bruker SAINT™ software package and the data
were corrected for absorption using the program
SADABSP, The structures were solved by direct
methods with SHELXS and refined by full-matrix
least-squares analysis with SHELXL-97.  All non-H
atoms were refined anisotropically with the hydrogen
atoms added to their geometrically ideal positions and
isotropically. created with

refined Images were

the SHELXTL and DIAMOND programs™. Hydrogen
bonding and m-stacking interactions in the crystal
lattice were calculated with SHELXTL and DIAMOND
programs. Selected crystallographic data and structural
determination parameters of complex were given in
Table 1.

CCDC: 773667.
1.6 DFT calculation

The calculations were constrained by the data of
the bond lengths and the angles, which were taken
from the X-ray structure of the Nil,. The single point
energy calculations of two types of dimers [NiL,], were
performed at B3LYP/6-31 ++G** basis set level.
All calculations were done using the Gaussian03

program™.,
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Table 1 Crystallographic Data for NiL,

Formula
Formula weight
Crystal system
Space group
a/ nm

b / nm

¢/ nm

al (%)

B/ ()

Y/ ()

V/ nm?

Z

CaosHaNNiO,S,
607.34
Triclinic
Pl

0.987 7(1)
1111 7(1)
1.301 2(2)
108.952(2)
93.837(1)
91.298(1)
1.346 8(3)
2

D,/ (g-cm)

Absorption coefficient / mm™
F(000)

Crystal size / mm

0 range / (°)

Reflections collected
Independent reflections (R;,)
Max. and min. transmission
Data, restraints, parameters
Goodness-of-fit

R factor (I>20(1))

R factor (all data)

1.498

0.92

628

0.46x0.30x0.25
1.66~25.02

7 052

4 679(0.018 3)

0.802 6, 0.676 9

4679, 0, 354

1.03

R=0.035 0, wR,=0.080 0
R=0.051 5, wR,=0.090 7

2 Results and discussion

2.1 Crystal structure of NiL,

The single-crystal X-ray diffraction of Nil,
reveals that it crystallizes in the triclinic space group

Pl. The molecular structure of Nil, consists of a

neutral noncentrosymmetric complex (Fig.la), that
each nickel ion is octahedrally coordinated by two
mono-negative tridentate ligands (L.7), and the coor-
dination sphere is occupied by a N0, donor set from
the two ligand units. The Ni-N and Ni-O distances are
in the range of 0.200 6(2)~0.207 1(2) nm and 0.213 8(2)

OFE

©

@

(a) Displacement ellipsoids are drawn at the 30% probability level; For clarity, H atoms have been omitted

Fig.1 (a) Molecular structure of Nil,, showing the atom-labelling scheme; (b) One-dimensional structure of Nil,, was formed

by PAAE and OFF interactions and extending along the ¢ axis; (c) Space-filling model of 77-stacking interactions;

(d) Arrangement of one-dimensional chains in the (110) plane



%2 0 TFIEE LT areeear BT CoHeoar 2 FH 24 550 BT S D 45 40 90 4 403 415
Table 2 Selected bond lengths (nm) and bond angles (°) for NiL,
Ni(1)-N(5) 0.200 6(2) Ni(1)-O(3) 0.213 8(2) 0(3)-S(2) 0.147 0(2)
Ni(1)-N(2) 0.201 4(2) Ni(1)-0(1) 0.214 2(2) 0(4)-S(2) 0.143 1(2)
Ni(1)-N(3) 0.206 4(2) 0(1)-S(1) 0.147 1(2) Ni(1)-N(6) 0.207 1(2)
0(2)-S(1) 0.143 7(2)
N(5)-Ni(1)-N(2) 171.88(9) N(3)-Ni(1)-N(6) 94.34(9) N(5)-Ni(1)-0(1) 101.13(8)
N(5)-Ni(1)-N(3) 100.51(9) N(5)-Ni(1)-0(3) 78.78(8) N(2)-Ni(1)-0(1) 78.42(9)
N(2)-Ni(1)-N(3) 80.50(10) N(2)-Ni(1)-0(3) 93.14(8) N(3)-Ni(1)-0(1) 158.22(9)
N(5)-Ni(1)-N(6) 79.95(9) N(3)-Ni(1)-0(3) 92.56(8) N(6)-Ni(1)-0(1) 87.05(8)
N(2)-Ni(1)-N(6) 108.07(9) N(6)-Ni(1)-0(3) 158.50(8) 0(3)-Ni(1)-0(1) 94.00(7)

Table 3 ar-stacking interactions existing in the NiL,

Interaction group

Interaction type

Central separation / nm

Shortest Contact / nm Angle / (°)

ph-ph et 0.3814
Py-py -7 (OFF) 0.3562
py-py - (P4AE) 0.3613
Py-py C-H---m(P4AE) 0.2806°

0.3633 0=17.7

0.3463 9=13.5

0.3380 9=20.7
B=168.5

‘6 angle between the ring normal and centroid—centroid vector in 77-7 stacking; 8 angle of C-H---ring centroid in C—H---7 interactions;

" Intramolecular 77-+-7r interactions; © Separation of an H atom and 7 ring centroid.

