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Supramolecular Compounds with Three-dimensional Hydrogen-bonded Network
[M(H,O)(](HL), (H,L=1-(4-Hydroxyphenyl)-5-thioacetatetetrazole,
M=Mn", Co", Ni" and Zn"): Synthesis, Characterization and Structures
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(Zhejiang Key Laboratory for Reactive Chemistry on Solid Surfaces, Institute of Physical Chemistry,
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Abstract: The reactions of several divalent transition metals with 1-(4-Hydroxyphenyl)-5-thioacetatetetrazole
(H,L) were studied in aqueous solution. Mn!', Co™, Ni", and Zn" produced ionic products of general formula
[M(H,0)s](HL),. The four compounds were characterized by crystallographic methods. And the results have shown
that their crystals are isostructural and belong to the triclinic Pl space group. The metal center in each
compound is six-coordinated, forming an ideal octahedral geometry. These neutral formula units make unique
three-dimensional supramolecular architectures through hydrogen bonding (M-OH,---0-C) and offset-panel -7

stacking interactions and stabilized by electrostatic force. CCDC: 662589, 1; 662590, 2; 662591, 3; 662592, 4.
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0 Introduction est in the last two decades!". Efforts have been done to
design and construct such kind of assemblies due to

Beside the field of molecular chemistry based on their potential multi-dimensional applications in the

the covalent bond, the chemistry of molecular assem-
blies and of intermolecular bond (supramolecular

chemistry) has become a new fascinating area of inter-
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field of catalysis, non-linear optics, electrical conduc-
tivity, molecular recognition, and crystal engineering!.

Supramolecular inorganic/organic hybrid materials that
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have been so far constructed follow two principal
philosophies. Firstly, transition-metal complexes can be
assembled into coordination polymers obtained by em-
ploying bifunctional ligands such as dicarboxylate as
linker between adjacent metal centers. Secondly, weak-
er intermolecular forces i.e. hydrogen bonding/7-7
stacking/van der Waals forces etc., connecting the met-
al complexes, enlarge the dimensionality to give a wide
variety of extended supramolecular networks® . Re-
cently, we have concentrated our attention on using H,L.
(synthesized from 1-(4-Hydroxyphenyl)-5-mercaptote-
trazole™) as bridging spacer to obtain polynuclear com-
plexes of transition-metal due to its versatile coordina-
tion modes. Meanwhile, we got four title compounds in
aqueous solution. Thus, herein we firstly present a sys-
tematic structural study of solvent-free HL.™ and the hy-

drated metal.
1 Experimental

1.1 Materials and general methods

1-(4-Hydroxyphenyl)-5-mercaplotetrazole was
purchased from Aldrich Chemical Co. Inc. All the other
reagents for syntheses and analyses were of analytical
grade. FTIR spectra (KBr pellets) were taken on a FTIR
170SX  (Nicolet) spectrometer and elemental analyses
were performed on a EuroEA3000 analyzer. Thermal
stability (TG-DTA) studies were carried out on a Shi-
mazu TA-499C thermal analyzer in 25~800 °C, (10 °C -
min™") range under nitrogen atmosphere.
1.2 Syntheses of compounds

Compounds 1 ~4 were prepared by mixing 1:2
molar ratio of metal chloridate (M=Mn", Co", Ni", and

Zn"") and H,L in ethanol/water. The mixture was heated

to 40~50 °C with stirring for 1 h, then filtered and left to
stand at the room temperature. Well-shaped crystals
suitable for X-ray analyses were obtained by slow evap-
oration of the filtrate in ca. 40% ~50% yields within
about a week. Elemental analyses results are in good a-
greement with stoichiometries. Found (%) (1) C, 32.59;
H, 4.10; N, 16.20; S, 9.70. Calculated for C;sH,sMnN;
01S; (%): C,32.48; H, 3.94; N, 16.84; S, 9.63. (2) C,
30.51; H, 3.92; N, 16.20; S, 9.67. Calculated for CsHy
CoNgO1,S, (%): C, 32.29; H, 3.91; N, 16.74; S, 9.58. (3)
C, 32.85; H, 4.00; N, 16.89; S, 9.67. Calculated for
CisHyNsN1O S,  (%): C, 32.30; H, 3.92; N, 16.75; S,
9.58. @) C, 32.10; H, 3.97; N, 16.32; S, 9.59. Calculat-
ed for CgHxNgO,S,7Zn (%): C, 31.98; H, 3.88; N, 16.58;
S, 9.67.
1.3 Crystal structure determination

