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Hierarchical Structures in Tin(II) Oxalates
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Six new Sn'' oxalates exhibiting a hierarchy of structures
have been prepared employing hydrothermal methods. The
compounds I [C;oNoH;0][Sn(C204)2], I [CioN2Ho][Sny-
(C204)3], and III [CgN4Ho6][Sn(C,04),]22H,0 possess zero-
dimensional molecular structures; IV [C;oN,Hg]o[Sn(C204)]2
and V [C,N,Hg][SnC,0,4] have one-dimensional chain struc-
tures; and compound VI [C5NyH4]2[Sny(C204)6]-7H,0 has a
two-dimensional layer structure. The Sn' ions have 4- and 6-
coordination with square-pyramidal or pentagonal-bipyrami-
dal geometry, in which the lone pair of electrons also occu-
pies one of the vertices. Weak intermolecular forces such as
hydrogen-bond interactions, n---n interactions, and lone-pair—
n interactions have been observed and appear to lend

structural stability. Theoretical studies indicate that the m-n
interaction energy between the bound 1,10-phenanthroline
molecules is of the order of 5-6 kcalmol™ in V. Natural bond
orbital (NBO) analysis on two model compounds, IT and IV,
indicates reasonable lone-pair-n interactions. The close
structural relationship between all the compounds indicates
that a building-up process from the zero-dimensional mono-
mer can be considered. The present structures provide op-
portunities for evaluating the structure-directing role of the
lone pair of electrons of Sn'.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Compounds possessing extended network structures con-
tinue to be of interest for their many applications, in the
areas of catalysis, sorption, and separation processes.!!]
Though the literature abounds with examples of the synthe-
sis of solids based on tetrahedral or octahedral-tetrahedral
networks, there is considerable interest in the study of com-
pounds based on inorganic-organic hybrids as well.>]
These are compounds based on dicarboxylates, which exhi-
bit properties that combine the inherent porosity with the
functionality of the organic linkers. Thus, gas sorption, lu-
minescence, and catalytic behavior have been observed in
many carboxylates.’] Of these, the oxalates are a special
class of dicarboxylates. Oxalate-based compounds, espe-
cially those of transition elements, have been studied exten-
sively for their interesting magnetic properties.*>! For ex-
ample, mixed metal oxalates, AIM"M™(0x);] (A = mono-
cation; M = Mn, Fe, Co, Ni, Cu, Zn; M = Cr, Fe, Co),
exhibit magnetic properties that vary from simple paramag-
netic to ferromagnetic or antiferromagnetic.l’ In addition,
it has been established that the oxalates are good precursors
for the preparation of complex metal oxides such as barium
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titanate.l”? Recently, it has been shown that amine-tem-
plated oxalate compounds with open-framework structures
can be prepared employing novel approaches.® One of the
important developments in the area of open-framework sol-
ids is the use of hydrogen-bonded adducts, formed between
the organic amine and the participating acid, as the starting
material. This approach, in fact, gives rise to open-frame-
work structures much more readily and at temperatures that
are lower than those normally employed.[>'% It has been
shown that the use of amine-oxalates along with a suitable
metal ion can give rise to interesting structures.®!"1 A com-
bination of this and the conventional hydrothermal process
has given rise to a variety of framework oxalates. Thus,
open-framework oxalates based on Zn,® Cd,'Z Y13
Nd,!'¥ La,[’3] and Snl'®-!8] have been prepared and charac-
terized. Of these, we have been interested in the study of
Sn!! oxalates. The Sn!' oxalates exhibit zero-,['% one-,l!7]
and two-dimensionally'® extended network structures.

In the Sn™ oxalates, the Sn'" atoms are, in general, coor-
dinated with four or six oxygen atoms, but the resulting
geometries around the central Sn'' are considerably dis-
torted because of the presence of a lone pair of electrons
associated with the Sn''. Furthermore, the lone pair appears
to play an important role in the formation of these struc-
tures. In order to understand the role of the lone pair of
electrons of Sn', it is important to synthesize a large
number of Sn"-based compounds. We have therefore been
studying the reactivity of Sn'' salts under hydrothermal
conditions.!'¥! During the course of this study, we have now
prepared a series of tin(IT) oxalates, exhibiting a hierarchy
of structures in the presence of a variety of organic amines.
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The compounds [C;oN>H;][Sn(C504)2] (D), [CioN2Hio)-
[Sny(Cy04)3] (D),  [CgN4Ho][Sn(C,04),],2H,O0  (IID),
[C1oN2Hgl[Sn(C,04)]> (IV), [C12N,H][SnC,04] (V), and
[CsNLH 1 4]5[Sn4g(C504)6]- 7H,O (VI) have been obtained by
hydrothermal methods. These possess zero- (I, I, and III),
one- (IV and V), and two- (VI) dimensional structures.

Results and Discussion

Zero-Dimensional Structures: [C;oN,H;o][Sn(C,0y4),] (1),
[C10N2H;0l[Sn2(C204)3] (IT), and [CgN4Hy6][Sn(C204)2l5:
2H,0 (II1)

