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Crystal Structures of Dinuclear, 1D Polymeric Chain, and 2D Network
Polymers Containing Chiral (+)-(1R,3S)-Camphoric Acid and meso-cis-4-
Cyclohexene-1,2-dicarboxylic Acid Ligands
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Eight new chiral triorganotin(IV) complexes, (R3Sn),[CgHyy4-
(COO),] (R = CeHs: 1; PhCH,: 2), {(RySn)s[CsH;4(COO),]},
(R = nBu: 3; Me: 4), (R3Sn),[CsHg(COO),] (R = CgHs: 55
PhCHo,: 6), {(R3Sn)[CsHg(COO),]}, (R = nBu: 7), and {(R3Sn),-
[CgH14(COO),]}n (R = Me: 8) have been synthesized by the
reaction of (+)-(1R,3S)-camphoric acid and meso-cis-4-cyclo-
hexene-1,2-dicarboxylic acid with triorganotin(IV) chloride
in the presence of sodium ethoxide. All of the complexes
were characterized by elemental analysis, FT-IR, NMR ('H,
13C and !'9Sn) spectroscopy, and TGA. Except for 2, 5, and
6, all of the complexes were also characterized by X-ray crys-
tallography. Complex 1 has a dinuclear structure, and com-

plex 3 has a 1D zigzag chain structure and forms a 3D or-
ganotin framework through weak intermolecular O--Sn in-
teractions. Complex 7 also has a 1D zigzag chain structure
in which meso-cis-4-cyclohexene-1,2-dicarboxylic acid acts
as a bidentate ligand coordinated to tri-n-butyltin(IV) ions.
Complexes 4 and 8 have 2D network structures in which (+)-
camphoric acid and meso-cis-4-cyclohexene-1,2-dicarboxy-
lic acid act as tetradentate ligands coordinated to trimethyl-
tin(IV) ions.

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

Introduction

Metal-directed self-assembly has become a powerful tool
for the construction of systems containing cavities or pos-
sessing intrinsic physical and chemical properties that are
promising for the creation of new materials and new metal-
based drugs.['! Among them, the self-assembly of organotin
complexes is attracting more and more attention in view of
their considerable structural diversity and topologies.?! A
multitude of structure types including monomers, dimers,
tetramers, oligomeric ladders, and hexameric drums have
been discovered.’! In our previous work, through the self-
assembly of organotin moieties with appropriate multifunc-
tional ligands, we obtained numerous novel and interesting
organotin complexes. For example, we reported several
macrocycles, including a macrocycle containing five tin nu-
clei with heterocyclic sulfur and nitrogen donor ligands, a
48-membered macrocycle with eighteen tin nuclei and 2-
mercaptonicotinic acid, as well as a macrocyclic complex
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with eight tin nuclei and 2-mercapto-4-methylthiazol-5-yla-
cetic acid. Furthermore, we also reported some organotin
carboxylates with trinuclear, 1D chain, and 2D
network structures.!

Although considerable advances have been made in the
development of the self-assembly of organotin complexes,
only a relatively small number of chiral complexes of this
type have been reported. Over recent years there has been
increased interest in the self-assembly of chiral organotin
complexes owing to their potential biocidal activities and
cytotoxicities.[®) For example, Metzger et al. as well as
Nanni and Curran prepared organotin complexes contain-
ing the C,-symmetric binaphthyl moiety.l”! A series of or-
ganotin complexes containing the intramolecularly coordi-
nating chiral 2-[(1S)-1-(dimethylamino)ethyl]phenyl ligand
(L*) also displayed some enantioselectivity in free radical
reductions.®! During the last few years, some chiral or-
ganotin(IV) carboxylates have been prepared, and some
structural types have been discovered.[’’ To continue the
work in this field, we selected the chiral dicarboxylic acid
(+)-(1R,3S)-camphoric acid and the meso-cis-4-cyclohex-
ene-1,2-dicarboxylic acid as bridging ligands, and suc-
ceeded in obtaining eight chiral triorganotin complexes.
Herein we report the studies on the syntheses, characteriza-
tions, and crystal structures of these chiral triorganotin
complexes.
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Results and Discussion

Syntheses

The reactions of (+)-(1R,3.S)-camphoric acid or meso-cis-
4-cyclohexene-1,2-dicarboxylic acid and sodium ethoxide
with triorganotin(IV) chloride in a 1:2:2 stoichiometry af-
ford the air-stable complexes 1-8. The synthetic procedures
are shown in Scheme 1.
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Scheme 1.

Spectroscopic Studies

IR

The stretching frequencies of interest are those associated
with the COO, Sn—C, and Sn-O groups. The strong ab-
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sorption bands that appear at 437-458 cm™! in the IR spec-
tra of the complexes 1-8, which are absent in the spectra of
the free ligands, are assigned to the Sn—O stretching mode
of vibration. Also, the strong absorption bands that appear
at 1600-1686 and 1342-1466 cm™! in these spectra are as-
signed to the asymmetric and symmetric vibrations of the
COO moiety, respectively. All of these values are consistent
with those detected in a number of organotin(IV) deriva-
tives.1%

NMR

The 'H NMR spectra show the expected integrations
and peak multiplicities. The 3C NMR spectra of all of the
complexes show a significant downfield shift for all of the
carbon resonances compared with those of the free ligands;
this shift is a consequence of an electron-ensity transfer
from the ligand to the acceptor. The single resonances at ¢
= 168.7-178.7 ppm are attributed to the COO  groups in
complexes 1-8. These data are consistent with the struc-
tures of 1-8. The "”Sn NMR spectra of the complexes
show resonances between ¢ = -39.4 and —143.8 ppm. As
reported in the literature,['' § values for ''?Sn NMR spectra
in the —210 to —400, —90 to —190, and 200 to —60 ppm ranges
have been associated with hexa-, penta-, and tetracoordi-
nated tin centers, respectively. On this basis, we can con-
clude that complexes 1, 2, 5, and 6 are typically tetracoordi-
nate and that complexes 4, 7, and 8 are typically pentacoor-
dinate. Complex 3 has two signals at 6 = —118.5 and
—-39.4 ppm, which thus indicate the existence of two dif-
ferent coordination environments around the tin atoms for
this complex. These coordination assignments are con-
firmed by the X-ray crystal structures of complexes 1, 3, 4,
7, and 8.

