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The reactions of diorganotin precursors [RoSn(OR")(0SO.R")],[R=R' =Me (1); R=Me, R' = Et (2)] with an equimolar
amount of tbutylphosphonic acid gRT, 8—10 h) in methanol result in the formation of identical products, of composition
[(Me,Sn)3(03PBu’)»(0.P(OH)BU'),], (3). On the other hand, a similar reaction of 2, when carried out in dichloro-
methane, affords [(Me,Sn)s(03PBu’)»(0SO,EL), - MeOH], (4). A plausible mechanism implicating the role of solvent in
the formation of these compounds has been put forward. In addition, the synthesis of [(Me>Sn)s(OsPCH,CH,-
COOMe)»(0S0,Me),], (5) and [RoSn(0,P(OH)CH,CH.COOMe)(0SO,R")],[R = Et, R' = Me (6); R="Bu, R' = Et (7)]
has been achieved by reacting 1 and related diorganotin(alkoxy)alkanesulfonates with 3-phosphonopropionic acid in
methanol. The formation of a methylpropionate functionality on the phosphorus center in these structural frameworks
results from in situ esterification of the carboxylic group. X-ray crystallographic studies of 1—7 are presented. The
structures of 1 and 2 represent one-dimensional (1D) coordination polymers composed of alternate [Sn—0], and
[Sn—0—S—0]; cyclic rings formed by u,-alkoxo and sulfonate ligands, respectively. For 3—5 and 7, variable bonding
modes of phosphonate and/or sulfonate ligands afford the construction of two- and three-dimensional self-assemblies that
are comprised of trinuclear tin entities with an SnaP»Og core as well as [Sn—0—P-O], and/or [Sn—0—S—0], rings. The
formation of a 1D coordination polymer in 6 is unique in terms of repeating eight-membered cyclic rings containing Sn, O, P,
and S heteroatoms. The contribution from hydrogen-bonding interactions is also found to be significant in these structures.

Introduction

The coordination chemistry of phosphonate RPO;*/RP-
(OH)O,  and related bifunctional anionic ligands such as
carboxyphosphonates, X(CH,),PO;>~ (X = CO, or COOH;
n = 2 or 3) with transition-metal elements has witnessed an
exponential growth due to potential applications of these
compounds in catalysis, ion-exchange, sorption, sensors,
intercalation, and materials research.'™® These studies
have provided fundamental insights into the ubiquitous
bonding behavior of these ligands toward different metal
ions and their role in the construction of porous metal—or-
ganic frameworks. On the other hand, analogous studies in
main-group chemistry are scarce.* In this latter area, much
of the current efforts have been devoted to the develop-
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ment of synthetic methods for group 13-based (B, Al, Ga,
and In) metal phosphonates and their structural elucida-
tion by X-ray crystallography.'® A general synthetic ap-
proach for these compounds involves the reaction of
trialkylmetal precursors with an appropriate phosphonic
acid. The facile cleavage of an M—C bond and elimination
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31 Me,Sn(OR')Y(OSO,RY) + 4n +-BuP(O)(OH),
1,2

31 MerSn(OEH(OSO,EL) + 2n +-BuP(O)OH),
2

of alkane as a byproduct make this procedure quite attrac-
tive. Richards et al.” have recently reported that the reaction
of trivalent metal chlorides with a phosphonic acid also
provides access to analogous metal phosphonates. Never-
theless, organotin phosphonates are generally known to be
associated with an insoluble nature, often precipitating as less
ordered solid phases. There are only a few structurally known
examples among this family and include homoleptic ["Bu,Sn-
(OP(O)(OH)Me),],** (dimer), [Me;Sn(OP(O)(OH)Ph)],°
(helical polymer), [("BuSn),O(OP(O)(OH)'Bu),],* (cluster),
and [Nag(CH:OH)(H,O)][{ (BzSn)s(PhPO3)5(113-0)(CH;0)}
Bz,Sn]CH;0H® (oligomer).

Studies on the coordination aspects of phosphonoacetic/
propionic acid, HO;P(CH,),CO,H (n = 2, 3), toward main-
group metal ions such as AI'", Ga™', and Pb" are emerging.’
The synthesis of these metal phosphonocarboxylates has
been achieved by a hydrothermal method. Following this
approach, Cheetham et al.® have recently reported a hybrid
open framework of tin(II) phosphonopropionateoxalate,
Sny(OsPCH,CH,CO,)»(C504). These studies have revealed
that the final stoichiometry of the resulting products is
strongly governed by the degree of deprotonation of the
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[(Me,Sn);(O5P Bu'),(O,P(OH)Bu'), |,
3

+3nRIOH 4+ 3nR'SO;H
R'=Me (1), Et (2)

[(Me;Sn)5(03PBU*)»(0SO,EL), MeOH,
4

+3n EOH  + n EtSO;H

phosphonic and carboxylic groups, which exhibit individual
acid dissociation constants (pK; = ~2.0; pK, = 8.69; pK =
5.11)° that are separated from each other by several pH units,
thus making it possible to tune their coordination behavior
with metal ions.

We have recently reported synthetic and structural features
of several diorganotin-based two- (2D) and three-dimen-
sional (3D) coordination assemblies by incorporating both
sulfonate and Phosphonate ligands in the secondary building
units (SBUs).'” A salient feature of these self-assemblies is
that they are composed of [Sn—O—S—0], and [Sn—O—P—0],
rings as well as trinuclear tin entities such as [(R>Sn);(OsPR"),]
(R =Me, Et; R' = Me, ‘Bu). The synthetic protocol involves
the reaction of a mixed-ligand diorganotin(alkoxy)alkane-
sulfonate precursor, [R,Sn(OR")(OSO-R")], (R ="Bu, R' =
Me, Et, "Pr; R =R'=Me, Et) with an appropriate phosphonic
acid (RT, CH,Cl,, 8—10 h). The modular nature of a weakly
coordinating sulfonate ligand via uy, #,, and 43 modes and its
role in the execution of CH—O-type hydrogen bonding are
particularly noticeable during the self-assembly process. As a
part of our continued interest in this area, we sought to
explore synthetic possibilities to alter the functionalities on
the SBUs, with emphasis on utilizing their coordination
abilities in the construction of higher-dimensional organotin-
based coordination polymers. Herein, we describe the synth-
esis of a few SBUs, [(R,Sn);(O;PR"),L,] [L = O,P(OH)Bu/,
OSO,Et] featuring appended hydrogenphosphonate or sul-
fonate groups on the trinuclear tin phosphonate core and
formation of new 3D structural motifs derived therefrom (3
and 4). In addition, the use of 3-phosphonopropionic acid as
the directing ligand allows the isolation of functional coordi-
nation polymers, [(Me,Sn);(O;PCH,CH,COOMe),(OSO,-
Me)s], (5) and [R,Sn(O,P(OH)CH,CH,COOMe)(OSO,R Y],
[R = Et, R = Me (6); R = "Bu, R! = Et (7)] bearing an
appended ester functionality on the phosphonate ligand.