The three zero-dimensional compounds, I-III, were pre-
pared using the hydrothermal method. The use of H3;PO,
appears to be necessary for the formation of I, whereas
both H,C,0,4 and H;PO, are needed for isolating III, both
of which have a simple monomeric tin(II) oxalate unit. The
compound II, which is a dimeric tin(II) oxalate, forms with-
out the use of any additional acids in the reaction mixture.
The asymmetric units of I, II, and III consist of 13, 22, and
20 non-hydrogen atoms respectively. In all three com-
pounds, the Sn'" atom appears to have 4-coordination with
respect to the oxalate oxygen atoms, and the presence of
the lone pair of electrons makes it approximately 5-coordi-
nate, as the lone pair of electrons is expected to occupy
one of the vertices of the coordination geometry around the
central metal atom. Thus, for a 5-coordinate system, there
are two possible geometries: square-pyramidal and trigo-
nal-bipyramidal.''®! A careful analysis of the observed bond
lengths in each case clearly indicates that in all three com-
pounds we have a distorted square-pyramidal arrangement.
The degree of distortion varies significantly. For compound
I, the Sn—O distances are in the range 2.138(2)-2.296(2) A
(av. 2.217 A) and the O-Sn—O bond angles are in the range
73.60(8)-141.52(11)° (av. 89.16°); for compound II, the Sn—
O bond lengths are in the range 2.153(2)-2.359(2) A (av.
2.233 A) and the O-Sn-O bond angles are in the range
72.16(5)-136.04(6)° (av. 88.51°); and for III, the Sn—O bond
lengths are in the range 2.174(2)-2.376(2) A (av. 2.258 A)
and the O-Sn-O bond angles are in the range 72.06(6)—
146.44(6)° (av. 89.61°) (Table S1). The O-Sn—O bond angles
are closer to the value of O-Sn—-O bond angles and dis-
tances observed for Sn"O, where Sn'! exists in a square-
pyramidal geometry with respect to the oxygen atoms.[>”]
Similar coordination geometries have been observed be-
fore.l'! In all the compounds, the SnO, units are connected
to the carbon atoms forming the observed monomeric Sn'!
oxalate units in I and III and a dimeric unit in II, all of
which are anionic. The charge compensation is achieved by
the presence of protonated organic amine cations in all
three structures. Thus, in I and II we have 4,4'-bpy and in
IIT BAPEN molecules, which occupy spaces in between the
Sn' oxalate molecular units. The presence of anionic and
cationic species in close proximity gives rise to significant
hydrogen-bond interactions (Table 1), which lead to a
supramolecularly extended layer-like arrangement in all
three compounds (Figure 1, a—).
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Table 1. Important hydrogen-bond interactions (distances given in
A) for compounds I-VI.

D H-A DH H-A D-A DH-A
I

N(1)-H(1)~+O(4) 0.86 1.87  2.674(4) 154
C(23)-H(23)-0(1) 0.93 236 3.270(4) 166
C(21)-H(21)~0(1) 0.93 260  3.523(5) 173
C(22)-H(22)-+0(2) 0.93 234 3.208(5) 155
|

N(1)-H(1)-+0(6) 0.86 197  2.743(3) 149
C(21)-HQ21)~0(3) 0.93 234 3216(3) 156
C(23)-H(23)-0(4) 0.93 245 337703) 174
I

N(1)-H(3)-+0(100) 089 216  2.962(3) 150
N(2)-H(10)-+O(5) 0.90 196 2.854(3) 174
N(2)-H(11)-+0(6) 0.90 195  2.848(2) 172
0(100)-H(102)-+-0(8)  0.85 223 3.055(4) 164
C(11)-H(9)~+O(7) 097 251  3.388(3) 150
VI

N(4)-H(16)+0(5) 090  2.60 347517) 166
C(30)-H(7)-+0(300) 0.97 182 2.762(9) 164
C(32)-H(9)~+0(16) 097 238  3.317(8) 162
C(34)-H (11)-0(600)  0.97 182 2.767(8) 163
C(34)-H(12)--0(18) 0.97 185  2.811(7) 173
C(39)-H(22)-+0(13) 097 224 3.164(11) 159
C(35-H(20)-0(700) 097 256  3.43517) 150
C(38)-H(23)-+0(3) 0.97 193 2.845(10) 156
C(38)-H(24)-+0(500)  0.97 190  2.839(14) 163

It can be seen from the packing diagram that in I the
Sn'" oxalates and the 4,4'-bipy units strictly alternate, while
in IT and III the oxalate units form one-dimensional tapes,
which are separated by the organic amine molecules. In ad-
dition, we also observe that the 4,4’-bpy units in II are
twisted around the central C—C bond with an average tor-
sion angle of 121.2°. The twisting of the 4,4'-bpy also ap-
pears to coincide with the bending of the Sn'! oxalate units,
presumably to maximize the hydrogen-bond interactions
between the anions and the cations. The coordination ge-
ometry around the Sn' ions and the structural arrangement
indicate active participation of the stereo-active lone pair of
electrons of Sn'!. Similar structural arrangements have been
noted earlier.'!

The role and importance of hydrogen-bond interactions
in open-framework structures have been discussed be-
fore.l> In I-1III, we have both N-H.O and C-H---O inter-
actions. The N-+O (donor-acceptor) distances are in the
range 2.674(4)-3.475(2) A (av. 2.674 A for 1, 2.743 A for 11,
and 2.888 A for III) and the N-H-+O bond angles are in
the range 149.0-174.0° (av. 154.0° for I, 149.0° for II, and
165.3° for III) (Table S1). Similarly, the C---O distances are
in the range 2.767(8)-3.523(5) A (av. 3.334 A for I, 3.297 A
for II, and 3.388 A for III) while the C-H-+O bond angles
are in the range 150-173° (av. 164.7° for I, 165° for II, and
150° for III). From the N-+O and C--O distances, it is
clear that the N-H-+O interactions are stronger than the
C-H---O interactions (Figure S10). It has been argued that
the C-H--+O interactions can provide structural support by
1377

www.eurjic.org



FULL PAPER

P. Ramaswamy, A. Datta, S. Natarajan

B

%2 ., 2 ’%4,4’-bpy

(a)

(b)

(©)

Figure 1. The packing diagram showing the arrangement of Sn'f
oxalate and the amine molecules in (a) [C;oN,Ho][Sn(C,04),] (I),
(0) [C1oN2H 0][Snx(C204)s] (D), and (c) [CsN4Hog][Sn(C,04),]
2H,0 (I1I).

playing an active secondary role and also act as important
“steering forces” in solid-state assemblies.”!! It has been
shown that in the absence of stronger intermolecular inter-
actions, weak hydrogen bonds can be employed gainfully to
direct the crystal design. In our present compounds I-III,
the hydrogen-bond interactions are significant and compar-
able to the values normally encountered in organic solids.l??!

