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Introduction

Multimetallocenyl assemblies in general, and multiferrocen-
yl compounds in particular, have been attracting considera-
ble interest in view of their potential applications as multie-
lectron reservoirs, electron-transfer mediators, electrode-

modification materials, ion sensors, or as materials for elec-
tronic devices.[1] We have been interested in the design of
ferrocenyl assemblies containing multiple but electrochemi-
cally equivalent ferrocene units. In the literature, most of
the strategies for the preparation of such compounds are
based on a divergent approach and start (usually) from a
central organic core which supports a periphery of electroac-
tive ferrocene subunits.[2,3] In a completely different ap-
proach we have demonstrated that the use of inorganic
frameworks, such as stannoxanes or cyclophosphazenes, as
supports can lead to a one-step synthesis of hexaferrocenyl
derivatives.[4] Subsequently, there have also been other re-
ports on the use of supports derived from inorganic rings or
cages.[5]

The advantages of using stannoxane frameworks for the
construction of multiferrocenyl assemblies are manifold.

Abstract: Organostannoxane-based
multiredox assemblies containing ferro-
cenyl peripheries have been readily
synthesized by a simple one-pot synthe-
sis, either by a solution method or by
room-temperature solid-state synthesis,
in nearly quantitative yields. The
number of ferrocenyl units in the mul-
tiredox assembly is readily varied by
stoichiometric control as well as by the
choice of the organotin precursors.
Thus, the reaction of the diorganotin
oxides, R2SnO (R=Ph, nBu and tBu)
with ferrocene carboxylic acid affords
tetra-, di-, and mononuclear derivatives
[{Ph2Sn[OC(O)Fc]2}2] (1), [{[nBu2SnO-
C(O)Fc]2O}2] (2), [nBu2Sn{OC(O)Fc}2]
(3), [{tBu2Sn(OH)OC(O)Fc}2] (4), and
[tBu2Sn{OC(O)Fc}2] (5) (Fc=h5C5H4-
Fe-h5C5H5). The reaction of triorgano-
tin oxides, R3SnOSnR3 (R=nBu and
Ph) with ferrocene carboxylic acid

leads to the formation of the mono-nu-
clear derivatives [Ph3SnOC(O)Fc] (6)
and [{nBu3SnOC(O)Fc}n] (7). Molecu-
lar structures of the compounds 1–4
and 6 have been determined by single-
crystal X-ray analysis. The molecular
structure of compound 1 is new among
organotin carboxylates. In this com-
pound, ferrocenyl carboxylates are in-
volved in both chelating and bridging
coordination modes to the tin atoms to
form an eight-membered cyclic struc-
ture. In all of these compounds, the
acidic protons of the cyclopentadienyl
groups are hydrogen bonded to the car-
boxylate oxygens (C�H···O) to form

rich supramolecular assemblies. In ad-
dition to this, p–p, T-shaped, L-shaped,
and side-to-face stacking interactions
involving ferrocenyl groups also occur.
Compound 6 shows an interesting and
novel intermolecular CO2–p stacking
interaction. Electrochemical analysis of
the compounds 1–4, 6, and 7 shows a
single, quasi-reversible oxidation peak
corresponding to the simultaneous oxi-
dation of four, two, and one ferrocenyl
substituents, respectively. Compound 5
shows two quasi-reversible oxidation
peaks. This is attributed to the posi-
tional difference among the ferrocenyl
substituents on the tin atom. Addition-
ally, while compounds 2 and 4 are elec-
trochemically quite robust and do not
decompose even after ten continuous
CV cycles, compounds 1, and 3, 5–7
start to show decomposition after five
cycles.
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Firstly, the stannoxane frameworks are reasonably robust.
Secondly and importantly, the stannoxane cores are them-
selves not redox active.[1e,4a,4b] Thus, the support does not in-
terfere with the electrochemical properties of the peripheral
redox-active ferrocene units. Thirdly, the utilization of stan-
noxanes as supports allows a ready modulation of the
number and orientation of the ferrocene units. Lastly, the fa-
vorable disposition of the oxygen centers and the aromatic
hydrogen atoms allows the formation of interesting supra-
molecular structures in the solid state.[4b] In order to test the
efficacy of these principles we have investigated the reac-
tions of (Ph2SnO)n, (nBu2SnO)n, (tBu2SnO)3, (Ph3Sn)2O, and
(nBu3Sn)2O with ferrocene carboxylic acid. Herein, we de-
scribe the synthesis and electrochemical studies of [{Ph2Sn-
[OC(O)Fc]2}2] (1), [{[nBu2SnOC(O)Fc]2O}2] (2), [nBu2Sn{O-
C(O)Fc}2] (3), [{tBu2Sn(OH)OC(O)Fc}2] (4), [tBu2Sn{O-
C(O)Fc}2] (5), [Ph3SnOC(O)Fc] (6), and [{nBu3SnO-
C(O)Fc}n] (7) (Fc=h5C5H4-Fe-h5C5H5). The X-ray crystal
structures of 1–4 and 6 are also described. The structure of 1
represents a new structural form of organotin carboxylates
and reveals the formation of an eight-membered Sn2C2O4