Results and Discussion

Synthetic Aspects. The synthesis of diorganotin(alkoxy)-
alkanesulfonates being used herein was reported earlier. '
The reactions between equimolar quantities of the pre-
cursor tin complexes, [Me>Sn(OR')(OSO,R ], [R! =Me
(1), Et (2)], and terz-butylphosphonic acid in methanol
afford products of identical composition, [(Me,Sn)s-
(O3PBu’),(0O,P(OH)Bu’),], (3). On the other hand, a
similar reaction of 2 with phosphonic acid, when performed

(9) Heubel, P.-H. C.; Popov, A. 1. J. Solution Chem. 1979, 8, 615.

(10) (a) Shankar, R.; Singh, A. P.; Upreti, S. Inorg. Chem. 2006, 45, 9166.
(b) Shankar, R.; Singh, A. P.; Jain, A.; Mahon, M. E.; Molloy, K. C. Inorg. Chem.
2008, 47, 5930. (c) Shankar, R.; Jain, A.; Singh, A. P.; Kociok-K6hn, G.; Molloy,
K. C. Inorg. Chem. 2009, 48, 3608. (d) Shankar, R.; Jain, A.; Kociok-Kohn, G.;
Mahon, M. F.; Molloy, K. C. Inorg. Chem. 2010, 49, 4708.
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Table 2. Selected Bond Lengths (A) and Bond Angles (deg) for 1

Sn—C3 2.097(4) Sn—C2 2.110(4)
Sn—01 2.116(3) Sn—O1' 2.153(2)
Sn—031 2.350(3) Sn—02 2.419(3)
C3-Sn—C2_ 160.04(17) 01-Sn—Ol 73.62(11)
01-Sn—03" 84.66(10) 01'=Sn—02 89.75(9)
03-Sn—02 111.87(10)

“Symmetry transformations used to generate equivalent atoms: i, —x,
2=y, —zi, 1 —x,2—y,—z

Table 3. Selected Bond Lengths (A) and Bond Angles (deg) for 2¢

Sn—C6 2.093(3) Sn—C5 2.100(3)
Sn—04 2.121(2) Sn—04! 2.1418(19)
Sn—0l1 2.324(2) Sn—021 2.415(2)
C6-Sn—C5 161.27(13) 04—Sn—04' 72.69(9)
04-Sn—01_ 85.89(7) 04'~Sn—02" 91.25(7)
01-Sn—02' 110.16(7)

¢ Symmetry transformations used to generate equivalent atoms: i, —x + 1,
v+ 1, —zii, —x+ 1, —y, —z.

Table 4. Selected Bond Lengths (/°\) and Bond Angles (deg) for 3¢

Sn1—01 2.0121(19) Sn1—07 2.151(2)
Sn1—04 2.215(2) Snl—Cl 2.109(3)
Snl-C2 2.110(3) Sn2—-05 2.023(2)
Sn2—012! 2.127(2) Sn2—02 2.150(2)
Sn2—C4 2.109(3) Sn2—C3 2.115(3)
Sn3—06 2.0284(19) Sn3—03 2.162(2)
Sn3—010 2.176(2) Sn3—Cs 2.103(3)
Sn3—C6 2.107(3)

07-Sn1—-04 166.72(8) 0O1-Sn1—Cl 100.30(10)
01-Sn1—C2 125.38(11) Cl1-Sn1—C2 134.26(13)
012'-Sn2—02 173.52(9) 05-Sn2—C4 106.25(11)
05—-Sn2—C3 115.47(12) C4—Sn2—C3 138.20(15)
03-Sn3—010 174.54(8) 06—Sn3—C5 105.80(11)
06—Sn3—C6 110.96(10) C5—Sn3—C6 142.92(13)

“Symmetry transformations used to generate equivalent atoms: i,
—x+Ly+'—z+ "

in dichloromethane, affords precipitation of a white solid,
which upon crystallization from a chloroform—methanol
mixture yields [(Me,Sn);(O3;PBu’),(OSO,ELt),-MeOH],
(4) bearing both sulfonate and phosphonate ligand sets
in the framework structure (Scheme 1).

Itissignificant to note that solvent effects play a pivotal
role for different reactivity behaviors of the tin precursors
1 and 2 toward phosphonic acid. The formation of 4in a
dichloromethane medium is viewed as resulting from the
slow precipitation of the compound during the course of
the reaction. An analogous result from the reaction of 1
with tert-butylphosphonic acid was recently reported by
us, and a plausible pathway involving mixed-ligand dior-
ganotin species, [Me>Sn(O,P(OH)Bu’)(0OSO,Me)], (n =
1, 2), has been invoked to rationalize the formation of the
trinuclear tin phosphonate assembly, with two of its Sn
atoms bearing an appended sulfonate group.'® On the
other hand, the formation of 3 in a methanolic medium
involves 4 as the intermediate, and preferential solubility
of the latter in methanol allows its subsequent transfor-
mation by ligand exchange between the peripheral sulfo-
nate ligands and phosphonic acid. Further validation of
this intermediate has been sought by the direct reaction of
4 with zert-butylphosphonic acid in methanol, which has
resulted in the isolation of 3 in moderate yields.

Shankar et al.