One-Dimensional Structures: [C(N,Hg|,[Sn(C,04)], (IV)
and [C,N,Hgl[SnC,04] (V)

The two one-dimensional compounds IV and V were ob-
tained through a hydrothermal process. We have been able
to synthesize the pure single phasic compound of V both
at low (150 °C/48 h) and high temperatures (150 °C/48 h +
180 °C/24 h). A similar approach, however, did not result
in a pure phase of IV, indicating the unpredictability of the
kinetically controlled processes under hydrothermal condi-
tions.

The asymmetric units of IV and V contain 38 and 21
non-hydrogen atoms, respectively. Of these, two tin atoms
in IV and one tin atom in V are crystallographically inde-
pendent. The Sn atoms in IV have two different coordina-
tion environments. Thus Sn(1) is coordinated by four oxy-
1378
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gen atoms and Sn(2) by four oxygen and two nitrogen
atoms. In V, the Sn atoms are coordinated by four oxygen
and two nitrogen atoms only. The Sn—O bond lengths are
in the range 2.169(3)-2.472(3) A (av. 2.314 A) for IV and in
the range 2.146(2)-2.535(2) A (av. 2.380 A) for V. The Sn—
N bond lengths are in the range 2.491(3)-2.533(4) A (av.
2.512 A) for IV and in the range 2.612(2)-2.613(2) A (av.
2.6125 A) for V. The O/N-Sn—O/N bond angles are in the
range 64.80(11)-136.62(10)° (av. 90.3°) for IV and in the
range 62.77(6)-154.89(6)° (av. 96.2°) for V (Table S1).

The coordination geometry around the Sn'' atoms pres-
ents two distinct units (Figure 2, a). The 4-coordinated Sn"!
atoms [Sn(1)] have a distorted square-pyramidal arrange-
ment with four oxygen atoms in the plane and the vertex
being occupied by the lone pair of electrons, similar to that
observed for compounds I-III. The 6-coordinated Sn™!
atoms have three oxygen and two nitrogen atoms in a plane
forming a pentagon, with the other oxygen atom along with
the lone pair of electrons forming the two vertices, above
and below the plane of the pentagon, giving rise to a pseu-
dopentagonal bipyramidal arrangement. This coordination
geometry around the hexacoordinate Sn'' resembles the 14-
electron species observed in interhalogen compounds such
as [IF¢]". Similar coordination environments for Sn'' have
been observed in the tin oxalate structures reported pre-
viously.[16-18]

(b)

2,2"-bpy

Figure 2. (a) The coordination environment around Sn'' ions in
[C1oN,>Hg),[Sn(C504)]> (IV). The lone pair in both the cases occu-
pies the other vertex (see text). (b) Structure of IV in the ac plane,
showing the arrangement of chains. The bound 2,2’-bpy molecule
is not shown for clarity. Note that the interchain spaces are occu-
pied by the twisted 2,2'-bpy molecule.

The Sn atoms are connected to the oxalate units through
the Sn—O-C bonds, and with the 2,2'-bipyridine and the
1,10-phenanthroline ligands through Sn—N-C linkages. The
C-0, C-N, and C-C bond lengths are in the ranges ex-
pected for this bonding. Selected bond lengths are listed in
Table 2.
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Table 2. Selected bond lengths (A) for compounds I-VI.[]

Bond Length Bond Length
Compound I

Sn(1)-O(1) 2.2960(2) Sn(1)-0(2) 2.1380(2)
Sn(1)-O(1)#1 2.2960(2) Sn(1)-O(2)#1  2.1380(2)
Compound II

Sn(1)-O(1) 2.1533(16) Sn(1)-0(3) 2.2305(16)
Sn(1)-0(2) 2.1894(16) Sn(1)-0O(4) 2.3588(15)
Compound III

Sn(1)-O(1) 2.1744(16) Sn(1)-0(3) 2.2510(16)
Sn(1)-0(2) 2.2307(16) Sn(1)-0O(4) 2.3755(19)
Compound IV

Sn(1)-O(1) 2.1790 (3) Sn(2)-0(6) 2.4580(3)
Sn(1)-0(2) 2.2270(3) Sn(2)-O(7)#1  2.4600(3)
Sn(1)-0(3) 2.2350(3) Sn(2)—(08) 2.617(3)
Sn(1)-0O(4) 2.4720(3) Sn(2)-N(1) 2.4910(3)
Sn(2)-O(5)#1 2.1690(3) Sn(2)-N(2) 2.5330(4)
Compound V

Sn(1)-O(1) 2.1462(16) Sn(1)-0(4) 2.5352(18)
Sn(1)-0(2)#1 2.3535(17) Sn(1)-N(1) 2.6130(2)
Sn(1)-0(3) 2.4852(17) Sn(1)-N(2) 2.6120(2)
Compound VI