ring containing two bridging carboxylates. Although the
structure of 2 was reported earlier[6] (as a benzene solvate),
we have reinvestigated its nonsolvated form with the view
of elucidating the supramolecular interactions that are pres-
ent. All of these compounds (1–4 and 6) show an intricate
supramolecular organization in
the solid state that results from
a cumulative effect of intermo-
lecular secondary interactions.
Aromatic interactions (p–p)
among aryl rings have been
well documented.[7] In contrast,
such studies on ferrocenyl de-
rivatives are limited.[8] The
present work demonstrates the
wide range of interferrocenyl
interactions that are possible in
the solid state and testifies to
the efficacy of the growing field of organometallic crystal
engineering. We also discuss the presence of a new CO2–p
supramolecular synthon in the crystal structure of 6. The
crucial role of the Sn2O2 distannoxane core vis-M-vis simple
Sn�O linkages in terms of providing an ideal structural plat-
form for generating a robust and stable electrochemical be-
havior for the multiferrocene assemblies has also been de-
lineated.

Results and Discussion

The advantages of utilizing organostannoxanes as supports
for constructing multiferrocene architectures are as follows.
The number of ferrocene units in the eventual molecular as-
sembly can be readily tuned by varying the nature of the or-
ganotin precursor. Additionally, unlike in the ferrocene as-
semblies synthesized by using organic supports, a common

synthetic strategy is applicable in the present study. In all
cases, the ferrocenyl assemblies were isolated in excellent
yields (see Experimental Section). As we will also show
below, the stannoxane frameworks are electrochemically
inert and do not interfere with the electrochemical proper-
ties of the peripheral ferrocenes.

Synthetic aspects : All the organotin oxides reacted with fer-
rocene carboxylic acid to afford various types of products.
The nature of the product depends upon the type of the or-
ganotin oxide as well as the stoichiometry of the reaction.[9]

In addition, all the reactions can be carried out by the tradi-
tional synthetic route, namely, in a solvent such as toluene
under reflux conditions and by using a Dean–Stark appara-
tus, which assists in the dynamic removal of water.[4a,b] Alter-
natively, a novel solvent-free methodology, which we have
recently demonstrated, can also be adopted.[10] In this latter
technique the reactants are ground together for a specified
period of time. This was followed by a workup to afford the
final products (see Experimental Section). Notably, the sol-
vent-free synthesis also afforded the same products (in
nearly the same yields) as those obtained by the traditional
synthesis route.

The reaction of ferrocene carboxylic acid with (Ph2SnO)n
in a 1:1 or 2:1 stoichiometric ratio afforded exclusively the
dinuclear compound [{Ph2Sn[OC(O)Fc]2}2] (1) (Scheme 1).