The mixed-ligand tin complex 1 reacts readily with an
equimolar quantity of 3-phosphonopropionic acid in
methanol (RT, 8—10 h) to afford a white solid, which
upon slow crystallization from an acetonitrile—methanol—
diethyl ether mixture yields a crop of crystals of composi-
tion [(Me,Sn);(O3PCH,CH,COOMe),(0OSO,Me),], (5).

3n Me;Sn(OMe)OSO,Me) + 2n (HO),(0)PCH,CH,COOH
1

CH;OH.
Shn

[(Me;Sn),(0,PCH,CH,COOMe),(0SO,Mc),], + 3n McOH 4 n McSOLH + 21 H:0
5

Analogous reactions with other tin precursors [R,Sn-
(OR")(OSO,R Y], proceed via selective substitution of the
alkoxy group, resulting in the isolation of [R,Sn(O,P-
(OH)CH,CH,>COOMe)(OSO,R Y], [R = Et,R' = Me (6);
R = "Bu, R! = Et (7)].

1 R,Sn(ORNYOSO,R!)  + 7 (HO),(O)PCH,CH,COOH

CH;0H,
8h, 1t

[R,Sn(O,P(OH)CH,CH,COOMe)(OSO,RY], + nRIOH + nH,0
R =Et, R'=Me (6); R =n-Bu, R' =Et (7)

It is significant to note the in situ transformation of the
free carboxylic group into an ester moiety, which remains
an integral part of the structural frameworks of 5—7.
From a mechanistic viewpoint, it is believed that the
formation of a methyl ester moiety proceeds under acid-
catalyzed conditions, which are provided by the dissocia-
tion of phosphonic acid (pK; = ~2.0). An alternate
pathway involving an organotin-mediated esterification
reaction has not been considered in view of a recent
report!! that provides evidence in favor of the in situ
generation of an acid that functions as a catalyst in these
reactions.

Crystallographic Studies. Single crystals suitable for X-ray
crystallography were grown from a solution in methanol
(for 3), diethyl ether—chloroform—methanol (for 4), and
diethyl ether—acetonitrile—methanol (for 5—7). The crys-
tal data of 1—7 are summarized in Table 1, while selected
bond lengths and angles are given in Tables 2—8, respec-
tively.

The structural motifs of dimethyltin(alkoxy)alkanes-
ulfonates 1 and 2 have been unequivocally established for
the first time by X-ray crystallography. The asymmetric
units are isostructural and are comprised of a dimer formed
by u, coordination of the alkoxide group (Figures l1a and
2a). The appended sulfonate group on each Sn atom also
acts in a u, fashion [O3(S) (for 1) and O2(S) (for 2)] and
results in the formation of one-dimensional (1D) poly-
meric chains (Figures 1b and 2a). The extended coordina-
tion assembly thus formed reveals a unique disposition of
alternate four-membered [Sn—O], and eight-membered
—[Sn—0—S—0—1], cyclic rings. The geometry around
each Sn atom is a distorted octahedron with a planar
SnO,4 core occupying the equatorial position [Z360 +
0.10° (for 1)/360 £ 0.01° (for 2)]. The methyl groups on

(11) Crawford, E.; Lohr, T.; Leitao, E. M.; Kwok, S.; McIndoe, J. S.
Dalton Trans. 2009, 9110.
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Table 5. Selected Bond Lengths (A) and Bond Angles (deg) for 4°
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Table 7. Selected Bond Lengths (A) and Bond Angles (deg) for 6

Sn1—05 2.075(3) Snl—Cl 2.085(4)
Sn1—03 2.086(3) Snl—C2 2.094(4)
Snl—013 2.504(3) Sn1—012i 2.578(3)
Sn2—01 2.060(2) Sn2—C3 2.088(4)
Sn2—04 2.091(2) Sn2—C4. 2.095(4)
Sn2—07 2.439(3) Sn2—09" 2.777(3)
Sn3—06 2.077(3) Sn3—02 2.081(2)
Sn3—C6 2.088(4) Sn3—C5. 2.099(4)
Sn3—010 2.542(3) Sn3—08' 2.559(3)
Cl1-Sn1—C2 152.00(17)  0O5-Sn1—03 92.06(10)
03-Sn1-013 78.27(11) 0121i-Sn1—-013  108.01(11)
0121-Sn1-05  81.91(10) 01-Sn2—04 90.77(10)
C3-Sn2—C4 149.35(16) ~ O1-Sn2-07 80.76(10)
04—Sn2—09" 83.99(9) 09"—Sn2—07 105.36(9)
C6—Sn3—C5 156.35(16)  O6—Sn3—02 90.50(10)
06-Sn3-010 91.14(12) 02—-Sn3—08! 82.35(10)
010—Sn3—08! 96.07(12)

“Symmetry transformations used to generate equivalent atoms: i, —x,
1 1) e 1 1.
v+ oz i, —x+ Ly — o, —z 4 iV, —x, —yp, —z.

Table 6. Selected Bond Lengths (A) and Bond Angles (deg) for 5¢

Sn1-01 2.097(3) Sn1—02' 2.058(3)
02-Snl 2.058(3) Sn2—03 2.081(3)
Sn2—-03" 2.081(3) Sn1-07" 2.362(4)
O7-Snli 2.362(4) Sn2—06' 2.556(4)
Sn2—-06 2.556(4) Sn1—Cl1 2.079(5)
Sn1-C2 2.087(5) Sn2—C7 2.084(5)
Sn2—C7' 2.084(5) 05-C6 1.457(8)
Cl1-Sn1—C2 150.2(2) 02'—Sn1—C1 99.12(19)
02'—Sn1—-C2 107.63(18) 01-Sn1-07" 168.42(15)
C7-Sn2—C7' 149.1(3) 03-Sn2-03' 91.21(19)
03-Sn2-06' 79.54(13) 03'=Sn2—06 79.54(13)
06'—Sn2—06 110.61(17)