Sn(1)-O(1) 2.1720(5) Sn(3)-0O(13) 2.1660(5)
Sn(1)-0(2) 2.3790(5) Sn(3)-0O(14) 2.3410(5)
Sn(1)-0(3) 2.3850(5) Sn(3)-O(15) 2.4160(5)
Sn(1)-0O(4) 2.4490(5) Sn(3)-0O(16) 2.4760(5)
Sn(1)-O(5) 2.4950(5) Sn(3)-0O(17) 2.4850(5)
Sn(1)-O(6) 2.5410(5) Sn(3)-O(18) 2.5120(5)
Sn(2)-0(7) 2.1730(5) Sn(4)-0O(19) 2.1600(5)
Sn(2)-0O(8) 2.3310(5) Sn(4)-0(20) 2.3230(5)
Sn(2)-0(9) 2.4480(5) Sn(4)-0(21) 2.4000(5)
Sn(2)-0O(10) 2.4650(5) Sn(4)-0(22) 2.4790(5)
Sn(2)-O(11) 2.5000(5) Sn(4)-0(23) 2.4990(5)
Sn(2)-0O(12) 2.5460(5) Sn(4)-0(24) 2.5030(5)

[a] Symmetry transformations used to generate equivalent atoms.
For compound I: #1 —x + 1, y, —z + 3/2; for compound III: #1 —x
+ 2, -y, —z + 1; for compound IV: #1 x, —y + 3/2, z — 1/2; for
compound V: #1 x, —y + 3/2, z — 1/2; for compound VI: #1 x, -y
+ 172, z + 1/2.

In the structure of IV, the SnO, units and the SnO4N,
units alternate along the chain and are connected through
the carbon atoms forming a neutral one-dimensional Sn"!
oxalate structure. There are two different 2,2’-bpy units in
the structure. While one of the 2,2"-bpy units is bound to
the Sn'" through the Sn—N bond, the other neutral 2,2'-bpy
unit occupies the interchain spaces (Figure 2, b). This free
2,2'-bpy molecule is not planar, but twisted around the cen-
tral C-C bond with an average torsion angle of 118.9°. In
V, the connectivity between the SnO4N, units (Figure 3, a)
and the carbon atoms forms a neutral one-dimensional
structure. There is only one 1,10-phenanthroline unit in the
structure, which is bound to the Sn'f and protrudes into the
interchain spaces. The presence of the bulkier 1,10-phenan-
throline molecules in V gives rise to zigzag chains (Figure 3,
b). Neither compound IV nor V exhibit any significant hy-
drogen-bond interactions, probably because of the presence
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Figure 3. (a) The coordination environment around Sn' ions in
[C1oNLHg][SnC504] (V). (b) Structure of V in the be plane showing
the arrangement of chains. Note that the chains are arranged to
maximize the m*+7 interactions (see text).

of the bulky ligands, 2,2'-bipyridine and 1,10-phenan-
throline, bound to the Sn'' ions and occupying the in-
terchain spaces.

Two-Dimensional Structure: [CsN>H 4],[Sny(C,04)6l- 7TH,O
(VD

The two-dimensional layered compound VI has been
synthesized under mild conditions, and has been obtained
as a single phasic compound. The asymmetric unit of VI
contains 61 non-hydrogen atoms. There are four Sn atoms
that are crystallographically independent. All Sn atoms are
coordinated to six oxygen atoms with three Sn—O distances
in the range 2.168(5)-2.412(5) A, and three in the range
2.465(5)-2.526(5) A. The O-Sn-O bond angles are in the
range 65.19(2)-145.52(2)° (av. 92.38°) (Table S1). The tin
atoms are connected to the carbon atoms through the oxy-
gen bridges. Similar to compounds I'V and V, the octahedral
Sn has five oxygen atoms lying in a plane forming a penta-
gon, while the sixth oxygen atom and the lone pair of elec-
trons form the two vertices, above and below the plane of
the pentagon, resulting in a pseudopentagonal bipyramidal
arrangement around the Sn'" ions (Figure 4, a). The pentag-
onal bipyramids are arranged such that lone pairs of the
neighboring Sn'! point in opposite directions. Similar coor-
dination environments for Sn'' have been encountered ear-
lier in Sn'! oxalate structures.'®!81 The C-O and C-C dis-
tances of the oxalate groups are in the expected ranges. Se-
lected bond lengths are listed in Table 2.

The structure of VI consists of macroanionic sheets of
formula [Sny(C,04)¢]* with interlamellar [CsN,H,4]>* ions,
which act as the charge compensating cations. In addition,
the interlamellar regions also possess seven molecules of
water. The Sn?* and oxalate ions are connected together,
1379
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giving rise to the extended two-dimensional structure with
highly distorted 12-membered ring apertures (Figure 4, b).
Similar perforated sheets have been observed earlier in Sn'!
oxalates.'®18] The layers are stacked one over the other in
an AAA... fashion (Figure4, c). The protonated amine
molecules occupy the interlamellar region. The disposition
of the amine molecules is such that, in projection, the pro-
tonated homopiperazine appears to occupy the middle of
the perforation formed by the 12-membered rings. The
pores penetrate the sheets in a direction perpendicular to
the plane of the sheet and give rise to a solid with unidimen-
sional channels (about 5.82 % 11.92 A; longest atom-atom
contact distance not including the van der Waals radii).
Similar arrangements have been observed before.!'8]

(a)

(b)

(©)

Figure 4. (a) The coordination environment around Sn' ions in
[CsN,oH 14]5[Sny(C504)6]: 7H,O (VI). (b) Structure of VI in the be
plane, showing a single layer. Note that the 12-membered apertures
are distorted. (c) Structure of VI in the ab plane showing the ar-
rangement of the layers. The amine molecules and the water mole-
cules (not shown) occupy the interlamellar region.