The poor solubility of 1 in many organic solvents prevented
its molecular-weight measurement in solution. However, we
were able to obtain a 119Sn NMR spectrum in CDCl3. A
single resonance at d=�321.4 ppm was observed. This
chemical shift is consistent with the coordination environ-
ment around tin[9] (2C, 4O) as well its cyclic structure (vide
infra). The reaction of (nBu2SnO)n with ferrocene carboxylic
acid in toluene in a 1:1 ratio yielded the tetranuclear tin de-
rivative [{[nBu2SnOC(O)Fc]2O}2] (2) (Scheme 2). In con-
trast, the reaction of (tBu2SnO)3 with ferrocene carboxylic
acid under analogous reaction conditions afforded a hy-
droxy-bridged dimer, [{tBu2Sn(OH)OC(O)Fc}2] (4)
(Scheme 3). If the reactions were carried out using a 1:2 sto-
ichiometry (R2SnO:FcCOOH) mononuclear tin derivatives
[nBu2Sn{OC(O)Fc}2] (3) (Scheme 2) and [tBu2Sn{O-
C(O)Fc}2] (5) (Scheme 3) were obtained. The reactions of
the triorganotin derivatives (R3Sn)2O with two equivalents
of ferrocene carboxylic acid resulted in [Ph3SnOC(O)Fc] (6)

Scheme 1. Synthesis of compound 1.
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or [{nBu3SnOC(O)Fc}n] (7) (Scheme 4). The 119Sn chemical
shifts of compounds 2–7 are given in the Experimental Sec-
tion and are consistent with their molecular structures (vide
infra).[9]

X-ray crystal structures of compounds 1–4 and 6 : The mo-
lecular structures of 1–4 and 6 are shown in Figure 1 and
some of their selected metric parameters are summarized in
Table 1.

The dinuclear derivative [{Ph2Sn[OC(O)Fc]2}2] (1) is a
new structural form of a diorganotin dicarboxylate, [R2Sn-
(O2CR’)2]. In general diorganotin dicarboxylates are mono-
nuclear complexes,[9] in which the tin is six-coordinate aris-

ing from an anisobidentate chelating coordination mode of
the two carboxylates. As an example, the structure of com-
pound 3 will be discussed below. The molecular structure of
1 contains two diphenyltin units and four ferrocene carboxy-
lates (Figure 1). The two tin atoms present in the molecule
are bridged by two ferrocene carboxylates in an anisobiden-
tate coordination mode. This results in the formation of an
eight-membered ring (Sn1, O3, C24, O4, Sn1*, O3*, C24*,
and O4*). Each of the other two ferrocene carboxylates
binds exclusively to one tin atom in an anisobidentate che-
lating coordination mode. The eight-membered Sn2O4C2

ring is nearly planar with an average deviation of 0.024 O
from the mean plane. The planes of the terminal chelating
carboxylates are also coplanar with the plane of the central
Sn2O4C2 cyclic core with a deviation angle of 3.158. In com-
pound 1, two ferrocenyl moieties lie above and the other
two lie below the plane of the Sn2C2O4 core. An interesting
aspect of the molecular organization of 1 is that the phenyl
substituents present on one tin atom (Sn1) are found in an
eclipsed conformation to those on the other tin atom
(Sn1*). The intercentroid distance between the two phenyl
groups is 3.735(5) O. Each tin atom in compound 1 is six-co-
ordinate with a distorted octahedral geometry. The axial po-
sitions are occupied by two phenyl substituents (C1 and C7)

and the equatorial positions by
four carboxylate oxygen atoms
(O1, O2, O3, and O4*). Along
the octahedral edge an addi-
tional weaker bonding interac-
tion was found between tin and
the bridging carboxylate oxygen
atom (Sn1�O4 2.613(7) O).
Considering this interaction,
the coordination number of the
tin atom increases to seven and

the geometry may be described as a distorted pentagonal bi-
pyramid. Although cyclic rings of tin with carboxylate li-
gands are rare,[11] there have been recent reports on tin-con-
taining inorganic rings with phosphinate and sulfonate li-
gands.[12]

The molecular structure of 2 shows that the four ferro-
cene moieties present in this compound are supported by a
planar Sn4O2 core. This contrasts with the situation found in

Scheme 2. Synthesis of compounds 2 and 3.

Scheme 3. Synthesis of compounds 4 and 5.