Crystal Structures

X-ray Crystallographic Study of Complex 1

The molecular structure of complex 1 is illustrated in
Figure 1, and selected bond lengths and bond angles are
given in Table 1. As can be seen from Figure 1, complex 1
is a triphenyltin ester of (+)-(1R,3S)-camphoric acid pos-
sessing an unequivocal structure. Both tin atoms [Sn(1) and
Sn(2)] have different environments. For Sn(2), there are four
primary bonds to the central tin atom: three to the phenyl
groups and one to the oxygen atom. The Sn(2)-O(3) bond
length is 2.051(6) A and approaches that which has been
reported as the Sn-O covalent bond length (2.13 A),[12
which proves that the O(3) atom is coordinated to the tin
atom by a strong chemical bond. The Sn(2)---O(4) distance
(2.805 A) is considerably shorter than the sum of the
van der Waals radii of the Sn and O atoms (3.68 A),l'2 but
the oxygen atom is not involved in any intramolecular inter-
actions with tin. Thus, the geometry of Sn(2) is best de-
scribed as monocapped-tetrahedral. For Sn(1), there are
five primary bonds to the central tin atom: three to the
phenyl groups and two to the oxygen atoms. The Sn(1)-
O(1) bond length is 2.063(6) A, which is a little longer than
1927

www.eurjic.org



FULL PAPER

C. Ma, Q. Wang, R. Zhang

Figure 1. Molecular structure of complex 1.

the Sn(2)-O(3) bond [2.051(6) A] and approaches the Sn—
O covalent bond length (2.13 A); thus, it is also a strong
chemical bond. The Sn(1)-O(2) bond length is 2.690(6) A,
which is longer than the Sn-O covalent bond length
(2.13 A) but considerably shorter than the sum of the
van der Waals radii of the two atoms (3.68 A).l'2 Therefore,
if the Sn(1)-O(2) interaction is included, the geometry at
Sn(1) is a distorted cis-trigonal bipyramid with one of the
phenyl carbon atoms [C(23)] and the O(2) atom in the axial
sites. Another two phenyl carbon atoms [C(11) and C(17)]

Table 1. Selected bond lengths [A] and angles [°] for complex 1.

Sn(1)-0(1) 2.063(6) Sn(2)-0(3) 2.051(6)
Sn(1)-0(2) 2.690(6) Sn(2)-C(41) 2.108(7)
Sn(1)-C(17) 2.115(9) Sn(2)-C(35) 2.128(9)
Sn(1)-C(23) 2.134(9) Sn(2)-C(29) 2.145(9)
Sn(1)-C(11) 2.146(10)

O(1)-Sn(1)-C(17)  106.9(3) C(23)-Sn(1)-0(2)  150.5(3)
O(1)-Sn(1)-C(23)  97.6(3) C(11)-Sn(1)-0(2)  85.9(3)
C(17)-Sn(1)-C(23) 110.5(3) 0(3)-Sn(2)-C(41)  94.3(3)
O(1)-Sn(1)-C(11)  110.2(3) 0(3)-Sn(2)-C(35) 111.6(3)
C(17)-Sn(1)-C(11) 120.0(4) C(41)-Sn(2)-C(35) 109.8(3)
C(23)-Sn(1)-C(11) 109.3(4) 0(3)-Sn(2)-C(29)  109.2(3)
O(1)-Sn(1)-0(2)  52.9(2) C(41)-Sn(2)-C(29) 110.9(3)
C(17)-Sn(1)-0(2)  80.7(3) C(35)-Sn(2)-C(29) 118.4(3)

occupy the equatorial plane. Because it is part of a chelating
carboxylate group, the O(1)-Sn(1)-O(2) angle is not 90° but
52.9(2)° and the C(23)-Sn(1)-O(2) angle is 150.5(3)°; this
proves the distortion of the geometry.

X-ray Crystallographic Study of Complexes 3 and 7

The repeating unit, 1D infinite zigzag chain, and 3D su-
permolecular structure of complex 3 are illustrated in Fig-
ures 2, 3, and 4, respectively; the repeating unit and 1D infi-
nite zigzag chain of complex 7 are illustrated in Figures 5
and 6, respectively; selected bond lengths and bond angles
for these complexes are given in Table 2. The geometries of
all the tin atoms in complex 3 can be classified into two
types: tetracoordinate [Sn(2)] and pentacoordinate [Sn(1)].
Each of the tetracoordinate tin atoms — Sn(2), for example —
forms three short Sn—C bonds as part of the Sn-butyl
groups and one Sn—O bond as part of the monodentate
carboxylate groups; the geometry of the tin center displays
a distorted tetrahedral coordination environment with six
angles ranging from 95.2(7)° to 121.2(10)°. Furthermore, it
is noteworthy that a weak intermolecular Sn---O interaction
is recognized between the Sn(2) and O(4A) atoms [O(4A) is
part of the adjacent monodentate carboxylate group]. The
Sn(2)~+O(4A) distance (2.953 A) is considerably shorter

Figure 2. Repeating unit of complex 3 (the additional carbon atoms of the Sn—n-butyl groups are omitted for clarity).
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Figure 4. 3D metal framework of complex 3 made up of intermolecular weak Sn---O interactions.