The presence of extraframework water molecules along
with the protonated amine molecules in the interlamellar
region gives rise to significant hydrogen-bond interactions
in VI. Though we did not observe any O-H--O interac-
tions, we have one N-H-O and several C-H---O interac-
tions. The N---O (donor-acceptor) distance for the observ-
able N-H-+O interaction is 3.475(17) A and the N-H-O
bond angle is of the order of 166.0° and can be classified
as a relatively weak hydrogen bond.[>!1 However, there are
many C-H---O interactions and they appear to be signifi-
1380
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cant. As mentioned earlier, the layered Sn" oxalate, VI, ap-
pears to be a good example to demonstrate the importance
of C—H---O interactions in steering the solid-state assembly
and directing the formation of the structure.?!! The ob-
served C++O distances are in the range 2.762(9)-3.435(2) A
(av. 2.993A), while the C-H-+O bond angles are in the
range 150.0-173.0° (av. 161.25°), all of which indicate rea-
sonable hydrogen-bond interactions. It is clear that in VI
the C-H---O interactions are dominant.

Six new tin oxalates I-VI have been synthesized by hy-
drothermal methods and their structures determined by sin-
gle-crystal X-ray diffraction. Although all the compounds
involve bonding between the oxalate units and Sn>* ions,
they exhibit distinct differences. While I, II, and IIT are
zero-dimensional, IV and V are one-dimensional, and VI
has a two-dimensionally extended structure.

It is to be noted that the two zero-dimensional structures
I and II have been formed employing the same organic li-
gand, 4,4'-bipyridine. The synthesis conditions employed
for I and II are different; while I is formed in the presence
of additional H3PO, at a higher temperature (180 °C), II
is formed at a lower temperature (150 °C). Comparing the
synthesis conditions of I and III, the presence of excess ox-
alic acid seems necessary (Table S2). Structurally I and III
are simple monomers, whereas II is a dimer. In the light of
the formation of such simple structures, it is to be noted
that the parent Sn'' oxalate has a one-dimensional chain
structure (Figure 5, a).[>3] The starting Sn'! oxalate does not
dissolve normally at room temperature, and a combination
of pH, pressure, and temperature plays a crucial role in
breaking the chain into simpler building units (e.g., mono-
mer, dimer, etc.), which then reassemble around the cations
giving rise to the structures of I, I, and III. Such a dissol-
ution and recrystallization mechanism has been suggested
as one of the possible pathways for the formation of frame-
work structures.?4

The one-dimensional structures of IV and V have been
prepared in the presence of 2,2'-bipyridine and 1,10-phen-
anthroline, respectively. In IV, 2,2’-bpy molecules bind se-
lectively to only one of the Sn'' ions (IV), whereas 1,10-
phenanthroline binds to all the Sn'" ions (V). This selective
binding of the 2,2’-bpy ligand has resulted in two distinct
types of coordination (four and six) for Sn'' ions in IV,
whereas only one type of coordination (six) is observed in
V. We also observe the presence of a free 2,2'-bipyridine
unit in between the chains, which is reflected in an increase
of the interchain distance in 1V, compared to V. The “¢”
lattice parameter in IV is about 5 A longer than in V,
though the structures of IV and V are comparable. The in-
crease in the “c” parameter is approximately equivalent to
the length of the 2,2'-bipyridine molecule. The structures of
IV and V have comparable features to a previously reported
one-dimensional tin(I1) oxalate, [CsHsN][SnC,O4]!!7 (Fig-
ure 5, b).

As the one-dimensional compounds IV and V have been
prepared from a reaction mixture that contains Sn'! oxalate,
which itself is one-dimensional, it is pertinent to compare
the 1D structures of IV and V with the parent Sn'' oxalate
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Figure 5. View of the one-dimensional Sn'! oxalate structures in the
be plane. (a) The parent Sn'' oxalate, SnC,0y,, (b) Sn'! oxalate with
5-coordinate Sn'' atom, [CsHsN][SnC,04], (¢) [CoN>Hg][Sn-
(C,04)], (IV), and (d) [C12N2Hg][SnCy04] (V).

structure (Figure 5, a—d). In the starting Sn" oxalate, the
Sn'! ions are exclusively 4-coordinate with respect to the
oxygen atoms, whereas both 4- and 6-coordination for Sn
have been observed in the present compounds. The higher
coordination of Sn, obviously, is due to the ligation by 2,2’-
bpy and 1,10-phenanthroline molecules in IV and V, respec-
tively. The compounds IV and V, as well as the parent Sn'!
oxalate, have a bent structure (zigzag) with a bend angle of
about 79.1°. The interchain distance, however, varies be-
tween the three structures, with the largest distance ob-
served in IV, because of the presence of the extra 2,2'-bipy
between the chains (Figure S8). It has been observed that
the 5s? lone pair in Sn'' compounds occupies a volume
equivalent to that of an oxide ion 0% (about 11.98 A3).23
As the lone pair occupies considerable volume, it is ex-
pected to create reasonable stress on the one-dimensional
tin oxalate chains, which results in a zigzag arrangement.
Compound VI has a layered structure with features com-
parable to other two-dimensional Sn'! oxalate structures re-
ported in the literature.l'8! As there are not many reports of
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bivalent oxalate structures available in the literature,[%-2! it
is illustrative to compare the present structure with other
bivalent oxalate structures. Thus, while VI shows compar-
able structural features with the Sn'' oxalate, [(CHj),-
NH(CHz)zNH(CH3)2]2+[Snz(C2O4)3]27‘H20,[18] it exhibits
significant differences from other layered bivalent oxalates,
for example, [C4N,H 5][Zn,(C,04)5]-4H,0®! (Figure 6, a,b).
The oxalate structures of bivalent elements (zinc and co-
balt) are built up from the connectivity between the metal
atoms and the oxalate units, forming near-perfect honey-
comb layers. In the present structure, the honeycomb layers
are highly distorted because of the presence of the bulky
stereoactive lone pair of electrons of Sn". The lone pair
manifests itself within the structure in such a way that the
Sn' oxalate layers are not planar and the apertures are
highly distorted.