Scheme 4. Synthesis of compounds 6 and 7.
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[{nBuSn(O)OC(O)Fc}6], in which the six ferrocene units are
located in a wheel-like arrangement around a central Sn6O6

prismane core.[4a] Compound 2 adopts the familiar ladder
framework and has two central and two terminal tin atoms.
The ferrocene carboxylates are involved in both anisobiden-
tate chelating (Sn2�O4 2.201(18) and Sn2�O5 2.646(18) O)
as well as isobidentate bridging (Sn1*�O2* 2.243(19) and
Sn2�O3 2.249(19) O) coordination modes. The Sn�O distan-
ces in the central Sn2O2 unit of 2 are as follows: Sn1�O1
2.168(18) and Sn1�O1* 2.036(17) O (cf. metric parameters
for analogous Sn�O bonds in [{nBuSn(O)OC(O)Fc}6]

[4a] are:
Sn1�O3 2.106(4), Sn1�O1 2.100(4), Sn2�O3 2.087(3), and
Sn2�O1 2.099(4) O).

The mononuclear tin dicarboxylate 3 crystallizes as a
hexane solvate. The unit cell contains two independent mol-
ecules in the asymmetric unit. They are perpendicular to
each other and are interact through L-shaped stacking of
the ferrocenyl moieties (as discussed vide infra). The two
ferrocenyl moieties are attached to the tin atom through the
chelating carboxylate ligands (anisobidentate coordination
mode). The tin atom is six-coordinate with a 2C, 4O coordi-
nation environment. The geometry around the tin atom can
be described as a skewed trapezoidal bipyramid.[13] The ori-
entations of the ferrocenyl units in the two independent
molecules present in the asymmetric unit are different.
While in one molecule the two ferrocenes are on the same
side of the plane containing the tin and the carboxylate
oxygen atoms, in the second molecule the two ferrocene
moieties are trans to each other.

Interestingly, while the 1:1 reaction of (nBu2SnO)n with
FcCOOH afforded the tetranuclear derivative [{[nBu2SnO-

C(O)Fc]2O}2] (2), the analogous reaction involving
(tBu2SnO)3 afforded the dinuclear derivative [{tBu2Sn(O-
H)OC(O)Fc}2] (4). The steric bulk of the tert-butyl substitu-
ents clearly plays an important role in this reaction and
limits the nuclearity of the tin assembly. Puff and co-workers
have previously shown that [tBu2Sn(OH)(X)]2 (X=F, Cl,
OH) is dimeric.[14] It is reasonable to propose that the dinu-
clear structure of 4 arises from a dimerization of the mono-
nuclear monohydroxy derivative 4a (Scheme 3). Such dime-
rization of intermediates to eventual products has been re-
ported by our group recently.[15] The two tin atoms in 4 are
bridged by two hydroxyl groups (O1 and O1*) to generate a
central Sn2O2 stannoxane core. Each tin atom is bound to
one ferrocene carboxylate and only one oxygen atom (O2)
of the ferrocene carboxylate is bound to the tin atom. The
other oxygen atom of the carboxylate (O3) is involved in an
intramolecular hydrogen bonding with the bridging OH
group. Thus, each tin atom in 4 is five-coordinate (2C, 3O
coordination environment) and has a distorted trigonal bi-
pyramidal geometry. Two tert-butyl groups (C1 and C5) and
one bridging hydroxyl oxygen atom (O1) occupy equatorial
positions, while one carboxylate oxygen atom (O2) and the
other bridging hydroxyl oxygen atom (O1*) are the axial li-
gands. The average Sn�O bond length for the planar distan-
noxane core is 2.106(2) O, which is comparable with that
found in [{tBu2Sn(OH)OC(O)CH3}2] (2.125 O)[16] as well as
in 2.

The molecular structure of 6 shows that the triorganotin
carboxylate adopts a discrete structure that is in accordance
with the preference of such structures for triphenyltin aryl-
carboxylates.[9,10] The tin atom is involved in four covalent

Figure 1. Molecular structures of compounds 1–4 and 6.
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bonds to three phenyl groups and one carboxylate oxygen
atom. The other carboxylate oxygen atom undergoes a fifth
weaker bonding interaction to the tin atom along the tetra-
hedral face. Accordingly, two types of Sn�O distances are
found for each molecule (Sn1�O1 2.080(2) and Sn1�O2
2.598(2) O). The geometry around tin may be described as
distorted tetrahedral (or capped tetrahedral).