Figure 5. Repeating unit of complex 7.

than the sum of the van der Waals radii of the Sn and O
atoms (3.68 A). Thus, if the weak Sn-+-O interaction is con-
sidered, the geometry of Sn(2) is best described as distorted
trigonal-bipyramidal. The Sn—-C bond lengths [2.07(2)-
2.10(2) A] are consistent with those reported in other tri-
organotin carboxylates.!'3) The Sn(2)-O(3) distance
[2.106(9) A] is a little longer than the Sn-O distance re-
ported in [Ph3;Sn(O,CC¢Hs)[!'4! and approaches the sum of
the covalent radii of Sn and O (2.13 A) but is much shorter
than the sum of the van der Waals radii of Sn and O (3.68).
Each of the pentacoordinate tin atoms — Sn(1), for exam-
ple — forms three short Sn—C bonds as part of the Sn—butyl
groups and two Sn—O bonds as part of the carboxylate
groups. Thus, the tin atom is at the center of a distorted
trigonal bipyramid and is surrounded axially by two oxygen
atoms and equatorially by three carbon atoms of the Sn—
butyl groups. The angle formed by the axial ligands [O(1)-
Sn(1)-O(2A)] is 173.3(3)°. Three Sn—butyl groups define the
equatorial plane, and the sum of the trigonal C-Sn-C
angles is 356.1°. The carboxylate ligand bridges two sym-
metry-related Sn atoms and gives rise to the unequal Sn—O
bond lengths. This inequality is reflected in the C(13)-O

Eur. J. Inorg. Chem. 2008, 1926-1934 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim WWW.eurjic.org 1929
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Figure 6. 1D polymeric chain of complex 7 (the additional carbon atoms of the Sn—n-butyl groups are omitted for clarity).

bond length, and the longer C(13)-O(1) length [1.24(2) A]
is associated with the shorter Sn(1)-O(1) length
[2.144(9) A], which is similar to other reported triorganotin
polymeric  structures.'> The Sn(1)-O(2A) distance
[2.512(9) A] is longer than in other reported triorganotin
complexes.*®! All of this information indicates that the
Sn(1)-O(2A) interaction is a coordinate bond.

Table 2. Selected bond lengths [A] and angles [°] for complexes 3
and 7.

Complex 3

Sn(1)-C(9) 2.08(2) Sn(2)-C(28) 2.10(2)
Sn(1)-C(1) 2.11(2) Sn(2)-C(32) 2.092(19)
Sn(1)-C(5) 2.14(2) Sn(2)-0(3) 2.106(9)
Sn(1)-O(1) 2.144(9) Sn(2)-C(23) 2.18(2)
Sn(1)-O(2A) 2.512(9) O(2)-Sn(1B) 2.512(9)
C(9)-Sn(1)-C(1)  111.9(10) C(5)-Sn(1)-O(2A)  84.8(6)
C9)-Sn(1)-C(5)  122.5(9) O(1)-Sn(1)-0O(2A)  173.3(3)
C(1)-Sn(1)-C(5)  121.4(10) C(28)-Sn(2)-C(32)  122.6(9)
C(9)-Sn(1)-O(1)  98.4(7) C(28)-Sn(2)-0O(3) 102.1(7)
C(1)-Sn(1)-O(1)  92.8(7) C(32)-Sn(2)-0O(3) 98.7(6)
C(5)-Sn(1)-O(1)  99.1(7) C(28)-Sn(2)-C(23)  115.3(10)
C(9)-Sn(1)-O(2A) 84.0(7) C(32)-Sn(2)-C(23) 116.8(11)
C(1)-Sn(1)-O(2A) 80.5(7) O(3)-Sn(2)-C(23) 93.9(7)
Complex 7

Sn(1)-C(17) 2.133(8) Sn(1)-O(1) 2.189(5)
Sn(1)-C(13) 2.134(9) Sn(1)-O(2A) 2.479(6)
Sn(1)-C(9) 2.140(11)

C(17)-Sn(1)-C(13) 119.9(4) C(9)-Sn(1)-0O(1) 97.1(3)
C(17)-Sn(1)-C(9) 112.1(4) C(17)-Sn(1)-0O(2A) 87.1(3)
C(13)-Sn(1)-C(9) 127.3(4) C(13)-Sn(1)-O(2A) 87.8(3)
C(17)-Sn(1)-O(1)  89.4(3) C(9)-Sn(1)-O(2A)  86.5(3)
C(13)-Sn(1)-O(1) 91.7(3) O(1)-Sn(1)-O(2A)  175.7(2)

The intermolecular C=0O—Sn coordination in complex 3
leads to 1D infinite zigzag chains containing the tin centers
and carboxylate groups, which is consistent with another
organotin(IV) complex that has been reported.l'® The 1D
infinite zigzag chains are further interlinked to form a 3D
metal framework with weak intermolecular Sn---O interac-
tions (Figure 4).

In complex 7, only one carboxylate group from meso-cis-
4-cyclohexene-1,2-dicarboxylic acid coordinates to the tin
atoms, and the other carboxylate groups do not coordinate
to them; thus, meso-cis-4-cyclohexene-1,2-dicarboxylic acid
acts as a bidentate ligand coordinated to tri-n-butyltin(IV)
ions. Similarly to complex 3, the geometry of the tin center
is distorted trigonal-bipyramidal,and the center tin atom is
1930
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pentacoordinate with the two O atoms [O(1) and O(2A)]
occupying the axial sites. The angle defined by the axial
ligands [O(1)-Sn(1)-O(2A)] is 175.7(2)°. Three Sn-butyl
groups define the equatorial plane, and the sum of the tri-
gonal C-Sn—C angles is 359°, which illustrates that the three
methyl groups and the Sn atom are nearly coplanar. The
carboxylate ligand bridges two symmetry-related Sn atoms
and gives rise to the unequal Sn—O bond lengths. This in-
equality is reflected in the C(1)-O bond length, and the
longer C(1)-O(1) bond [1.274(11) A] is associated with that
of the shorter Sn(1)-O(1) bond [2.189(5) A], which is sim-
ilar to other reported triorganotin polymeric struc-
tures.®*-¢1 The Sn(1)-O(2A) distance [2.479(6) A] is shorter
than the Sn(1)-O(2A) distance in complex 3 and a little
longer than the sum of the covalent radii of the Sn and O
atoms (2.13 A). As shown in Figure 6, each deprotonated
meso-cis-4-cyclohexene-1,2-dicarboxylic acid acts as a bi-
dentate ligand by connecting two adjacent tin atoms to give
rise to an infinite zigzag chain, which is consistent with the
type of structure found in complex 3.