Take 4 for an example, a single crystal with di-
mensional 0.266 mm X 0.193 mm x 0.069 mm was used
for structural determination at 293 (2) K with graphite
monochromatic Mo Ka radiation (A=0.071 073 nm) on a
Bruker smart CCD. The structure were solved by direct
methods and expended using difference Fourier synthe-
sis technique. All non-hydrogen atoms were refined
anisotropically by the full matrix least-squares on the
F?. The hydrogen atoms attached to carbon atoms were
located by geometrical calculation, while those attached
to oxygen were located from the difference Fourier
maps. Calculations were performed with the Siemens
SHELXS-97 P and SHELXL-97 " program package.
The crystal parameters, data collection and refinement
results for complexes 1~4 are shown in Table 1. The

selected bond distances and angles are listed in Table 2.

CCDC: 662589, 1;662590,2; 662591, 3;662592,4.

Table 1 Crystal data and summary of data collection for metal complexes 1~4

CisHasMnN{O .S,

Empirical formula

Formula weight 665.53
Temperature / K 296
Crystalline system Triclinic
Space group P1

a/nm 0.669 7(2)
b/ nm 0.709 4(2)
¢ /nm 1.497 8(4)

al ) 96.786(2)

C1sHaCoNgO 1S,

Triclinic

0.668 5(1)
0.702 3(1)
1.488 6(2)
96.355(1)

CisHxNsNiO 1S, C1sHyN301,S,7Zn

669.52 669.3 675.96
296 296
Triclinic Triclinic
Pl Pl
0.668 3(1) 0.668 1(7)
0.704 6(1) 0.705 2(8)
1.483 2(2) 1.486 6(2)
96.623(1) 96.625(2)
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Continued Table 1

B/ () 97.784(2)
y10) 105.667(1)
V /7 nm’® 0.669 79(3)
z 1

F(000) 343

Do/ (g+cm™) 1.64

(Mo Ka) / mm™ 0.725

0.23 x 0.11 x 0.09
-8~8,-9~9, —-18~19

Crystal size / mm

Range of h, k, |

Reflections collected 10 804
Independent reflections 3065
Observed reflections 2591

0 range / (°) 1.39~27.62

R, wR (I>20(1))
R, wR (all data)

0.030 1, 0.082 4
0.038 4, 0.094 2

97.877(1) 97.879(1) 97.850(2)
105.910(1) 106.121(1) 105.83(1)
0.657 58(2) 0.655 90(2) 0.658 88(1)
1 1 1

345 346 348

1.691 1.694 1.704
0.889 0.976 1.168

0.30 x 0.18 x 0.15
-8~8, -9~9, -19~19

0.31 x 0.17 x 0.09
-8~8, —8~9, -19~19

0.27 x 0.19 x 0.07
-8~8, -9~9, -19~18

10 467 9 821 5901
2 984 2 957 2 889
2793 2 545 2592
1.40~27.56 1.40~27.61 2.80~27.48

0.025 5, 0.072 1
0.027 3, 0.073 5

0.031 8, 0.082 9
0.039 6, 0.087 6

0.031 9, 0.086 3
0.035 9, 0.088 5

Parameters 215 215 215 215
Goodness of fit on F? 1.013 1.02 1.003 1.011
Residual electron densities / (e+nm™) 565~-305 257~-265 308~-285 873~-219
Table 2 Selected bond lengths (nm) and angles (°) for complexes 1~4
1 2 3 4
M(1)-O(1W) 0.215 8(1) 0.207 6(1) 0.204 3(2) 0.206 6(2)
M(1)-0(2W) 0.217 3(1) 0.209 0(1) 0.205 3(2) 0.208 7(2)
M(1)-0(3W) 0.219 0(1) 0.210 7(1) 0.208 0(2) 0.211 9(2)
S(1)-C(7) 0.173 6(2) 0.173 3(1) 0.173 3(2) 0.173 5(2)
N(1)-C(7) 0.135 4(2) 0.135 5(2) 0.135 1(2) 0.135 0(3)
N(1)-N(2) 0.135 8(2) 0.135 6(2) 0.136 0(2) 0.135 8(2)
N(2)-N(3) 0.128 5(2) 0.128 7(2) 0.128 4(2) 0.128 7(3)
N(3)-N(4) 0.135 2(2) 0.135 4(2) 0.135 3(2) 0.135 4(3)
N(4)-C(7) 0.132 6(2) 0.132 5(2) 0.132 7(2) 0.1.32 4(3)
O(1W)-M(1)-O(2W) 90.06(6) 90.23(5) 91.07(6) 90.91(7)
O(1W)-M(1)-O(3W) 91.89(7) 92.94(5) 92.49(7) 92.47(7)
02W)-M(1)-0(3W) 92.27(6) 92.25(5) 92.36(6) 92.38(7)