European Journal
of Inorganic Chemistry
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(b)

Figure 6. The two-dimensional bivalent oxalate structures, (a)
[CsNLH 14][Sng(Cy04)6)7H,O  (VI) and (b) zinc(Il) oxalate,
[CaNoH 15][Zny(C,04)5]-4H,0.

As mentioned earlier, the one-dimensional compounds,
IV and V, do not possess any hydrogen-bond interactions.
In the absence of such interactions, the structural stability
might be due to the n-m interactions between the ligand
amines, 2,2'-bpy and 1,10-phenanthroline. There has been
considerable interest in the study of n--*w interactions, espe-
cially in their role in the structural arrangement and sta-
bility in organic n-conjugated systems.[?”->8 To evaluate and
understand the nature of m*+1 interactions, we have carried
out simple calculations. Our studies reveal that the m--m in-
teractions between the various heterocyclic ligands are neg-
ligible, except in V. From the arrangement of the 1,10-phen-
anthroline molecules in V, one can expect favorable m-n
interactions. We find that the centroid—centroid distance d
between the 1,10-phenanthroline rings is 3.51 A and the in-
terplanar angle 6 = 0.42°. The interplanar angle (¢), which
is close to zero, indicates that the 1,10-phenanthroline rings
1381
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are arranged one over the other, but the stacking is in an
antiparallel direction (Figure S7). This type of stacking is
commonly observed in systems exhibiting dipolar proper-
ties. To understand the role of the n-**7 interactions, we have
performed calculations using the AMI-parameterized
Hamiltonian available in the Gaussian program suite.[?%-3!]
AMI1 methods, along with a semiclassical dipolar descrip-
tion, have been employed recently to establish the relation-
ship between the stability and geometries of organic mole-
cules.*?! From these calculations, the dipole moment of the
1,10-phenanthroline molecules was found to be 1.2 Debye;
the dipole moment value for the stacked arrangement of
the rings, however, was found to be zero. The antiparallel
arrangement of the 1,10-phenanthroline molecules reduces
the dipole—dipole repulsion and facilitates m-electron polar-
izations, which play an important role in the observed struc-
tural stability of V. The strength of the m--m interactions
has also been evaluated based on single-point energy calcu-
lations, without the symmetry constraints, based on the
crystal structure geometry. The 7-++7 interaction energy was
found to be in the range 5-6 kcalmol™!, which is compar-
able to the intermediate hydrogen-bond strength (about
10 kcalmol ') in N-H++O and O-H-+O systems.?!]

Compounds I, II, and IV present a unique situation be-
cause of the presence of aromatic molecules such as 4,4'-
bpy (I and II) and 2,2’-bpy (IV) in between the tin(IT) oxal-
ate units. The presence of such aromatic ligands (7 systems)
can contribute to the stability through the lone-pair (Sn'")—
n orbital interactions. We have taken compounds IT and IV
as model systems for evaluating lone-pair interactions, and
have employed natural bond orbital (NBO) analysis.3%-33
The minimum distances between the Sn'! ions and the aro-
matic rings are 3.686 A and 2.841 A, for II and IV, respec-
tively. These distances are less than the sum of the van der
Waals radii of Sn and C (van der Waals radii of Sn and
Care 2.17 A and 1.70 A, respectively). We have used a rela-
tivistically corrected effective core potential (ECP) of
LANL2DZ for the Sn atom and a standard 6-31+g(d,p)
basis for C, H, and N. Based on the NBO analysis, one
observes a natural population of +1.17¢ on the Sn' ion and
the rest on the ligand for II. For IV, the natural population
is +1.31e on the Sn'". The substantially lower positive
charge on the Sn atom and the delocalized balance of
charge of the aromatic ring are suggestive of reasonable in-
teractions between the metal ion and the aromatic systems.
The plots of the NBO orbitals for II and IV show interac-
tions between the lone pair on Sn and & orbitals in the ring
(Figure S9). The n* orbitals of the bipyridyl group are
empty and can accept the lone pair of electrons from the
Sn!! atom.?*! Thus, the NBO calculations reveal that lone-
pair/r interactions can also contribute towards the struc-
tural stability.

The formation of a hierarchy of structures in the family
of Sn'" oxalates indicates that it is possible to visualize the
formation of such structures through a building-up process.
It has been shown recently!®*! that a monomeric zinc oxalate
species progressively transforms to 1D, 2D, and 3D struc-
tures depending on the reaction conditions. Similarly, one
1382
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can visualize the formation of higher-dimensional struc-
tures from simple monomer species.*®) The compounds I-
VI have been prepared using Sn!' oxalate as the starting
material, which has a one-dimensional structure. It is clear
that in all the cases the parent Sn'' oxalate breaks down
under the hydrothermal condition to form the simple mo-
nomeric Sn'' oxalate units, which are then reassembled.
Based on this view, a possible pathway for the formation of
the various structures may be considered from the mono-
mer (Figure S11). A mechanism of this kind is feasible as
the pathway involves the addition or the removal of the
oxalate or Sn"' oxalate species progressively. Further work
is required to correlate and understand the various factors
that can play an important role in the formation of such
structures.

Conclusions

The synthesis of six new Sn'! oxalates possessing a hier-
archy of structures has been accomplished. The present sol-
ids represent examples illustrating the importance of weak
intermolecular forces like hydrogen bonding, © stacking and
lone-pair/m interactions in the synthesis and structural sta-
bility of lower-dimensional compounds. The isolation of
new types of zero- and one-dimensional Sn'! oxalates offers
clues towards our understanding of the formation of com-
plex structures within the family of oxalates. Our studies
indicate that the lone pair of electrons plays an important
role in the control of the formation of a particular structure.