“ Symmetry transformations used to generate equivalent atoms: i, —x + 1,
—y 1, —z 4 i, =y, —x + 1, —z 4+ Vs
the Sn atoms adopt a trans disposition with average
C—Sn—C angles of 160.04(17)° (for 1) and 161.27(13)°
(for 2). The Sn—0O bond lengths derived from alkoxy and
alkanesulfonate groups lie in the ranges of 2.11—-2.16/
2.35-2.41 A (1) and 2.12—2.15/2.33—2.42 A (2) and
correlate well with those observed previously for related
homoleptic diorganotin derivatives.'? Despite the struc-
tural similarities, a marked variation between 1 and 2 is
discernible with respect to the hydrogen-bonding inter-
actions. For 1, the polymeric chains are associated with
one another by strong CH---O hydrogen bonds involving
H4A and O4 atoms of methanesulfonate groups [C4—
H4A = 0.980 A, H4A---O4 = 2.528(3) A, and C4---O4 =
3.493(5) A; C4—H4A---O4 = 168.1(2)°; symmetry code,
—x+ ',y ="/, —z—"/5]and direct the 1D coordination
polymer into a 3D self-assembly (Figure 1¢). On the other
hand, hydrogen bonding between H1A and O3 atoms of
ethanesulfonate groups provides a layered connectivity in
2 (Figure 2b). The metrical parameters [C1—H1A =0.990 A,
H1A---03=2.560(3) A, and C1---O3 =3.456(5) A; C1—
HI1A---O3=150.4(1)°; symmetry code, —x + 1, =y, —z + 1]
are consistent with those reported in the literature.'?

The asymmetric unit of 3 (Figure 3a) represents a tri-
nuclear tin moiety with a Sn;P,Og¢ core, which is formed

(12) (a) Yasuda, H.; Choi, J.-C.; Lee, S.-C.; Sakakura, T. J. Organomet.
Chem. 2002, 659, 133. (b) Choi, J.-C.; Sakakura, T.; Sako, T. J. Am. Chem. Soc.
1999, 121, 3793.

(13) Desiraju, G. R.; Steiner, T. The Weak Hydrogen Bond: In Structural
Chemistry and Biology; Oxford University Press: Oxford, U.K., 1998; p 29.

Snl-Cl 2.093(13) Sn1—C3 2.121(11)
Snl—-03! 2.122(8) Sn1-01 2.132(8)
Sn1-08' 2.427(9) Sn1—06 2.429(8)
Sn2—CI12. 2.101(13) Sn2—C10 2.110(11)
Sn2—-011' 2.121(8) Sn2—-09 2.130(10)
Sn2-016' 2.411(9) Sn2-014 2.458(9)
05—C8 1.445(15) 013—C17 1.468(16)
C1-Sn1-C3 165.3(6) 03'-Sn1—08' 86.8(3)
03'=Sn1-01 90.9(3) 08'—Sn1—06 91.3(3)
01-Snl1—06 91.5(3) C12-Sn2—CI10 164.1(5)
O11'-Sn2-016' 91.6(3) 016-Sn2-014 91.7(4)
09-Sn2—014 88.8(3) 011'—Sn2—09 88.4(3)

“Symmetry transformations used to generate equivalent atoms: i,
x—1z

Table 8. Selected Bond Lengths (;\) and Bond Angles (deg) for 7¢

Sn—O1 2.1000(16) Sn—Cl 2.108(3)
Sn—03! 2.1090(17) Sn—C5 2.115(3)
Sn—08t 2.4641(18) Sn—06 2.4822(18)
05—-CI2 1.459(5)

01-Sn—CI 96.88(9) C1-Sn—C5 156.99(10)
01-Sn—03' 88.54(7) 01-Sn—08" 84.26(7)
081-Sn—06 101.95(7) 03'—Sn—06 85.24(6)

“Symmetry transformations used to generate equivalent atoms: i,
R T R A A Y

as a result of a u3-bonding mode of two dianionic phos-
phonate groups (P1 and P2). The structure is comprised
of two fused eight-membered —[Sn—O—P—0O—], rings,
with the Snl and Sn3 atoms being associated with cova-
lently bonded hydrogenphosphonate groups (P3 and P4),
respectively. Peripheral functionalization of the other-
wise rigid tin phosphonate core framework with a —O,P-
(OH)Bu' ligand allows coordinative association as well as
hydrogen-bonding interactions between the SBUs and
facilitates the formation of a 3D supramolecular assem-
bly. Interestingly, the hydrogenphosphonate (P4) group
is exclusive in its role to act as a u,-coordinating ligand,
and its association with the Sn2 atom of an adjacent
trinuclear tin phosphonate unit (via O12) extends the
primary structure into a 1D coordination polymer along
the b axis. Each Sn atom in this structural motif features a
distorted trigonal-bipyramidal geometry with a planar
SnC,0 core (2360 + 0.06—0.32°), while the axial posi-
tions are occupied by O atoms derived from the dia-
nionic [RPO;]*~ and monoanionic [RP(OH)O,]~ phos-
phonate groups [166.72(8)—174.54(8)°] (Figure 3b). The
role of the other hydrogenphosphonate moiety (P3) is to
provide interchain connectivity via O(P)—H- - - O hydrogen-
bonding interactions involving H9 and O8 atoms and to
extend the structure into a 2D motif. The bond para-
meters involved in these interactions are as follows:
09—HY = 0.84 A, H9---08 = 1.750(2) A, O9---08 =
2.574(3) A; O9—H9---08 = 167°; symmetry code, —x,
—y+ 2, —z+ 1. The transformation into a 3D structure is
effected by participation of the O8 atoms in forming
bifurcated hydrogen bonds with the HI1 atoms of the
hydrogenphosphonate (P4) groups of the adjacent layers
[O11-H11=0.84 A,HI1---O8=1.817(2) A,Ol1---08 =
2.603(3) A; O11—HI11:--08 = 155° symmetry code, —x,
y + '/, —z + /5] (Figure 3c).