Supramolecular interactions in compounds 1–4 and 6 : In
recent years there has been considerable interest in organo-
metallic crystal engineering.[8,17] Compounds 1–4 and 6 pro-
vide a unique opportunity to understand the nature of
supramolecular interactions in a closely related family of or-
ganometallic compounds. The presence of the carboxylate
oxygen atoms and the cyclopentadienyl C�H groups in 1–4
and 6 allows their organization into intricate supramolecular
structures in the solid state. This is assisted (mainly) by C�
H···O and p–p interactions. The driving force for the exten-
sive supramolecular interactions arises from many factors.

The cyclopentadienyl rings in unsubstituted ferrocene are
electron rich, but in ferrocene carboxylates the electron den-
sity in the cyclopentadienyl rings is depleted. This promotes
the donor capability of the proton and enhances the ability
of such units to participate in hydrogen bonding. A summa-
ry of the possible ferrocenyl-based supramolecular building
blocks is shown in Scheme 5. Unlike simple aromatic com-
pounds, there are only very few reports on interferrocenyl
p–p interactions.[8,17] The metric parameters involved in the
supramolecular interactions of compounds 1–4 and 6 are
given in the Supporting Information. The supramolecular or-
ganization will only be described here for compounds 1 and
6 (see Supporting Information for a description of the other
compounds). A summary of the supramolecular architec-
tures found in 1–4 and 6 is given in Table 2.

Compound 1 forms an interesting supramolecular assem-
bly in the solid state mediated by weak hydrogen bonds and
p-stacking interactions. The overall supramolecular organi-
zation may be analyzed in a step-wise manner to facilitate a

Table 1. Structural description of compounds 1–4 and 6 along with their bonding parameters.

Compounds/
structural forms

Coordination mode of carboxylate
and environment around tin

Sn�O [O][a]

(carboxylate)
Sn�O [O][a]

(core)
Angles [8][a]

[{Ph2Sn[OC(O)Fc]2}2] (1)
carboxylate-bridged
dinuclear tetracarboxylate

anisobidentate bridging and chelating
six-coordinate (2C, 4O)
distorted octahedral geometry

Sn1�O1 2.333(3)
Sn1�O2 2.163(3)
Sn1�O3 2.162(3)
Sn1�O4* 2.486(3)
Sn1�O4 2.613(4)

C1-Sn1-C7 165.04(17)
O1-Sn1-O3 143.06(11)
O1-Sn1-O4* 91.89(10)
O2-Sn1-O3 84.91(11)
O2-Sn1-O4* 150.05(11)

[{[nBu2SnOC(O)Fc]2O}2] (2)
ladder,
tetranuclear tetracarboxylate

isobidentate bridging and
anisobidentate chelating
five-coordinate (2C, 3O)
distorted trigonal bipyramidal geometry

Sn1�O2 2.243(2)
Sn2�O3 2.249(2)
Sn2�O4 2.201(2)
Sn2�O5 2.646(3)
Sn1�O4 2.768(3)

Sn1�O1 2.168(2)
Sn2�O1 2.024(2)
Sn1�O1* 2.036(2)

O1-Sn1-O2 167.59(7)
O1*-Sn1-C23 106.70(9)
O1*-Sn1-C27 108.81(3)
C23-Sn1-C27 144.36(11)
O3-Sn2-O4 172.05(7)
O1-Sn2-C35 110.32(9)
O1-Sn2-C31 103.69(9)
C31-Sn2-C35 145.32(10)
Sn1-O1-Sn2 119.87(8)
Sn1*-O1-Sn2 135.70(9)

[nBu2Sn{OC(O)Fc}2] (3)
mononuclear dicarboxylate

anisobidentate chelating
six-coordinate (2C, 4O)
skewed trapezoidal bipyramidal geometry

Sn1�O1 2.571(3)
Sn1�O2 2.108(3)
Sn1�O3 2.116(3)
Sn1�O4 2.539(4)
Sn2�O5 2.559(3)
Sn2�O6 2.127(3)
Sn2�O7 2.135(3)
Sn2�O8 2.497(3)

C45-Sn1-C49 145.0(3)
O2-Sn1-O3 82.41(2)
O1-Sn1-O4 166.93(2)
C53-Sn2-C57 146.60(2)
O6-Sn2-O7 84.87(2)
O5-Sn2-O8 164.55(2)