X-ray Crystallographic Study of Complexes 4 and 8

The repeating unit and 2D network structure of complex
4 are illustrated in Figures 7 and 8, respectively; the repeat-
ing unit and 2D network structure of complex 8 are illus-
trated in Figures 9 and 10, respectively; selected bond
lengths and bond angles for these complexes are given in
Table 3. In complex 4, the trimethyltin(IV) groups are
linked by a carboxylate group of each deprotonated (+)-
(1R,3S)-camphoric acid ligand, which, in turn, employs its
two bidentate carboxylate groups to coordinate to four
metal centers. Thus, four ligands are linked by four metal
centers into a 32-membered macrocycle, which is further
linked to eight nearest-neighbor tin centers by four indepen-
dent deprotonated (+)-(1R,3S)-camphoric acid ligands to
give rise to a 2D network with two types of cavities with
widths of 10.836-12.552 and 7.318-7.373 A. Similar cavities
have been found within the polymeric crystal structure of
microporous metal-organic frameworks formed between
1,3,5-benzenetricarboxylic acid and tin.®¥ In other related
polymeric systems, so far only dimeric,!'”! hexameric,['®]
and chain-like!'®! motifs have been reported.

In complex 4, all of the tin atoms possess the same coor-
dination environment. The coordination around the tin
atom is only slightly distorted from the regular trigonal-

Eur. J. Inorg. Chem. 2008, 1926-1934
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Figure 7. Repeating unit of complex 4.

Figure 8. 2D network structure of complex 4.

Figure 9. Repeating unit of complex 8.

Figure 10. 2D network structure of complex 8.

bipyramidal geometry. As a result of the bidentate mode of
coordination of the deprotonated dicarboxylic acid, each
Sn center is pentacoordinate and exhibits a trigonal-bipy-
ramidal geometry with the coordinated O atoms occupying
the axial sites. The Sn(1)-O(1) distance [2.098(6) A] is a lit-
tle shorter than that reported in [Me;Sn(O,CC,4H;S)]
(2.149 A).2% The Sn(1)-O(4A) distance [2.682 A] is close to
the distance between a coordinated O atom and a central
tin atom in other organotin complexes,?"! but is much
shorter than the sum of the van der Waals radii of Sn and
O (3.68 A). The Sn(1)-O(1)-O(4A) angle of 178.22° indi-
cates that these atoms are nearly arranged in a linear fash-
ion. The sum of the angles subtended at the tin atom in the
equatorial plane is 356.52° for Sn(1), so that the Sn(l),
C(10), C(11), and C(12) atoms are almost in the same plane.
The Sn—C distances [2.081(10)-2.135(10) A] are equal
within experimental error and close to the single-bond
value for a trigonal-bipyramidal tin atom.[!?]

Similarly to complex 4, in complex 8 the trimethyltin(IV)
groups are linked by a carboxylate group of each deproton-
ated meso-cis-4-cyclohexene-1,2-dicarboxylic acid ligand,
which, in turn, employs its two bidentate carboxylate
groups to coordinate to four metal centers. Thus, four li-
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Table 3. Selected bond lengths [A] and angles [°] for complexes 4
and 8.

Complex 4

Sn(1)-C(12) 2.081(10) Sn(2)-0(3) 2.098(6)
Sn(1)-O(1) 2.098(6) Sn(2)-C(15) 2.122(10)
Sn(1)-C(10) 2.111(10) Sn(2)-C(16) 2.127(9)
Sn(1)-C(11) 2.135(10) Sn(2)-C(14) 2.134(9)
C(12)-Sn(1)-O(1) 99.6(4) O(3)-Sn(2)-C(15)  101.1(4)
C(12)-Sn(1)-C(10)  122.9(5) O(3)-Sn(2)-C(16)  96.8(3)
O(1)-Sn(1)-C(10) 97.2(3) C(15)-Sn(2)-C(16)  123.8(4)
C(12)-Sn(1)-C(11)  117.5(5) O(3)-Sn(2)-C(14)  90.6(3)
O(1)-Sn(1)-C(11)  91.5(4) C(15)-Sn(2)-C(14)  116.4(4)
C(10)-Sn(1)-C(11)  116.0(5) C(16)-Sn(2)-C(14)  116.2(4)
Complex 8

Sn(1)-C(9) 2.1193) Sn(2)-C(14) 2.120(4)
Sn(1)-C(11) 2.123(3) Sn(2)-C(13) 2.125(3)
Sn(1)-0(1) 2.158(2) Sn(2)-0(3) 2.152(2)
Sn(1)-O(4A) 2.534(2) Sn(2)-O(2B) 2.520(2)
Sn(1)-C(10) 2.111(3) Sn(2)-C(12) 2.113(3)
C(10)-Sn(1)-C(9) 116.97(15) C(12)-Sn(2)-C(14)  125.01(16)
C(10)-Sn(1)-C(11)  114.45(16)  C(12)-Sn(2)-C(13)  120.60(16)
C9)-Sn(1)-C(11)  126.32(16)  C(14)-Sn(2)-C(13)  113.41(17)
C(10)-Sn(1)-O(1)  91.81(11) C(12)-Sn(2)-0(3)  94.43(12)
C(9)-Sn(1)-O(1) 96.18(11 C(14)-Sn(2)-0(3)  95.25(12)
C(11)-Sn(1)-0O(1) 96.61(12) C(13)-Sn(2)-0(3)  89.90(12)
C(10)-Sn(1)-O(4A) 83.57(11) C(12)-Sn(2)-O(2B)  84.62(11)
C(9)-Sn(1)-O(4A)  85.91(11) C(14)-Sn(2)-O(2B)  90.57(12)
C(11)-Sn(1)-O(4A) 85.39(12) C(13)-Sn(2)-O(2B)  85.05(12)
O(1)-Sn(1)-O(4A)  175.38(8) O(3)-Sn(2)-O(2B)  173.47(8)

gands are linked by four metal centers into a 22-membered
macrocycle, which is further linked to eight nearest-
neighbor tin centers by four independent deprotonated
meso-cis-4-cyclohexene-1,2-dicarboxylic acid ligands to give
rise to a 2D network with a cavity whose size can be evalu-
ated by the Sn---Sn distances, which are 7.872-8.692 A. Sim-
ilar cavities have been found within the polymeric crystal
structures of microporous metal-organic frameworks
formed between 3,5-pyridinedicarboxylic acid and tin
atoms.