2 Results and discussion

The title complexes have similar IR spectra due to
their isostructure. Take 4 for an example, the IR spec-
trum reveals the presence of a large number of different
hydrogen bonding between 3 200 and 3 500 cm™ with
the strongest peaks at 3378 cm™ which can be ascribed
to O-H stretching vibration. The strong bond at 1 740
and 1 600 cm™ are due to the asymmetry and symmetry
COO" stretching vibration of HL™. The three moderately

strong stretching vibration peaks between 1 289 and

1598 cm™ can be ascribed to the tetrazole/benzene ring
stretching vibration.

These complexes are air stable at room tempera-
ture, however, alike decompositions occurred at elevat-
ed temperature. The coordination water content has
been verified by TGA in 25~800 °C range under a ni-
trogen atmosphere. Still take 4 for an example, the first
weight loss of 16.13%, from 105 to 130 °C, corresponds
to six water molecules (calculated 16.14%) coordina-
tively bonded to the metal ion. Upon further heating, a
second weight loss from 155 to 280 °C is observed,
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which maybe due to the loss of part of HL™. The final
process is accompanied by the decomposition of the
HL" at above 300 °C, ultimately giving the final solid
product to be Zn,04"™"

The X-ray crystal structures of the title complexes
show that they are isomorphous and isostructural (see
Table 1). The neutral compounds consist of one
[M(H,0)q]** cation and two HL™ anions, as shown in Fig.
1, a labeled diagram of the Zn complex 4 is as an ex-
ample, in which the complex has a crystallographic
center with the Zn atom situated at the center of (0, 0.5,

0). In the cation, the metal atom is surrounded by six

aqua ligands, exhibiting an ideal octahedral geometry.

D 03

Fig.l Molecular structure of [Zn(H,0)J(HL), with the
atomic numbering (the ellipsoids correspond to
30% probability)

On the other hand, the bond lengths within the
mercaptotetrazole segment exhibit the expected pattern
of four long bonds (S(1)-C(7), N(1)-N(2), N(3)-N(4), C(7)
-N(1)) and two short bonds (N(2)-N(3), C(7)-N(4)) on the
whole. In details, (see Table 3) S(1)-C(7) distance of

0.173 5(2) nm corresponds to a bond of Bernstein order!™

p=1.27. And C(7)-N(1) (0.1350(3) nm) and C(7)-N(4)
(0.1324(3) nm) are both intermediate between the value
expected single (0.147 nm) and double bond lengths
(0.127 nm), whose bond orders are 1.51 and 1.64, re-
spectively. Besides, N(1)-N(2) (0.135 8(2) nm) and N(3)
-N(4) (0.135 4(3) nm) bonds are shorter than the sum

of covalent radii (0.146 nm) of nitrogen (ry=0.073 nm),
closing to that of single bond length. N (2)-N (3)
(0.128 7(3) nm) distance is only slightly longer than N=
N double bond (0.125 nm)!"*". Their bond orders are
1.21, 1.21 and 1.55 nm, respectively. The reason why
these bond lengths of tetrazol ring change obvious com-
pared to those in 1-(4-Hydroxyphenyl)-5-mercaptote-
trazole Co(Il) compound maybe due to that we link ac-
etate onto the mercapto via nucleophilic substitution
reaction!"*!”.

Therefore, it can be concluded that, in the tetra-
zole ring, there is some electron delocalization in the
C(7)-N(4)-N(3)-N(2) segment, although the bond-short-
ening pattern throughout the heterocycle suggests that
all the atoms contribute to the ring 7m-electron density.