[{tBu2Sn(OH)OC(O)Fc}2] (4)
dihydroxy-bridged
dinuclear dicarboxylate

monodentate
five-coordinate (2C, 3O)
distorted trigonal bipyramidal geometry

Sn1�O2 2.155(16) Sn1�O1 2.036(18)
Sn1�O1* 2.173(18)

O2-Sn1-O1* 154.55(7)
O1-Sn1-C1 117.52(10)
O1-Sn1-C5 118.94(9)
C1-Sn1-C5 123.45(11)
O1-Sn1-O1* 69.77(8)
O1-Sn1-O2 85.05(7)

[Ph3SnOC(O)Fc] (6)
mononuclear monocarboxylate

anisobidentate chelating
five-coordinate (3C, 2O)
distorted trigonal bipyramidal geometry

Sn1�O1 2.079(2)
Sn1�O2 2.598(2)

C1-Sn1-O1 97.43(6)
C1-Sn1-C7 106.00(7)
C1-Sn1-C13 111.27(7)
C7-Sn1-O1 113.78(6)
C7-Sn1-C13 123.56(7)
C13-Sn1-O1 101.82(6)

[a] For atom labeling scheme, see Figure 1.
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ready understanding. Thus, at the first level of the supra-
molecular arrangement each planar Sn2C2O4 core containing
four ferrocene moieties interacts with two other neighboring
ladders by means of four proton acceptor–donor type of C�
H···O interactions. In this interaction two protons (H17 and
H23) of two different ferrocene moieties are intermolecular-
ly hydrogen-bonded to the oxygens (O3 and O2) of the car-
boxylates of the neighboring two molecules. The resultant
C�H···O contacts allow the molecule to arrange into a stair-
case type of one-dimensional linear polymeric array in the
solid state (Figure 2A). The distances of the C�H···O inter-
actions are H17···O3 2.536(9) and H23···O2 2.543(7) O. At

the second level of supramolecular assembly, two such one-
dimensional staircase networks are interconnected by means
of p–p stacking interactions (Type III, Scheme 5) between
the cyclopentadienyl groups (C25–C29) to form a double-di-
rectional staircase sheet (Figure 2A). The two cyclopenta-
dienyl units involved in this p–p stacking are staggered with
an interplanar distance of 3.387(3) O. Finally, the ferrocenyl
p–p dimers present in the two-dimensional sheets are fur-
ther p-stacked (Type III, Scheme 5) to form a three-dimen-
sional pillared network (Figure 2B). The interplanar dis-
tance in these interacting cyclopentadienyl units is
3.478(2) O (C14–C18 and C30–C34), and their orientation is
also staggered. The pillared structure is built from four fer-
rocenyl groups (Figure 2C) and all the pillars are intercon-
nected through the Sn2C2O4 cyclic core. As a result, the
overall structure contains long channels (6.5P13.3 O; Fig-
ure 2D). In addition to the above discussed interactions, a T-
shaped stacking (Type IV, Scheme 5) is also found between
a ferrocenyl group (C30–C34) and one phenyl group (C7–
C12). The supramolecular organization of 2 occurs analo-
gously to that of 1, also leading to the formation of a three-
dimensional pillared structure (see Supporting Information).

A closer look at the structure of 3 revealed that the two
molecules present in the asymmetric unit interact with two
other molecules over long range Sn�O distances (Sn1�O1
2.991(4) O and Sn2�O6 3.047(6) O) to afford dimers con-
taining a distannoxane (Sn2O2) core. Such Sn�O distances
have also been recently observed by Hçpfl and co-workers
in their studies on dimethyltin phthalates.[11e] It may be
noted here that the sum of the van der Waals radii of tin
and oxygen is 3.7 O.[18] Compound 3 forms a double-direc-
tional staircase type of polymeric sheet by means of C�
H···O interaction. These two-dimensional sheets are further
interconnected by four L-shaped p-stacking interactions
(Type VI, Scheme 5) to form a three-dimensional architec-
ture. Supramolecular formation in 4 results primarily from
intermolecular C�H···O contacts. Additional T-shaped edge-
to-face stacking between cyclopentadienyl units represents
the secondary interaction (Type IV, Scheme 5). Two helical
networks with an opposed screw sense interact with each
other to afford a three-dimensional tubular network.