Although the core atom arrangement comprising a Sns-
P,Og unit in 4 is similar to that of 3, the primary structure
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Figure 1. (a) ORTEP view of the asymmetric unit of 1. The thermal ellipsoids are set at 30% probability, and all of the H atoms are omitted for clarity. (b)
1D structure of 1 along the a axis. All of the H atoms are omitted for clarity. (c) 3D structure of 1 viewed along the a axis showing intermolecular hydrogen-

bonding interactions.

differs with respect to peripheral functionalization of the
Sn2 and Sn3 atoms by ethanesulfonate groups (S1 and S2)
as well as coordinative association of methanol (O13) to
the Sn1 atom (Figure 4a). The presence of appended sulfonate
groups and their ability to exhibit variable coordination
modes (1, and u3) offer knitting tools for the formation of
a 3D coordination polymer assembly. The 2D-layered
structure comprising large macrocyclic rings (Figure 4b)
is effected by u; coordination of O8(S1) and O12(S2) atoms
with Sn3 and Snl atoms, respectively, of the adjacent
units. The sulfonate (S1) groups complete their u3 co-
ordination (via O9) and provide connectivity to the layers
by association with the (Sn2) atoms, which results in the
formation of eight-membered —[Sn—O—S—0—1], puck-
ered rings (Figure 4c), as were also evident in the struc-
tures of 1 and 2. Each Sn atom in the 3D assembly adopts
a distorted octahedral geometry, with the SnO4 moiety
occupying the basal plane [£360 + 0.06—0.88°] and a
trans disposition of methyl groups (149.35—156.35°). The
Sn—O(P) bond lengths [Sn1-03 = 2. 086(3)A Sn1—05 =
2.075(3) A, Sn2—O1 = 2.060(2) A, Sn2—04=2. 091(2)A

Sn3—02 = 2.081(2) A, and Sn3—06 = 2. 077(3) A] lie in
the range of Sn—O covalent bonds (2.0—2.1 A) The Sn—
O(S) bond lengths [Sn1— —012%=2.578(3) A, Sn2—07 =
2.439(3) A, S12—09"V =2, 777(3) A, Sn3—08'=2.559(3) A,

and Sn3—010 = 2.542(3) A] are comparatively large,

suggesting appreciable ionic character. The coordinated
methanol molecule contributes toward O—H---O-type
hydrogen bonding, in which participation of the uncoor-
dinated O11(S2) and methanolic H (H13) atoms is dis-
cernible in the structure [O13—HI13 = 0.86(3) A, H13---
O11=1.83(3)A,013---011=2.679(5) A; O13—H13: - -
Ol11 = 167(2)°; symmetry code, x, =y + '/, z + '/5].
X-ray crystal structures of 5—7 derived from sulfonate
and carboxyphosphonate ligand sets reveal significant
variations in their structural characteristics, depending
upon the nature of the substituents on tin and/or sulfo-
nate groups. Nevertheless, a common feature in all of
these compounds is a facile in situ transformation of the
carboxylic functional group to a methyl ester moiety. Asa
result, the formation of primary structural units is derived
from the preferential participation of sulfonate and phos-
phonate/hydrogenphosphonate ligands, while the ester
group remains invariably passive toward coordination.
The asymmetric unit of 5 incorporates the same Sny;P,Ogq
structural framework as those in 3 and 4 but bearing a
methanesulfonate group on each of the two Snl atoms
[Sn1—07 = 2.362(4) A] Its formation from the u3-phos-
phonate [Sn1—-01=2.097(3) A,Sn1—-02'=2. 058(3) A, and
Sn2—03'=2.081(3) A] moiety is similar to that of 4, whlle
the dangling methylpropionate group on each P atom remains
free (Figure 5a). The molecular units are coordinatively
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(b)

Figure 2. (a) 1D structure of 2 along the a axis. All of the H atoms are omitted for clarity. (b) 2D structure of 2 viewed in the hc plane showing

intermolecular hydrogen-bonding interactions.

associated with one another by involving a O6 atom of
each of two symmetry-related sulfonate groups in a u,
manner and a Sn2 atom [Sn2—06 = 2.556(4) A]. This
provides a layered polymer assembly featuring a network
of square grids of dimension 10.61 x 10.61 A in the ab
plane (Figure 5b). The geometry around each Snl atom is
five-coordinated, with an SnC,O core (2360 + 3.05°)
forming the equatorial plane and a trans disposition of
the O7(S) and O1(P) atoms [ £ O1—=Sn1—07=168.42(15)°].
The Sn2 atoms possesses a distorted octahedral geometry
with a SnO4 basal plane (2360 £ 0.90°) and trans-methyl
groups [ £ C7—Sn1—C7'=149.1(3)°]. The S—O bond length
associated with an uncoordinated O8(S) atom is shorter
(1.45 A) in comparison to those involved in bonding with
the Sn atoms (S—06 = 1.46; S—O7 = 1.47 A).

The structure of 6 reveals two independent molecules in
the unit cell (designated by Snl and Sn2), of which only
one is shown in Figure 6a. A unique feature of the
structural motif is the involvement of both methanesul-
fonate and hydrogenphosphonate ligands in bridging
bidentate modes to facilitate the formation of 1D poly-
meric chains, which are composed of repeating ecight-
membered cyclic rings containing Sn, O, P, and S het-
eroatoms [Sn—O(P) = 2.121(8)—2.132(8) A; Sn—O(S) =
2.411(9)—2.458(9) A]. The composition of the polymer as
the one obtained herein is unprecedented because all
previously reported examples of similarly related coordi-
nation self-assemblies are associated with alternate [—Sn—
O—P—-0—], and —[Sn—O—S—0—1], rings. Each Sn atom
in 6 adopts a distorted octahedral geometry, with an SnQOy,
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Figure 3. (a) ORTEP view of the asymmetric unit of 3. The thermal ellipsoids are set at 30% probability. All of the H atoms (except H9 and H11) and zerz-butyl
groups on P1 and P2 atoms are omitted for clarity. (b) 1D structure of 3 along the 5 axis. All of the hydrocarbon groups are omitted for clarity. (¢) 3D structure of
3 viewed along the b axis. All of the hydrocarbon groups are omitted for clarity. Hydrogen-bonding interactions are shown by dashed lines (blue color).