All of the tin atoms in complex 8 possess the same coor-
dination environment. The coordination around the tin
atom is only slightly distorted from the regular trigonal-
bipyramidal geometry. As a result of the bidentate mode of
coordination of the deprotonated dicarboxylic acid, each
Sn center is pentacoordinate and exists in a trigonal-bipy-
ramidal geometry with the coordinated O atoms occupying
the axial sites. The Sn—O distances [Sn(1)-O(1) 2.158(2),
Sn(2)-O(2A) 2.520(2) A] are similar to the distances be-
tween bonding O atoms and central Sn atoms in other or-
ganotin complexes®® but are much shorter than the sum of
the van der Waals radii of Sn and O.'? The O-Sn-O
angles [O(1)-Sn(1)-O(4A) 175.38(8), O(3)-Sn(2)-O(2B)
173.47(8)°] indicate that these atoms are nearly in a linear
arrangement.

TGA Studies

To study the stability of complexes 1-8, thermogravime-
tric analysis (TGA) was performed in the 50-550 °C tem-
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perature range under N,. The TGA shows that the decom-
position temperatures of all of the complexes are between
150 and 350 °C, and these are all relatively high. In general,
all of these organotin complexes exhibit good thermal sta-
bility.

Conclusions

A series of chiral triorganotin complexes based on the
chiral (+)-(1R,3S)-camphoric acid and meso-cis-4-cyclohex-
ene-1,2-dicarboxylic acid ligands have been synthesized.
Both the spectra and crystal structures show that when (+)-
(1R,3S)-camphoric acid and meso-cis-4-cyclohexene-1,2-di-
carboxylic acid react with triorganotin compounds, they
can form dinuclear complexes, 1D polymeric chains, and
2D network polymers with metal-organic structures. In ge-
neral, trimethyltin dicarboxylate compounds mainly assume
2D network structures (such as in complexes 4 and 8), and
tributyltin dicarboxylate compounds often assume 1D poly-
meric chain structures (such as in complexes 3 and 7),
whereas triphenyltin dicarboxylate compounds form dis-
crete monomers (such as in complex 1). This phenomenon
may be related to the spatial hindrance of the triorganotin

group.

Experimental Section

Materials and Measurements: Trimethyltin chloride, tri-n-butyltin
chloride, triphenyltin chloride, (+)-(1R,3S)-camphoric acid, and
meso-cis-4-cyclohexene-1,2-dicarboxylic acid are commercially
available, and tribenzyltin chloride was prepared by a standard
method reported in the literature.”!! These were all used without
further purification. Melting points were obtained with a Kofler
micro-melting point apparatus and are reported uncorrected. Infra-
red spectra were recorded with a Nicolet-5700 spectrometer using
KBr discs and NaCl optics. 'H, '3C, and ''Sn NMR spectra were
recorded with a Varian Mercury Plus 400 spectrometer operating
at 400, 100.6, and 149.2 MHz, respectively. The spectra were ac-
quired at room temperature (298 K), unless otherwise specified. '3C
NMR spectra are broadband-proton-decoupled. The chemical
shifts are reported in ppm with respect to the references and are
stated relative to external tetramethylsilane (TMS) for 'H and '3C
NMR and to neat tetramethyltin for ''?Sn NMR. Elemental analy-
ses (C and H) were performed with a PE-240011 apparatus. TGA
was carried out with a Perkin—Elmer Pyris-1 instrument with a
heating rate of 10°Cmin' from 50 to 550°C and with a
20.0 cm*min ! nitrogen gas flow.

(Ph3Sn),[CgH 4(COO),] (1): The reaction was carried out under
nitrogen. (+)-(1R,3S)-Camphoric acid (0.200 g, 1 mmol) and so-
dium ethoxide (0.136 g, 2 mmol) were added to a solution of dry
benzene (20 mL) in a Schlenk flask, and the mixture was stirred
for 0.5 h. After triphenyltin chloride (0.771 g, 2 mmol) was added
to the reaction mixture, it was stirred at 40 °C for 12 h and then
filtered. The solvent was gradually removed by evaporation under
vacuum until a solid product was obtained. The solid was then
recrystallized from diethyl ether, and colorless crystals of complex
1 were recovered. Yield: 79%. M.p. 179-181 °C. C4sH4404Sn,
(868.2): caled. C 61.51, H 4.94; found C 61.72, H 4.76. IR (KBr):
¥ = 1632 [v,(COO0)], 1456 [v{(COO)], 555 [v(Sn—C)], 447 [v(Sn—-0)]
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cm . TH NMR (CDCls): § = 0.94 (m, 9 H, CH3), 3.89-4.01 (d, 4
H, CH,), 422 (s, 1 H, CH), 7.27-7.38 (m, 30 H, Ph) ppm. !3C
NMR (CDCly): 6 = 20.7-21.4 (ring-CH3); 32.9, 39.9, 47.1, 52.7,
56.1 (ring-C); 128.5-138.6 (Ar-C); 171.2, 173.4 (COO) ppm. "“Sn
NMR (CDCly): 6 = —-43.7 ppm.

[(PhCH,);3Sn],|CgH 14(CO0),] (2): Complex 2 was prepared in the
same way as complex 1; tribenzyltin chloride (0.854, 2 mmol) was
added to (+)-(1R,3S)-camphoric acid (0.200 g, 1 mmol) and so-
dium ethoxide (0.136 g, 2 mmol). The reaction mixture was stirred
at 40 °C for 12 h and then filtered. The solvent was gradually re-
moved by evaporation under vacuum until the solid product was
obtained. Yield: 77%. M.p. 212-214 °C. Cs,Hs5504Sn, (982.5):
caled. C 63.57, H 5.75; found C 63.81, H 5.52. IR (KBr): v =1625
[Vas(COO)], 1466 [v(COO)], 544 [v(Sn—-C)], 452 [v(Sn-O)] cm™'. 'H
NMR (CDCl;): 6 = 0.85 (m, 9 H, CH3), 4.35-4.48 (m, 4 H, ring-
CH,), 4.86 (s, 1 H, CH), 3.78 (d, 2Js,y = 67.4 Hz, 12 H, SnCH,),
7.44-7.82 (m, 30 H, Ph). '3C NMR (CDCls): § = 20.6-22.2 (ring-
CHs); 33.8 (Ar-CH,); 34.6, 39.4, 45.7, 51.9, 57.8 (ring-C); 124.5-
137.3 (Ar-C); 170.1, 172.5 (COO) ppm. '?Sn NMR (CDCl;): 6 =
—48.1 ppm.