Scheme 5. Summary of the possible ferrocenyl based supramolecular
building blocks. Types I and II: parallel displaced stacking; Type III:
edge-to-edge stacking; Type IV: T-shaped stacking (edge-to-face);
Type V: C�H···p interaction; Type VI: L-shaped stacking (edge-to-edge);
Type VII: side-to-face stacking; Type VIII: intramolecular C�H···p inter-
action; Type IX: C-CO2–p stacking.

Table 2. Summary of supramolecular interactions in the structures 1–4 and 6.

Compound Type of interactions Supramolecular assembly Remarks

1 intramolecular C�H···p (Type VIII)[a] and p–p
intermolecular C�H···p, C�H···O and p–p (Type III and IV)[a]

three-dimensional pillared network Figures S6[b] and 2

2 intermolecular C�H···O and p–p (Type II and III)[a] three-dimensional pillared network Figure S7[b]

3 intermolecular Sn�O contacts
intermolecular C�H···O and p–p (VI)[a]

three-dimensional supramolecular network Figure S8[b]

4 intermolecular C�H···O and p–p (Type IV)[a] helical three-dimensional tubular network Figure S9[b]

6 intramolecular C�H···p (Type VIII)[a]

intermolecular CO2–p interaction (Type IX)[a]

intermolecular C�H···p, C�H···O and p–p (Type VII)[a]

two-dimensional grid type network Figures S10[b] and 3

[a] See Scheme 5. [b] See Supporting Information.
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The supramolecular network of 6 shows an unprecedented
CpCO2-p building block. Two molecules are intermolecular-
ly connected through this interaction (Type IX, Scheme 5),
in which the carboxylate carbon atom is positioned right on
the top of the centroid of a phenyl group (Figure 3A and
3B; the interplanar distance between O2C and the phenyl
group is 3.695(1) O with a tilt angle of 9.298).[19] The ferro-

cenyl carboxylate group, which participates in the CpCO2-p
interaction, is also involved in a side-to-face interaction
(Type VII, Scheme 5) with the phenyl group (C22�C23,
C27�C28, and C13–C18) present in the neighboring mole-
cule (Figure 3A). Interplanar distances of this interaction
are 3.732(1) O. In addition, C�H···O contacts between the
carboxylate oxygen atom and a phenyl C�H group are also

Figure 2. Three-dimensional Supramolecular architecture of 1 arising from of C�H···O and p-stacking interactions. A) View showing the double-direc-
tional stair-case type two-dimensional sheet (C�H···O and p–p interactions are shown). B) View showing the three-dimensional pillared network with
pore dimensions of 6.5P13.3 O (C�H···O and p–p interactions are shown). C) Orientation of the ferrocenyl carboxylate groups in each pillar (p–p inter-
actions are shown). D) Cartoon representation of the three-dimensional pillared network shown in B.

Chem. Eur. J. 2005, 11, 5437 – 5448 www.chemeurj.org K 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5443

FULL PAPEROrganotin Chemistry

www.chemeurj.org


present (H8···O1 2.686(2) and H11···O2 2.572(2) O). These
two types of weak secondary interactions lead to the forma-
tion of one-dimensional tapes (Figure 3C) that are intercon-
nected to each other by C�H···p contacts affording a two di-
mensional grid (H5···p 2.822(1) O; Figure 3C).

Electrochemical studies : Electrochemical studies (cyclic and
differential pulse voltammetry) on compounds 1–7 were car-
ried out. The electrochemical data for these compounds
along with some other related derivatives are summarized in
Table 3. The compounds 1–4, 6, and 7 show a single quasi-
reversible oxidation similar to that observed for the hexafer-
rocenyl derivative [{nBuSn(O)OC(O)Fc}6].