(2360 % 0.5°) core occupying a plane while two ethyl groups
are disposed on either side in a trans manner [£C1—
Snl1—C3=165.3(6)°; £C12—Sn2—C10 = 164.1(5)°]. The
polymeric chains associated with Snl and Sn2 atoms do
not exhibit any interactions with each other. However,
hydrogen-bonding interactions of the type (P)O—H---
O(S) are discernible in crystallographically similar chains,
generating parallel, noninteracting sheets incorporating
either Snl or Sn2. The metrical parameters associated
with these bondings are as follows: O2—H2 = (.84 A,
H2.--07 = 1.747(8) A, 02---O7' = 2. 573(12)A 02—
H2---07" = 167. 4(7)°; O10—H10 = 0.84 A, _H10--
015" = 2.290(9) A, 010---015" = 2.584(12) A; OIO—
H10---O15" = 100. 9(7)° symmetry code,i,x — 1,y,z— 1,
i, x+ 1,y z+ 1.

The molecular structure of 7 (Figure 7a) corresponds to
a centrosymmetric dimer based on an eight-membered

ring formed by a bridging bidentate mode of the hydo-
genphosphonate group. Each Sn atom in the molecule is
associated with an appended ethanesulfonate group,
which provides a bridging connectivity to the neighboring
units and results in the formation of a sheetlike structural
motif featuring 24-membered hexatin macrocyclic rings
[Sn—01 =2, 100(16)A Sn—03' = 2. 1090(17)A Sn—08" =
2.4641(18) A, and Sn—06 = 2.4822(18) A] (Figure 7b).
Each Sn atom in the extended assembly adopts a distorted
octahedral geometry with the basal plane defined by the
SnOy4 core (2360 £ 0.1°). The n-butyl groups adopt a trans
disposition with a C—Sn—C angle of 157(1)°. In addition,
strong (P)O—H- - -O (S) hydrogen-bonding interactions
between the hydroxyl group and the O atom of adjacent
alkanesulfonate groups are evident. Significant metrical
parameters associated with these interactions are summa-
rized as follows: [O2—H2 =0. 84A,H2---07=1. 747(2)A
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Figure 4. (a) ORTEP view of the asymmetric unit of 4. The thermal ellipsoids are set at 30% probability. All of the hydrocarbon groups (except Sn—C) are
omitted for clarity. (b) 2D structure of 4 in the ab plane. All of the hydrocarbon groups are omitted for clarity. (¢) 3D structure of 4 viewed along the @ axis.
All of the hydrocarbon groups are omitted for clarity. Hydrogen-bonding interactions are shown by dashed lines (cyan color).

02---07=2.573(3) A; 02—H2- - -O7 = 167.4(1)°; sym-
metry code, x, y + 1, z].

Spectroscopic Studies. The compounds 3—7 are only
soluble in coordinating solvents such as CH;OH and
dimethyl sulfoxide (DMSO). As a result, NMR spectra
have been studied in DMSO-dj, and the relevant data are
summarized in the Experimental Section. It is imperative
to mention that the presence of weakly coordinating sul-
fonate groups and noncovalent hydrogen-bonding inter-
actions associated with the self-assemblies and their likely
dissociation in donor solvents'* allow only a qualitative
interpretation regarding the true nature of the organotin
species present in solution.

(14) (a) Holecek, J.; Nadvornik, M.; Handlir, K.; Lyéka, A. J. Organo-
met. Chem. 1986, 315, 299. (b) Gross, D. C. Inorg. Chem. 1989, 28, 2355.
(c) Dakternieks, D.; Jurkschat, K.; Dreumel, S. V. Inorg. Chem. 1997, 36, 2023.
(d) Narula, S. P.; Kaur, S.; Shankar, R.; Verma, S.; Venugopalan, P.; Sharma, S. K.
Inorg. Chem. 1999, 38, 4777.

The 'H and *C{'H} NMR spectra are well-resolved
and provide a good estimate of the composition of each
compound. For 5—7, the spectral studies also validate
the formation of a methyl ester functionality on the P
atom ['H: 0 3.58—3.61 (OCHs5); *C{'H}: 6 51.70—51.72
(OCH3), 172.63—172.83 (CO»)]. The retention of a tri-
nuclear tin phosphonate structure in 3—5 is confirmed
by the observed heteronuclear *Js,_o_p = 240—251 Hz
coupling in both *'P and '"”Sn NMR spectra and the
triplet nature of the tin spectrum. For 3, the appearance of
two °'P signals at 0 30.54 (br) and 25.73 (s, *Jsn—o0_p =
248 Hz) is in accordance with the presence of monoanio-
nic hydrogenphosphonate and dianionic phosphonate
groups in the framework, consistent with the X-ray
crystal structure. On the other hand, the spectral features
of 6 and 7 are broad and devoid of heteronuclear *Jg,—o—p
coupling information. These results find analogy with our
previous studies on related diorganotin derivatives, which
are composed of [-Sn—O—P—0O—],and[-Sn—O—S—0—1],
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Figure 5. (a) ORTEP view of 5. The thermal ellipsoids are set at 30% probability. All of the H atoms are omitted for clarity. (b) 2D structure of 5. All of the

H atoms and methyl groups attached to Sn and S atoms are omitted for clarity.

Figure 6. (a) ORTEP view of 6. The thermal ellipsoids are set at 30% probability. (b) 2D structure of 6 showing intermolecular hydrogen-bonding
interactions. All of the H (except H2) and C atoms attached to Sn [except Sn—C(a)] and S atoms are omitted for clarity.

ring systems' " and suggest dissociation of the network

structures of the coordination polymers to yield an equi-
librium mixture of different organotin species. The ''”Sn
chemical shifts (0 —293 to —393) as well as ' Jg,_c coupl-
ing values (965—1036 Hz) of all of the compounds fall in
the range of six-coordinated Sn atoms, as is expected in
DMSO-dg, which provides coordinative saturation to the
tin centers even where lattice dissociation has occurred.
The IR spectral region of 940—1200 cm ™' is associated
with overlapped stretching vibrations of the PO3; and SO;
groups and is thus not informative in evaluating the co-
ordination modes of these ligands. For 5—7, the presence
of a methyl ester moiety is evident from the characteristic
IR absorption at 1730—1745 cm™ .