{(nBu3Sn),|CgH4(COO),]},, (3): Complex 3 was prepared in the
same way as complex 1; tri-n-butyltin chloride (0.651 g, 2 mmol)
was added to (+)-(1R,3S)-camphoric acid (0.200 g, 1 mmol) and
sodium ethoxide (0.136 g, 2 mmol). The solid was then recrys-
tallized from dichloromethane, and colorless crystals of complex 3
were recovered. Yield: 75%. M.p. 101-103 °C. Cs4Hg504Sn,
(778.3): caled. C 52.47, H 8.81; found C 52.69, H 8.65. IR (KBr):
¥ = 1611 [v,s(COO)], 1461 [v(COO)], 524 [v(Sn—C)], 458 [v(Sn-0)]
cm . 'TH NMR (CDCls): 6 = 0.82-0.91 (m, 27 H, CHj3), 4.13-4.28
(d, 4 H, ring-CH,), 4.37 (s, 1 H, CH), 1.47-1.93 (m, 2Jg,u =
72.6 Hz, 36 H, SnCH,CH,CH,) ppm. 3C NMR (CDCly): 6 =
20.3-21.9 (ring-CHy); 14.2, 25.5, 27.3, 28.4 (butyl-C); 32.1, 39.7,
45.8, 53.1, 58.7 (ring-C); 168.7, 169.4 (COO) ppm. '"Sn NMR
(CDCly): 0 = —118.5, -39.4 ppm.

{(Me3Sn),|CsH4(COO),l},, (4): Complex 4 was prepared in the
same way as complex 1; trimethyltin chloride (0.398 g, 2 mmol) was
added to (+)-(1R,3S)-camphoric acid (0.200 g, 1 mmol) and so-
dium ethoxide (0.136 g, 2 mmol). The solid was then recrystallized
from diethyl ether, and colorless crystals of complex 4 were reco-
vered. Yield: 85%. M.p. 198-201 °C. C,6H3,0,4Sn, (525.8): calcd.
C 36.55, H 6.13; found C 36.31, H 6.32. IR (KBr): v = 1600
[Vas(COO0)], 1458 [v(COO)], 545 [v(Sn—C)], 451 [v(Sn-O)] ecm™'. 'H
NMR (CDCl;): 6 = 0.82-0.89 (m, 2Js,y = 83.2 Hz, 27 H, CHj3),
4.47-4.62 (s, 4 H, CH,), 553 (d, 1 H, CH) ppm. 3C NMR
(CDCl): 0 = 12.5 (SnCH3); 21.3-23.7 (ring-CHj3); 33.9, 38.8, 40.1,
51.7, 56.5 (ring-C); 173.4, 175.8 (COO) ppm. ''Sn NMR (CDCl5):
0 = —143.8 ppm.

[(Ph3Sn),|CcHg(COO),] (5): Complex 5 was prepared in the same
way as complex 1; triphenyltin chloride (0.771 g, 2 mmol) was
added to meso-cis-4-cyclohexene-1,2-dicarboxylic acid (0.170 g,
1 mmol) and sodium ethoxide (0.136 g, 2 mmol). The reaction mix-
ture was stirred at 40 °C for 12 h and then filtered. The solvent was
gradually removed by evaporation under vacuum until the solid
product was obtained. Yield: 81%. M.p. 172-174 °C. C44H3304Sn,
(868.2): caled. C 60.87, H 4.41; found C 60.68, H 4.65. IR (KBr):
¥ = 1637 [v,5(COO0)], 1388 [vs(COO)], 552 [v(Sn—C)], 446 [v(Sn-0O)]
cm!. 'TH NMR (CDCly): § = 5.54 (s, 2 H, y-H), 2.15 (d, 4 H, B-
H), 2.91 (d, 2 H, a-H), 7.37-7.78 (m, 30 H, Ph) ppm. 3*C NMR
(CDCly): 6 = 25.6, 40.9, 124.6 (ring-C); 173.6 (COO); 129.5-135.7
(Ar-C) ppm. '"Sn NMR (CDCl5): 6 = —46.6 ppm.

[(PhCH,);Sn],|C¢Hg(COO),] (6): Complex 6 was prepared in the
same way as complex 1; tribenzyltin chloride (0.854, 2 mmol) was
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added to meso-cis-4-cyclohexene-1,2-dicarboxylic acid (0.170 g,
1 mmol) and sodium ethoxide (0.136 g, 2 mmol). The solvent was
gradually removed by evaporation under vacuum until the solid
product was obtained. Yield: 72%. M.p. 163-167 °C. C5oHs5004Sn,
(951.3): caled. C 63.06, H 5.29; found C 63.31, H 5.03. IR (KBr):
¥ = 1642 [v,(COO)], 1351 [v{(COO)], 538 [v(Sn-C)], 439 [v(Sn-0)]
cm !, 'TH NMR (CDCls): 6 = 5.62 (s, 2 H, y-H), 2.23 (d, 4 H, B-
H), 2.89 (d, 2 H, a-H), 3.15 (d, 2Js,y = 65.5 Hz, 12 H, SnCH,),
7.22-7.74 (m, 30 H, Ph) ppm. *C NMR (CDCly): 6 = 169.2
(COO0); 127.5-137.6 (Ar-C); 25.8, 39.4, 123.6 (ring-C); 35.3 (Ar-
CH,) ppm. '"°Sn NMR (CDCl): 6 = -51.2 ppm.