~0.214 2(2) nm, bond

distances and angles are listed in Table 2.

respectively. The selected

The most striking feature of the crystal structure
is: (i) The O atom of sulfonyl and metal Ni(Il) can form
strong coordination bond, which is rarely found in the
literature. The possible reason is strong electron-
withdrawing properties of the Ni(Il) ion reduce the
electron density on the coordinated ligand lead to its
keto form transforms into mono-negative enolate form,
formation  of

which  well-suited for the strong

coordination bond. (ii) Chiral recognition observed in
the solid state for Nil, due to intermolecular 7 --- 7
and C—H--- 7 interactions between two pyridyl rings
(Fig.1b)=*_ Nil,, are octahedral complex in which the
only asymmetric center is the metal itself and which
thus exists in two enantiomeric forms, named A and A
(Fig.1b and 1c). Obviously, such complexes are in
general prepared as a racemic mixture of the two
enantiomers. (iii) The crystal structure of Nil, exhibits
various  self-assembly  process by intra- and
intermolecular 77+--77 interactions. As shown in Fig.1b,
not only intramolecular 77 --- 77 interactions exist in
NiL,, but also intermolecular 77---7r interactions exist.

The neighboring molecules of Nil, are assembled in a

mutual head-to-head manner by offset face-to-face (OFF)
and edge-to-face (EF) interactions to form infinite 1D
chain structures along the ¢ axis. One section of Fig.
1b highlighted in black solid lines, showing OFF 7r---
7 stacking interactions between pyridyl rings of ligand
moieties; the other of Fig.1b highlighted in black dash
lines, in one OFF interaction together with two EF
interactions, formed the parallel fourfold aryl embrace
(P4AE). All of these interaction separations and
angles are listed in Table 3.

Fig.1c reveals the space-filling model of P4AE-
EF interactions along the ¢ axis. Fig.1d shows the
self-assembly of one-dimensional chains by weak
intermolecular interactions to form the (110) plane.
2.2 DFT calculation based on dimers of NiL,

As shown in Fig.1b, the Nil, is divided into two
types of dimers, which contain P4AE and OFF
interactions respectively. The single point energy
calculations of these dimers are performed at B3LYP/
6-31++G** basis set level, and different eigenvalues
of correlative HOMOs are compared. Eigenvalues of
HOMOs are listed in Table 4. The MOs energy-level
diagrammatic drawings of two types of dimers are

shown in Fig.2.
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Table 4 Eigenvalues (kJ-mol™) of MOs for two
types dimers of NiL,

MOs Epe Eow Evi—Eow
LUMO -350.110 -333.583 -16.528
HOMO-00 -369.912 -353.106 -16.806
HOMO-01 -369.991 -353.327 -16.664
HOMO-02 -507.785 -496.319 -11.466
HOMO-03 -514.559 -498.417 -16.142
HOMO-04 -520.025 -503.975 -16.050
HOMO-05 -522.236 -505.440 -16.795
HOMO-06 -539.091 -522.876 -16.215
HOMO-07 -541.738 -524.950 -16.787
HOMO-08 -583.951 -569.088 -14.863
HOMO-09 -584.783 -569.642 -15.141
HOMO-10 -585.030 -578.532 -6.498

——owoor —
-400 4 F-400
£
g 450 L 450
N -02
E -500 4 / gi x — F-500
= s
h 5504 = <Zg$ / L.550
-08 o
- -09
P4AE dimer i OFF dimer

Fig.2 MOs energy-level diagrammatic drawing of two
types of dimers with P4AE and OFF interactions
respectively

The DFT calculation P4AEs

interactions are stronger than these of OFFs, the

indicates that

corresponding eigenvalues of HOMOs with P4AEs
interactions are lower than these of HOMOs with
OFFs interactions. It is shown that complex Nil,
exists as synergistic effects of OFF-(EF), interactions.
For example, the Epup—FEomr of dimers is =16.806 kJ -
mol™ for HOMO-00, this stabilization is lower than the
intermolecular energy of a pair of benzene molecules,
ca 9.2 kJ-mol ™",

The calculations from dimers, which contain
PAAE and OFF interactions, respectively, give the
highest occupied molecular orbitals HOMO-00 and
HOMO-01 ~HOMO-10. The selected HOMOs are
shown in Fig.3. HOMO-5s for PAAE and OFF display

the 7 -+ 7 stacking interactions between the two

# o
ﬁ o
P4AE OFF

Fig.3 Selected HOMOs of two types of dimers

pyridyl groups. The HOMO-6 for PAAE clearly reveals
C-H:-- 7 interaction; however, HOMO-6 for OFF no

C—H:--7r interaction exists.