In conclusion, the results described herein demonstrate
the versatility of diorganotin(alkoxy)alkanesulfonates as
precursors for the synthesis of novel coordination poly-
mers 3—7 incorporating alkanesulfonate/phosphonate/
carboxyphosphonate ligands in the structural frame-

works. The formation of 3 and 4 results from SBUs that
are comprised of trinuclear tin phosphonate entities,
[(R5Sn);3(0O3PBu’),L,] [L = O,P(OH)Bu’, OSO,Et]. These
results implicate the role of solvent in executing the
transformation of a functional group (L) in these SBUs.
For 5—7, in situ formation of the ester moieties seems to
be significant in protecting the otherwise potential donor
sites of the carboxlylate groups and allows the construc-
tion of 2D assemblies with the aid of phosphonate and
sulfonate moieties. Further studies are in progress to har-
ness the coordination properties of bifunctional phos-
phonocarboxylic acids in organotin chemistry.

Experimental Section

All operations were carried out using standard Schlenk-
line techniques under a dry nitrogen atmosphere. Solvents
were freshly distilled over phosphorus pentoxide (dichloro-
methane, chloroform, acetonitrile, and hexane), sodium wire
(diethyl ether), and magnesium cake (methanol). Glassware
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Figure 7. (a) ORTEP view of 7. The thermal ellipsoids are set at 30% probability. (b) 2D structure of 7 showing intermolecular hydrogen-bonding
interactions. All of the H (except H2) and C atoms attached to Sn and S atoms are omitted for clarity.

was dried in an oven at 110—120 °C and further flame-dried
under vacuum prior to use. '"H, *C{'H},*'P,and '"’Sn NMR
spectra were recorded on a Bruker DPX-300 spectrometer at
300, 75.47,121.50, and 111.88 MHz, respectively. 'H and '*C
chemical shifts are quoted with respect to the residual protons
of the solvent, while ''”Sn and *'P NMR data are given using
tetramethyltin and 85% H3;PO, as external standards, respec-
tively. IR spectra were recorded on a Nicolet protege 460 ESP
spectrophotometer using KBr optics. Elemental analysis (C
and H) was performed on a Perkin-Elmer model 2400 CHN
elemental analyzer. The tin precursors, dialkyltin(alkox?lo)-
alkanesulfonates, were prepared by literature procedures.

Synthetic Methods. Synthesis of [(Me,Sn)3(O3PBu’);(O,-
P(OH)Bu'),],, (3). To a solution of the tin precursor, either
[Me,Sn(OMe)(OSO,Me)], (1; 0.45 g, 1.64 mmol) or [Me,-
Sn(OEt)(OSOzEt)], (2; 0.50 g, 1.64 mmol) in methanol (40
mL), which was kept under an inert atmosphere, was added
an equimolar quantity of zert-butylphosphonic acid (0.26 g, 1.64
mmol) at room temperature with constant stirring. A clear
solution was obtained and was stirred for 8—10 h. Thereafter,
the solution was concentrated and left open to the air for
crystallization. A crop of colorless crystals was obtained and
identified as 3. Yield: 0.38 g, 69%. "H NMR (DM SO-de): 6 0.82
(s, 2Jsn—m = 108.6 Hz, 18H, SnCHs), 1.09 (d, *Jp_y; = 16.50 Hz,
18H, OsPC(CHs3)3), 1.01 (d, *Jp_13=15.90 Hz, 18H, O,P(OH)C-
(CH5);). PC{'H} NMR (DMSO-dj): 0 30.82(d, ' Jp_c=150 Hz,
O;PC(CHs)3), 30.42 (d, 2Jp_c = 145 Hz, O,P(OH)C(CHs);),
24.98 (PC(CH3)3), 13.64 (SnCHy). 119Sn NMR (DMSO-d): 6
—317.48 (t, *Jsn_o_p = 251 Hz). °'P NMR (DMSO-dq): 6 30.54
(br, O,P(OH)BU’), 25.73 (s, 2Jsn—o-p = 248 Hz). IR (KBr,
em™1): 1102, 936 [»(PO5)], 2368 [v(PO—H], hydrogen-bonded).
Anal. Calced for Cy,Hs560,P4Sn5: C, 26.62; H, 5.69. Found: C,
26.60; H, 5.70.

Synthesis of [(Me,Sn);(03PBu’),(0OSO,Et),-MeOH], (4). To
a solution of dimethyltin(ethoxy)ethanesulfonate (2; 0.50 g, 1.65
mmol) in dry dichloromethane (30 mL) was added fert-butyl-
phosphonic acid (0.23 g, 1.65 mmol), and the contents were
stirred for 8 h at room temperature. A white solid thus obtained
was filtered, washed with hexane, and dried under vacuum.
Recrystallization of the solid by the slow diffusion of diethyl
ether into a CHCIl3/CH30OH solvent mixture afforded 4 in

analytically pure form. Yield: 0.37 g, 68%. '"H NMR (DMSO-
dg): 0 3.24 (d, 3H, CH;OH), 2.45 (q, *Ju—_nu = 7.5 Hz, 4H,
SCH>CHj3), 1.20(d, 2Jp_yy = 16.20 Hz, 18H, PC(CH3)5), 1.13 (t,
3Jy_u = 7.5 Hz, 6H, SCH,CH3), 0.92 (s, 2Js,_p = 108 Hz,
18H, SnCHs;). "*C{'H} NMR (DMSO-d,): d 54.96 (CH;0H),
45.27 (SCH,CHs), 30.84 (d, 'Jp_c = 150 Hz, PC(CH3)3), 25.12
(PC(CH3)3), 13.53 (YJsnc = 998 Hz, SnCHj), 9.90
(SCH>CH3). '"?Sn NMR (DMSO-d): 6 —293.07 (t, *Jsn—o—p =
242 Hz). *'P NMR (DMSO-dy): 6 26.22 (s, *Jsn—_o—p = 240 Hz).
IR (KBr,cm™1): 1260, 1201, 1091, 1014 [»(SO3) + »(PO3)], 2363
[v(PO—H], hydrogen-bonded), 3404 [v(CH3OH)]. Anal. Calcd
for C;9Hs00;3P>S,>Sn3: C, 23.56; H, 5.20. Found: C, 23.54; H,
5.16.