{[(nBu)3Sn]|CsHg(COO),l}, (7): Complex 7 was prepared in the
same way as complex 1; tri-n-butyltin chloride (0.651 g, 2 mmol)
was added to meso-cis-4-cyclohexene-1,2-dicarboxylic acid
(0.170 g, 1 mmol) and sodium ethoxide (0.136 g, 2 mmol). The so-
lid was then recrystallized from dichloromethane, and colorless
crystals of complex 7 were recovered. Yield: 83%. M.p. 86-87 °C.
C5oH3604Sn (459.2): caled. C 52.31, H 7.90; found C 52.59, H 7.64.
IR (KBr): ¥ =1686 [v,(COO)], 1342 [vy(COO)], 563 [v(Sn—C)], 437
[v(Sn-0)] cm™!. '"H NMR (CDCl;): § = 5.23 (s, 2 H, y-H), 2.05 (t,
4 H, B-H), 2.74 (d, 2 H, a-H), 1.12-1.75 (m, 2Jg,u = 74.7 Hz, 18
H, SnCH,CH,CH,), 0.87 (s, 9 H, CH3), 11.74 (s, 1 H, OH) ppm.
13C NMR (CDCl,): 6 = 178.7 (COO); 25.1, 44.6, 125.9 (ring-C);
13.9, 24.2, 26.8, 28.3 (butyl-C) ppm. '"?Sn NMR (CDCls): § =
—-126.4 ppm.

{I(CH3)3Sn],;|C¢Hg(COO),J}, (8): Complex 8 was prepared in the
same way as complex 1; trimethyltin chloride (0.398 g, 2 mmol) was
added to meso-cis-4-cyclohexene-1,2-dicarboxylic acid (0.170 g,
1 mmol) and sodium ethoxide (0.136 g, 2 mmol). The solid was
then recrystallized from dichloromethane, and colorless crystals of
complex 8 were recovered. Yield: 80%. M.p. 202-205°C.
C14H50,48n, (495.7): caled. C 33.92, H 5.29; found C 33.71, H
5.03. IR (KBr): ¥ =1659 [v,s(COO)], 1357 [v,(COO)], 548 [v(Sn—
O)], 449 [v(Sn-0)] cm™'. '"H NMR (CDCls): § = 5.92 (d, 2 H, y-
H), 2.18 (t, 4 H, B-H), 3.13 (d, 2 H, a-H), 0.96 (*Js,;; = 87.6 Hz,
18 H, CH3) ppm. *C NMR (CDCls): 6 = 173.1 (COO); 125.3,
40.2, 24.6 (ring-C); 12.8 (Sn-CH3) ppm. Sn NMR (CDCls): 6 =
—~133.8 ppm.

X-ray Crystallography: Crystals were mounted in Lindemann capil-
laries under nitrogen. Diffraction data were collected with a Smart
CCD area detector with graphite-monochromated Mo-K,, radia-
tion (4 = 0.71073 A). A semiempirical absorption correction was

Table 4. Crystallographic data and structure refinement parameters
for complexes 1, 3, and 4.

Complex 1 3 4

Empirical formula Cy6Hy404Sn,  C34HegO4Sn,  Ci¢H3,04Sn,

Formula mass [gmol '] 898.19 778.26 525.80

Crystal system monoclinic orthorhombic  orthorhombic

Space group C2c P2(1)2(1)2(1)  P2(1)2(1)2

alA) 31.351(7) 10.488(2)) 19.5005(7)

b[A] 9.6682(18) 10.839(2) 19.6857(7)

c[A] 30.073(6) 35.183(7) 6.7171(3)

al’] 90 90 90

N 116.215(5) 90 90

7[°] 90 90 90

VA% 8178(3) 3999.4(14) 2578.57(17)

V4 8 4 4

u[mm™ 1.459 1.279 1.947

Reflections collected 20847 19974 29370

Independent reflections 7213 3835 2611
0.110.0505 0.0591 0.0328

Rin
R\ [I>20(I)], R, (all data)
wR2 [I>20(D)], wR2 (all data)

0.0535,0.1368  0.0590, 0.1466 0.0305, 0.1214
0.1071,0.1684  0.0951,0.1825 0.0324, 0.1241
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applied to the data. The structure was solved by direct methods
using SHELXS-97 and refined against F? by full-matrix least-
squares using SHELXL-97.[>21 Hydrogen atoms were placed in cal-
culated positions. Crystal data and experimental details of the
structure determinations are listed in Tables4 and 5. CCDC-
663480 (1), -663482 (3), -663481 (4), -663484 (7), and -663483 (8)
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Table 5. Crystallographic data and structure refinement parameters
for complexes 7-8.

Complex 7 8
Empirical formula C,oH3604Sn C4H5604Sn,
Formula mass [gmol '] 459.18 495.73
Crystal system monoclinic monoclinic
Space group P2,/n P2,/n
a[A] 11.1132(17) 9.9322(17)
b [A] 9.8314(16) 14.702(2)
c[A] 21.455(2) 12.906(2)
a[°] 90 90

B 103.175(2) 98.174(2)

7 [°] 90 90

V(A3 2282.4(6) 1865.5(5)
V4 4 4

u [mm] 1.138 1.765
Reflections collected 10231 7641
Independent reflections 3869 3278

Rin 0.0436 0.0199

R, [I>25(])], R, (all data)
wR2 [I>2o(1)], wR2 (all data)

0.0529, 0.1277
0.1045, 0.1667

0.0272, 0.0539
0.0581, 0.1535

Acknowledgments

We thank the National Nature Science Foundation of China
(20741008) for financial supported.

[11 a) V. Chandrasekhar, S. Nagendran, V. Baskar, Coord. Chem.
Rev. 2002, 235, 1-52; b) P.J. Hagrman, D. Hagrman, J. Zubi-
eta, Angew. Chem. 1999, 111, 2798-2848; Angew. Chem. Int.
Ed. 1999, 38, 2638-2684; c) P.J. Langley, J. Hulliger, Chem.
Soc. Rev. 1999, 28, 279-291; d) P. J. Stang, Chem. Eur. J. 1998,
4, 19-27; e) C. Janiak, Dalton Trans. 2003, 2781-2804; f)
C. N. R. Rao, S. Natarajan, R. Vaidhyanathan, Angew. Chem.
2004, 116, 1490-1592.