Experimental Section

Synthesis: Compounds I-VI were synthesized under hydrothermal
conditions starting from a mixture containing tin(II) oxalate, oxalic
acid, and an organic amine. The various synthesis conditions em-
ployed in the present study are presented in Table 3. In all the cases,
the reaction mixtures were homogenized for about 30 min at room
temperature and heated in a 23-mL PTFE-lined stainless steel acid
digestion bomb for varying time periods and temperatures. The
initial and final pH of the reaction mixtures, in all the cases, did
not show any appreciable variation. The resulting products in I, II,
III, and IV predominantly contained an unidentified white powder
with a few isolated plate-like (I, II), needle-like (III), or block-like
(IV) single crystals. The powder was found to be poorly crystalline
and did not correspond to the structures of the accompanying com-
pounds. In spite of our repeated attempts, we were not able to
prepare the compounds in pure form and hence other than the
single-crystal structure, we have not been able to characterize them
completely (Table S2). However, in the case of V and VI, large
quantities of block-like and needle-like crystals admixed with a
small amount of white powder were obtained. The crystals were
easily separated manually under the microscope for further studies
and characterizations. In all the preparations, the products were
washed with deionized water and dried at ambient conditions.

Single-Crystal Structure Determination: A suitable colorless single
crystal of each compound was carefully selected and the single-
crystal diffraction data were collected on a Bruker AXS Smart
Apex CCD diffractometer at room temperature (293 K). The X-ray
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Table 3. Synthesis conditions for compounds I-VIL.
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No. Synthesis condition Composition
Mole ratio Temp. [°C] Time [h] pH

1 SnC,04/2H5P0,/1.5(4,4'-bipy)/167TH,O 150 + 180 48 + 48 3.5 [C1oNLH ][Sn(C,04),], I + unidentified phase

2 SnC,0,4/3(4,4'-bipy)/167TH,O 150 + 180 48 + 48 5.0 [C1oN,H ][Sna(C504)5], IT + unidentified phase

3 SnC,04/4H,C,0,/1.5BAPEN/167H,0 150 + 180 48 + 24 7.0 [CgN4H6][Sn(C504)5]5:2H,0, I +

unidentified phase
4 SnC,04/4H,C,0,/1.5BAPEN/1H;PO,/167H,O 150 + 180 48 + 24 4.0 [CgN4H6][Sn(C504),]52H,0, T +
unidentified phase

5 SnC,04/1H;5PO,/1(2,2'-bipy)/278H,O 150 + 180 48 + 48 4.0 [C1oN,Hgl[Sn(C,04))5, IV + unidentified phase

6 SnC,04/1.0H3PO,4/3(1,10-phen)/167H,0 150 + 180 48 + 48 3.0 [C1aNLH][SnC,04], V

7 2SnC,04/ 1THOMOPIP/110H,O 125 48 6.0 [C1oN4H5][Sn4(C504)6] 7H-0, VI

Table 4. Crystal data and structure refinement parameters for compounds I-VL[
1 1 I v A% \%!

Empirical formula C4H(N,OgSn Ci3H(N,O4Sn CgH;sN>OoSn Co4H gN4OgSn,  C4HgN,O4Sn C5,H55N4O5,Sny

Formula mass 452.93 408.92 401.91 725.80 386.91 1319.24

Crystal system monoclinic triclinic triclinic monoclinic monoclinic monoclinic

Space group C2,/¢ (no. 15) PI (no. 2) P (no. 2) P2,/c (no. 14) P2,/c (no. 14) P2,/c (no. 14)

Crystal size [mm] 0.20X0.10%x0.08 0.20X0.12x0.10  0.16 X0.08 X0.06 0.14X0.12X0.08 0.12Xx0.10x0.08 0.18x0.08 X 0.06

a[A] 13.839(9) 7.4500(15) 6.3035(11) 10.170(2) 9.6764(19) 16.954(6)

b [A] 5.179(3) 9.1380(18) 7.6671(14) 16.232(4) 16.407(3) 20.500(7)

¢ [A] 21.720(14) 11.140(2) 14.162(3) 14.686(3) 8.9254(18) 11.693(4)

a[°] 90 102.197(3) 88.232(3) 90 90 90

M| 103.445(9) 106.850(3) 79.512(3) 93.767(4) 113.391(3) 96.061(6)

7 [°] 90 92.178(3) 82.416(3) 90 90 90

VA3 1514.2(17) 705.4(2) 667.1(2) 2419.0(9) 1300.6(4) 4041(2)

V4 4 2 2 4 4 4

Temp. [K] 293 293 293 293 293 293

Peated [gCM 7] 1.987 1.925 2.001 1.996 1.976 2.168

4 [mm™!] 1.737 1.843 1.962 2.124 1.982 2.553

Wavelength [A] 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073

0 range [°] 1.93-27.94 1.96-28.03 2.68-27.98 1.87-28.06 2.48-28.07 1.56-28.07

Collected reflections 6023 8242 5810 20753 14738 34615

Unique reflections 1757 3272 3024 5714 3091 9457

Parameters 114 199 189 344 190 550

Goodness of fit 1.103 1.119 1.063 1.036 1.149 1.135

Rindex [ > 20(I)] R, = 0.0324, R, =0.0222, R, =0.0213, R, = 0.0405, R, =0.0235, R, = 0.0557,
wR, = 0.0749 wR, = 0.0544 wR, = 0.0506 wR, = 0.0708 wR, = 0.0580 wR, = 0.1120