As shown in Fig.2, there exist offset-panel -7
stacking interactions. The distance between the two ad-
jacent benzene rings is 0.353 2 nm (centroid separation
is 0.367 2 nm). Also intermolecular O-H---O,0-H---N
hydrogen bonds are observed (see Table 4). All of the
hydrogen bonding interactions makes the title com-
pound extend into a three-dimensional supramolecular

framework as well as the offset-panel -7 stacking in-

Fig.2  Diagram of the packing of [Zn(H,0)s|(HL), showing

the extensive H-bonding system and 7r-7r stacking

interactions

Table 3 Mean values of chemically equivalent bond lengths (nm) and calculated S-C, N-N, and C-N bond orders in 4

R / nm R,/ nm P
S(1)-C(7) 0.173 5(2) 0.182 1.27
N(1)-N(2) 0.135 8(2) 0.141 1.21
N(2)-N(3) 0.128 7(3) 0.141 1.55
N(3)-N(4) 0.135 4(3) 0.141 1.21
G(7)-N(1) 0.135 0(3) 0.147 1.51
C(7)-N(4) 0.132 4(3) 0.147 1.64

*The Bernstein equation used for calculating bond orders: P=1-4.192xlg(3R/R-2), Where R is the actual

distance and R, the mean single-bond distance!™.
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Table 4 Hydrogen bond lengths(nm) and bond angles(°) in 4

D-H-A Distance of D--A / nm Angle of D-H-A / (°)
O(1W)=H(1WA)---N(@4)#1 0.286 8(2) 166.3
O(1W)=H(1WB)---O(2)#2 0.274 4(2) 167.8
0Q2W)-HQ2WB)---0(2)#3 0.272 7(2) 162.8
0(3)-H(3B)---0(1)#4 0.257 6(2) 1737
0(3W)-HBWB---N(3)#5 0.284 7(2) 172.6
0(3W)-H(BWA)---0(3)#6 0.278 0(2) 169.6
0(2W)-H2WA)---0(2) 0.288 1(2) 176.7

Symmetry transformations used to generate equivalent atoms: #1: —x+1, —y+2, —z; #2: x, y+1, z; #3: —x, —y+1, —z;

#4: —x+1, —y+1, —z+1; #5: 11, y, z; #6: —x+2, —y+2, —z+1.
teractions.

In conclusion, the supramolecular structure de-
pends mostly on three kinds of interactions: the elec-
trostatic force, hydrogen bonding and offset-panel 7-m
stacking. The electronic charge of ions decides the
ratio of the two units of the cation and anion in the
compound system. The bonding force mainly comes
from the electrostatic interaction between the two
building blocks, meanwhile the hydrogen bonding and
-7 stacking leading to the orientation and selectivity
in the building of the two units. The corporate effects
of the three kinds of interactions make the crystal

structures more stable.
References:

[1] Lehn J M. Supramolecular Chemistry Concepts and Perspec-
tives. Weinheim: VCH, 1995.5

[2] Zaworotko M. Chem. Soc. Rev., 1994,23:283~288

[3] Desiraju G R. Angew. Chem., Int. Ed. Engl., 1995,34:2311~
2327

[4] Steed ] W. Atwood J L. Supramolecular Chemistry: An Intro-
duction. Wiley: Chichester, 2000.

[5] Forster P M. Cheetham A K. Angew. Chem., Int. Ed. Engl.,
2002,41:457~459

[6] Arkersy C B, Beatty A M, Leinen D S. J. Am. Chem. Soc.,
1998,120:7383~7384

[7] Batasonov A S, Hubberstey P, Russel C E, et al. J. Chem.
Soc., Dalton Trans., 1997:2667~2672

[8] ZHOU Jian-Feng(J& @ W%). Synthesize Chemistry, Chin., 1998,
2:7~8

[9] Sheldrick G M. SHELXS-97, Program for Crystal Structure
Solution, University of Gottinggen, Germany, 1997.

[10]Sheldrick G M. SHELXL-97, Program for Crystal Structure
Refinement, University of Gottinggen, Germany, 1997.

[11]Gémez-Zavaglia A, Reva 1 D. Journal of Photochemistry and
Photobiology A: Chemistry, 2006,179:243~251

[12]Raymundo C O, Omar J S. Heteroatom Chemistry, 1995,6:89
~97

[13]Bruckner S. J. Chem. Soc., Dalton, 1974:1017~1020

[14]Kavanau J. J. Chem. Phys., 1944,12:467~472

[15]Green M. Bonding in Nitrogen Compounds, in C. Colburn
(ed): Developments in Inorganic Nitrogen Chemistry. Amster-
dam: Elesevier, 1966.1

[16]Zhang S G, Fong Y L, Wen Y H. Chinese J. Struct. Chem.,
2007,6:664~668

[17]0marl J S, Raymundo C O. Heteroatom Chemistry, 1997.8:
351~391