[2] a) R. Garcia-Zarracino, H. Hopfl, Angew. Chem. 2004, 116,
1533-1537, Angew. Chem. Int. Ed. 2004, 43, 1507; b) R.
Garcia-Zarracino, H. Hopfl, J Am. Chem. Soc. 2005, 127,
3120-3130; c¢) R. Garcia-Zarracino, J. Ramos-Quifiones, H.
Hopfl, Inorg. Chem. 2003, 42, 3835-3845; d) T. P. Lockhart,
Organometallics 1988, 7, 1438-1443; ¢) G. Prabusankar, R.
Murugavel, Organometallics 2004, 23, 5644-5647; ) S. W. Ng,
V. G. K. Das, G. Pelizzi, F. Vitali, Heteroat. Chem. 1990, 1,
433-438.

[3] a) R.R. Holmes, Acc. Chem. Res. 1989, 22, 190-197; b)
E. R. T. Tiekink, Trends Organomet. Chem. 1994, 1, 71-116; c)
E. R. T. Tiekink, Appl. Organomet. Chem. 1991, 5, 1-23; d) J.

1934 www.eurjic.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Beckmann, D. Dakternieks, A. Duthie, F. S. Kuan, K. Jurk-
schat, M. Schiirmann, E. R. T. Tiekink, New J. Chem. 2004,
28, 1268-1276; ¢) M. Mehring, G. Gabriele, S. Hadjikakou, M.
Schirmann, D. Dakternieks, K. Jurkschat, Chem. Commun.
2002, 834-835.

[4] a) C.L. Ma, F Li, D.Q. Wang, H. D. Yin, J Organomet.
Chem. 2003, 667, 5-7; b) C. L. Ma, Q. Jang, R. F. Zhang, D. Q.
Wang, Dalton Trans. 2003, 2975-2978; c¢) C. L. Ma, Q. Jang,
R. F. Zhang, J. Organomet. Chem. 2003, 678, 148-155; d) C. L.
Ma, J. F. Sun, Dalton Trans. 2004, 1785-1786.

[5] a) C.L. Ma, J. K. Li, R. F. Zhang, D. Q. Wang, J. Organomet.
Chem. 2006, 691, 1713-1721; b) C.L. Ma, J. S. Sun, R. F.
Zhang, J. Organomet. Chem. 2006, 691, 5873-5886; c) C. L.
Ma, Y. W. Han, R. F. Zhang, Polyhedron 2006, 25, 3405-3412;
d) C. L. Ma, Y. F. Han, R. F. Zhang, D. Q. Wang, Eur. J. Inorg.
Chem. 2005, 15, 3024-3033.

[6] a) H. Jankovics, C. Pettinari, F. Marchetti, E. Kamu, L. Nagy,
S. Troyanov, L. Pellerito, J. Inorg. Biochem. 2003, 97, 370-376;
b) D. Dakternieks, K. Dunn, C. H. Schiesser, R. T. Tiekink,
J. Organomet. Chem. 2000, 605, 209-220; c) D. C. Deka, M.
Helliwell, E. J. Thomas, Tetrahedron 2001, 57, 10017-10026; d)
J. M. Rivera, D. Guzman, M. Rodriguez, J. F. Lamére, K. Nak-
atani, R. Santillan, P.J. Lacroix, N. Farfan, J Organomet.
Chem. 2006, 691, 1722-1732.

[7]1 a) M. Blumenstein, K. Schwarzkoph, J. O. Metzger, Angew.
Chem. Int. Ed. Engl. 1997, 36, 235-236; b) D. Nanni, P. Curran,
Tetrahedron: Asymmetry 1996, 7, 2417-2422.

[8] K. Schwarzkopf, M. Blumenstein, A. Hayen, J. O. Metzger,
Eur. J. Org. Chem. 1998, 178-181.

[9] a) A. Deak, G. Tarkanyi, J Organomet. Chem. 2006, 691,
1693-1702; b) C.L. Ma, Q. F. Zhang, R. F. Zhang, D. Q.
Wang, Eur. J. Inorg. Chem. 2006, 3244-3254.

[10]a) R. R. Holmes, C. G. Schmid, V. Chandrasekhar, R. O. Day,
J. M. Homels, J Am. Chem. Soc. 1987, 109, 1408-1412; b)
G. K. Sandhu, R. Hundal, J Organomet. Chem. 1991, 412, 31—
38.

[11]J. Holecek, M. Nadvornik, K. Handlir, A. Lycka, J Or-
ganomet. Chem. 1986, 315, 299-308.

[12] A. Bondi, J Phys. Chem. 1964, 68, 44-451.

[13]a) R. G. Swisher, J. E. Vollano, V. Chandrasekhar, R. O. Day,
R. R. Holmes, Inorg. Chem. 1984, 23, 3147-3152; b) J. E. Vol-
lano, R. O. Day, D. N. Rau, V. Chandrasekhar, R. R. Holmes,
Inorg. Chem. 1984, 23, 3153-3160.

[14] R. Willem, A. Bouhdid, B. Mahieu, L. Ghys, M. Biesemans,
E. R. T. Tiekink, D. de Vos, M. Gielen, J. Organomet. Chem.
1997, 531, 151-158.

[15] M. J. Begley, D. B. Sowerby, P. Kapoor, R. Kapoor, Polyhedron
1995, 14, 1937-1941.

[16] C. L. Ma, Q. E. Zhang, R. F. Zhang, L. L. Qiu, J Organomet.
Chem. 2005, 690, 3033-3043.

[171M. R. S.-J. Foreman, T. Gelbrich, M. B. Hursthouse, M. J.
Plater, Inorg. Chem. Commun. 2000, 3, 234-238.

[18] T. J. Prior, M. J. Rosseinsky, CrystEngComm 2000, 2, 24-28.

[19] M. J. Plater, M. R. S.-J. Foreman, R. A. Howie, J. M. S. Skakle,
S. A. Mcwilliam, E. Coronado, C.J. Gomez-Garcia, Polyhe-
dron 2001, 20, 2293-2303.

[20] G. K. Sandhu, S.P. Verma, J. Organomet. Chem. 1990, 393,
195-200.

[21] K. Sisido, Y. Takeda, Z. Kinugawa, J Am. Chem. Soc. 1961,
83, 538-541.

[22] G. M. Sheldrick, SHELXL-97, Program for Structure Solution,
University of Gottingen, Germany, 1997.

Received: November 10, 2007
Published Online: February 26, 2008

Eur. J. Inorg. Chem. 2008, 1926-1934