R (all data) R, =0.0371, Ry =0.0248, R, =0.0235, R, = 0.0755, R, =0.0285, R, =0.0816,
wR, = 0.0770 wR, = 0.0557 wR, = 0.0517 wR, = 0.0815 wR, = 0.0602 wR, = 0.1208

Largest diff. peak

and hole [e A 7] 0.946 and —-0.634  0.295 and —0.498

0.490 and -0.276

0.626 and -0.717  0.334 and —0.958  1.419 and -1.606

[a] Ry = S| — [FZIFol; wRy = {Z[w(Fy> — FAOVZWES) Y w = U[p(F)* + (aP)* + bP); P = [max(F,)* + 2(F.)’)/3, where a
0.0417 and b = 0.7807 for I, @ = 0.0271 and b = 0.1818 for II, a = 0.0248 and b = 0.3628 for III, @ = 0.0254 and b = 1.8879 for 1V, a

0.0281 and b = 0.5440 for V, and a = 0.0307 and b = 23.0260 for VI.

generator was operated at 50 kV and 35 mA using Mo-K, (4
0.71073 A) radiation. Data were collected with w-scans of width
0.3°. A total of 606 frames were collected in three different settings
of ¢ (0, 90, and 180°), keeping the sample-to-detector distance fixed
at 6.03 cm and the detector position fixed at —25°. Pertinent experi-
mental details of the structure determination are listed in Table 4.

The data were reduced using SAINTPLUSP! and an empirical ab-
sorption correction was applied using the SADABS program.[*8]
The crystal structure was solved and refined by direct methods
using SHELXL-97 present in the WinGx suite of programs.[*”l The
hydrogen positions were initially located in the difference Fourier
maps, and for the final refinement the hydrogen atoms were placed
in geometrically ideal positions and refined using the riding mode.
The lattice water molecules in VI were found to be disordered,
which precluded the location of the hydrogen positions. Because of
the disorder, we have employed isotropic refinement for the water
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molecules. The last cycles of refinements included all the atomic
positions, anisotropic thermal parameters for all the non-hydrogen
atoms, and isotropic thermal parameters for all the hydrogen
atoms. Full-matrix least-squares structure refinement against |F]?
was carried out using the WinGx suite of programs.’!

CCDC-629169 (for T), -629170 (for II), -629171 (for III), -629172
(for IV), -629173 (for V), and -629174 (for VI) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccde.cam.ac.uk/data_request/cif.

Initial Characterizations: The two pure Sn'! oxalates, V and VI,
were characterized using powder X-ray diffraction (XRD) (Figure
S1, S4), infrared spectroscopy (IR) (Figure S2, S5), thermogravime-
tric analysis (TGA) (Figure S3, S6), and elemental analysis.
TGA studies were performed in flowing oxygen (flow rate =
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100 mLmin') in the temperature range 30-800 °C (heating rate =
5 °Cmin!; Mettler-Toledo, TG850). Infrared spectra (IR) were re-
corded in the range 4004000 cm ' using the KBr pellet method
(Perkin—Elmer, SPECTRUM 1000). The powder X-ray diffraction
pattern was recorded on crushed single crystals in the 26 range 5—
50° using Cu-K,, radiation (Philips, X’pert Pro). The XRD patterns
indicated that the products were new and entirely consistent with
the simulated XRD patterns obtained from the single-crystal struc-
tures. Elemental analysis of the compounds was carried out using
atomic absorption spectroscopy (ThermoFinnigan Flash EA 1112
CHNS analyzer). The C, H, and N analyses of V and VI are as
follows. V: calcd. C 43.42, H 2.07, N 7.24; found C 43.01, H 1.98,
N 7.11; VI: caled. C 19.81, H 3.15, N 4.20; found C 19.19, H 2.96,
N 3.92.

The IR spectra of V and VI show similar features (Figure S2, S5).
The following bands (cm™') have been observed, for V: v(C-H) =
2919, o, (C-H) = 1509, v,{(CO) = 1661, v(CO) = 1423, v(O-C-0)
= 1342, 1290, 5(0-C-0O) = 840, 781, v(C-C) = 1238, and for VI:
vs(O-H) = 3555, vy(N-H) = 3024, 6(N-H) = 1878, v,(C-H) = 2806,
vs(CO) = 1619, v(CO) = 1421, v(O-C-0O) = 1348 cm™!, 1298,
d(0O-C-0) = 895, 787, v(C-C) = 1358.

The results of the TGA studies indicated two weight losses for both
the compounds (Figure S3, S6). For V, a sharp weight loss in the
region 250-300 °C was followed by a tail between 350-425 °C. For
VI, an initial weight loss around 100 °C was followed by a sharp
loss in the region 250-300 °C. The total observed weight losses for
V and VI were 60.01% and 56.12%, respectively. The weight loss
corresponded to the loss of the amine and oxalate units for V
(caled. 61.1%) and to the loss of lattice water, amine, and the oxa-
late units for VI (calcd. 59.03%). The final products, in both the
cases, were found to be poorly crystalline, as found by powder
XRD, and the majority of the XRD lines corresponded to the crys-
talline phase SnO, (JCPDS: 00-005-0467).

Supporting Information (see footnote on the first page of this arti-
cle): Powder XRD patterns, IR spectra and TGA curves for com-
pounds V and VI, along with the stacking diagram of 1,10-phen
rings for compound V; figures of the coordination geometries
around the central Sn'' atom in compounds I-VI, the NBO plots
for compounds II and IV, as well as the electron-density plot for
compound I; a schematic representation of a possible pathway for
the formation of the various tin oxalate species starting from the
monomer, as well as the details of the DFT calculations for the
w1 interactions; selected bond angles for compounds I-VI; details
of the synthesis conditions.
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