2.3 Spectra properties of NiL,
Fig.4
addition of sequential aliquots Ni(ll) to the DMSO

solution of HL at 25 “C. The HL has a strong
absorption peak at 287 nm and weak absorption peak

shows the variation of spectra upon

at 351 nm, and are attributed to 7—7* and n—w*
transitions, respectively. Upon the addition of Ni (II)
(0~1 equiv.), the absorbance at 287 nm decreases and
(Fig.4), a red shift of each
absorption spectrum is observed (from 351 nm red-

shifted to 362 nm). It is likely that coordination of the

at 351 nm increases

ligand to an electropositive metal stabilizes the HOMO

and LUMO to different extents resulting in a smaller

0.9

0.9+ 362 nm VIVIVIVE

0.6

700 02 04 06 08 1.0

/c

Eni/ e

Abs. /a.u.

0.34

0.0

300 400 500
Wavelength / nm

Each successive trace represents the addition of an additional
0.05 equivalent of Ni(Il); Inset: UV titration curve at 362 nm;
cu=4.0x10" mol - L

Fig.4 Progressive changes in the UV spectra of HL
observed upon addition of Ni(Il) in DMSO
at 25 C
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n-7* energy gap and a lower energy transition. As
indicated in Fig.4, all display an isosbestic point,
indicating the formation of the UV-active complex. In
addition, the saturated spectra are readily obtained
when 0.5 equiv of Ni(ll) ions is introduced to the
solution of HL, showing the formation of 1:2 metal/
ligand ratio compounds. The UV titration curves of
HL with Ni(Il) ions are also done in DMSO medium at
25 °C (Fig.4 Inset). It can be seen that a sharp inflexion
appeared at about cy/cy=0.5, which confirmed the 1:2
stoichiometric ratio of Ni(ll) and HL in the complex.
The electronic spectra in the visible region are
observed upon addition of different concentration Nil,
in DMSO at 25 °C. The three absorption bands, which
are at 362, 530 and 885 nm (Fig.5), are attributed to
Ao Ty (P), ATy (F) and Ay Ty [(t2e,))

362 nm

0.64

Abs. / a.u.
IS
w

0.0

300 600 900
Wavelength / nm

Curve a: ¢y, =3x107 mol -L7; curve b: ¢y, =5x10~ mol -L7;

curve ¢: ¢y, =6x107 mol - L™; curve d: ¢y, =8x107 mol - L™

Fig.5 Absorption spectra of the Nil, in DMSO solution

at 25 C
4004 408 nm
Ni(II)
300 |
2
<
E
5 2004
2
£
=2
R~ 100
2,=305 nm
04
350 400 450 500 550
Wavelength / nm

Each successive trace represents the addition of an additional 0.1
equivalent of Ni(lD), slit width=10 nm, A..=305 nm; ¢y =4.0x107"
mol - !

Fig.6  Fluorescence emission spectra for the addition of

Ni(I) to the DMSO solution of HL at 25 °C

(t2’e,’)] transitions, respectively.

The addition of sequential aliquots of Ni(ll) to
DMSO solution of HL. produce fluorescence spectra, as
shown in Fig.6. Maximal emission bands appear at 408
nm, and fluorescence quenching are observed by the
addition of Ni(Il). The mechanisms for quenching are
expected to electron exchange or photoinduced electron

transfer or combination of these mechanisms®.
3 Conclusions

The tridentated (NNO) ligand HL and its Ni(Il)
complex have been prepared, and are characterized by
X-ray crystallography, IR and 'H NMR spectroscopy,
and elemental analyses. The interactions between Ni(Il)
and HL are also investigated by using absorption
spectra and fluorescence spectra. From these studies,
(1) The ligand

HL coordinated to Ni(Il) in mono-negative enolate

the following conclusions are derived:

form, and one of O atoms in sulfonyl and metal Ni(Il)
Chiral
recognition is observed in the crystal structure of Nil,
m and C-H -7

interactions between two pyridyl rings. And the

can form strong coordination bond. (i)

merely via intermolecular 7 -

neighboring molecules of Nil, are arranged in a
head-to-head manner by OFF and EF
interactions to form infinite 1D chain structures along
(iii) The DFT calculation indicates that

mutual

the ¢ axis.
P4AEs interactions are stronger than those of OFFs,
and exist as synergistic effects of EF-OFF interactions
in Nil,. (iv) UV-Vis and fluorescence spectral studies

show that Ni(I)/HL ratio is 1:2 in Ni(I-L complex.
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