Synthesis of 5—7. To a suspension of the tin precursor, either
[Me,Sn(OMe)(OSO,Me)], (1;0.65 g, 2.36 mmol), [Et,Sn(OMe)-
(0OSO,Me)], (0.72 g, 2.36 mmol), or ["Bu,Sn(OEt)(OSO,Et)],
(0.91 g, 2.36 mmol) in methanol (40 mL) was added 3-phospho-
nopropranoic acid (0.36 g, 2.36 mmol) at room temperature
with constant stirring. After 8—10 h, the clear solution was
concentrated under vacuum and n-hexane was added to pre-
cipitate a white solid in each case. The solid thus obtained
was filtered, dried under vacuum, and recrystallized from an
acetonitrile—methanol mixture to yield 5—7, respectively.

[(Me;Sn)3(0;PCH,CH,COOMe),(0SO,;Me),], (5). Yield:
0.61 g, 80%. '"H NMR (DMSO-ds): ¢ 3.61 (s, 6H, OCH;),
247 (t, *Ju_u = 8.2 Hz, 4H, PCH,CH,), 2.31 (s, 6H, SCH3),
1.84—1.79 (m, 4H, PCH,CH,), 0.83 (s, 18H, (CH;),Sn). *C-
{'"H} NMR (DMSO-dj): 6 172.83, 172.55 (CO»), 51.70 (OCH3),
39.50 (SCHj3, merged in a DMSO peak), 28.13 (PCH,CH,),
24.02 (d, 2Jp_c = 152 Hz, PCH,CH,), 14.12 (" Js,_c = 965 Hz
(CH3),Sn). 'Sn NMR (DMSO-d): 6 —326.86 (t, *Jsn—o—p =
246 Hz). *'P NMR (DMSO-dq): 6 18.36 (s, *Jsn_o_p = 242 Hz).
IR (KBr,cm ™ 1): 1201, 1097, 1048, 1010 [»(SO5) + »(PO5)], 1738
['V(COz)] Anal. Calcd for C16H32016P252S1’13: C, 1996, H, 3.35.
Found: C, 19.95; H, 3.33.

[EtZSn(OngOH)CHzCHZCOOMe)(OSOzMe)],,, 6. Yield:
0.96 g, 92%. 'H NMR (DMSO-dg): 6 3.60 (s, 6H, OCH;),
2.48 (t, *Jy_u = 8.2 Hz, 4H, PCH,CH,), 2.41 (s, 6H, SCH3),
1.89—1.79 (m, 4H, PCH,CH,), 1.43 (q, *Jy_n = 7.5 Hz, 8H,
CH;CH,Sn), 1.24 (t, 12H, *Jyy_y = 6.6 Hz, CH;CH,Sn). '*C-
{'"H} NMR (DMSO-dg): 6 172.89, 172.63 (CO,), 51.70 (OCH3),
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39.50 (SCHj3, merged in a DMSO peak), 27.94 (PCH,CH,),
23.45 (d, 2Jp_c =146 Hz, PCH,CH,), 26.36 (' Jsu_c = 1036 Hz,
CH;CH>Sn), 10.03 (*Js,—c = 53 Hz, CH3;CH,Sn). ''”Sn NMR
(DMSO-dg): 6 —394.94.3'P NMR (DMSO-dj): 6 18.98 (br). IR
(KBr,cm™'): 1200, 1122, 1050 [¥(SO5) + v(PO5)], 1738 [»(CO,)].
Anal. Calcd for CoH,;O4PSSn: C, 24.62; H, 4.82. Found: C,
24.60; H, 4.83.

["Bu,Sn(0,P(OH)CH,CH,COOMe)(OSO,Et)], (7). Yield:
1.12 g, 93%. 'H NMR (DMSO-d;): & 3.58 (6H, OCHs),
2.54—2.43 (m, 8H, PCH,CH, + SCH>), 1.88—1.76 (m, *Jyy 1 =
8.4 Hz, 4H, PCH>CH>), 1.58 (br, 8H, SnCH>), 1.40 (br, 8H,
SnCH,CH>), 1.26 (sext, *Jy_y = 7.2 Hz, 8H, CH>(CH,),Sn),
1.07 (t, *Jy_n=7.2Hz, 6H, CH;CH>S), 0.88 (t, *Jy;_p=7.2 Hz,
12H, CH5(CH,);Sn). *C{'H} NMR (DMSO-d,): § 172.85,
172.58 (CO,), 51.72 (OCH,), 45.34 (SCH,), 33.08 (SnCH,),
27.92 (PCH,CH.), 27.14 (SnCH,CH,), 25.97 (Sn(CH,),CH,),
23.48 (d, >Jp_c = 146 Hz, PCH,CH.), 13.65 (Sn(CH,);CH3;),
9.76 (CH;CH,S). '"?Sn NMR (DMSO-dg): 6 —332.40 (br). 3'P
NMR (DMSO-d): 6 18.10 (br). IR (KBr, cm™!): 1250, 1186,
1062 [v(SO3) + v(PO3)], 1744 [v(CO,)]. Anal. Calcd for Ci4H3,-
O4PSSn: C, 33.03; H, 6.14. Found: C, 33.02; H, 6.12.
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X-ray Crystallographic Data. The intensity data for 1—7 were
collected on a Nonius Kappa CCD diffractometer equipped
with a molybdenum-sealed tube and a highly oriented graphite
monochromator at 150(2) K by w, ¢, and 26 rotation at 10 s
frame ™", Cell parameters, data reduction, and absorption cor-
rections were performed with Nonius software (DENZO and
SCALEPACK)." The structures were solved by direct methods
using STR-97'® and refined by a full-matrix least-squares meth-
od on F? using SHELXL-97."7 All calculations and graphics
were performed using WinGx.'"® Partial atoms were refined
isotropically. All of the non-H atoms were refined anisotropi-
cally. H atoms were placed in geometrically calculated positions
by using a riding model, except the methanolic hydrogen (H13)
in 4, which was located and refined.
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