[4a] This behavior
suggests that although in the solid state there are differences
in the orientations of the ferrocenyl groups, in solution they
behave in an equivalent manner. Furthermore, the peak po-
tentials at which oxidation occurs are nearly invariant and
do not seem to depend upon the nature of the organotin as-
sembly. This confirms the suggestion that organotin assem-
blies can be utilized as redox-inactive scaffolds for support-
ing redox-active peripheries. A representative example of
the electrochemical behavior of these compounds is illustrat-
ed by Figure 4, which shows the cyclic and differential pulse
voltammograms of compound 2 (see Supporting Information
for cyclic voltammetric traces of the other compounds). In-

terestingly, although the tin assembly does not influence the
peak potentials of the appended ferrocene units, there ap-
pears to be an influence on the electrochemical stability in
solution. Thus, 2 and 4, which possess a central Sn2O2 core,
do not show electrochemical decomposition in solution even
after ten continuous CV cycles. In contrast, compounds 1, 3,
and 5–7 slowly start to decompose after the fifth cycle. It

Figure 3. CO2–p stacking, C�H···O, and C�H···p interactions assisted supramolecular assembly of 6. In all the figures the inset circle shows CO2–p stack-
ing interaction. A) View showing the CO2–p stacking interaction as well as side-to-face stacking between phenyl and ferrocenyl groups. B) Orientation
of the CO2–p stacking interactions. C) Two-dimensional supramolecular network arising from of C�H···O and C�H···p interactions.

Table 3. Cyclic voltammetric data for compounds 1–7 along with some
other multiferrocene derivatives.

Compound E1/2 [V][a] DEp [mV] References

[(Cp)FeC6{(CH2)5Fc}6]PF6 +0.44 55 [20]
[C6{(CH2)5Fc}6] +0.45 – [20]
[CpFeC6{(CH2)2C6H4OC(O)Fc}6]PF6 +0.78 60 [21]
[C6{(CH2)2C6H4OC(O)Fc}6] +0.88 120 [21]
[{nBuSn(O)OC(O)Fc}6] +0.72 128 [4a]
[{nBuSn(O)OC(O)CH2Fc}6] +0.50 240 [4b]
[{Ph2Sn[OC(O)Fc]2}2] (1) +0.69 105 this work
[{[nBu2SnOC(O)Fc]2O}2] (2) +0.73 184 this work
[nBu2Sn{OC(O)Fc}2] (3) +0.70 158 this work
[{tBu2Sn(OH)OC(O)Fc}2] (4) +0.69 246 this work
[tBu2Sn{OC(O)Fc}2] (5) +0.65

+0.74
105
92

this work

[Ph3SnOC(O)Fc] (6) +0.66 106 this work
[{nBu3SnOC(O)Fc}n] (7) +0.57 112 this work

[a] Versus SCE; Fc= (C5H4)Fe(C5H5).

K 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 5437 – 54485444

V. Chandrasekhar et al.

www.chemeurj.org


may be noted that the hexaferrocenyl derivative [{nBuS-
n(O)OC(O)Fc}6]

[4a] , which also contains the Sn2O2 motifs, is
electrochemically stable. The electrochemical behavior of 5
shows two quasi-reversible oxidation peaks. We attribute
this to the structural difference of the compound in the form
of a varying coordination behavior of the ferrocene units.
We propose that one of the ferrocene moieties coordinates
in an anisobidentate mode, while the other is monodentate
(Scheme 3). This proposal has to await a structural confir-
mation. We have so far been unable to obtain suitable single
crystals of 5.

Conclusion

The Sn�O bond formation reaction can be utilized for deco-
rating the stannoxane assemblies with varied and interesting
groups. We have shown that this approach can be utilized to
assemble compounds containing six, four, two, and one fer-
rocenyl units. The synthetic method for organostannoxane
assemblies ensures nearly quantitative yields. Interestingly,
both solid-state and solution synthetic methodologies are
applicable. The X-ray crystal structure analysis of these
compounds revealed an unprecedented structural form of an
organotin carboxylate (compound 1). A detailed examina-
tion of the crystal structures of all of these compounds
showed a rich supramolecular organization facilitated by C�
H···O contacts and augmented by p–p interactions. We have
also observed T- and L-stacking as well as C�H···p interac-
tions. The cumulative effect of these varied weak contacts is
to generate two- and three-dimensional supramolecular ar-
chitectures were generated. The crystal engineering princi-
ples deduced from these interactions appear to be fairly
general and reproducible. The electrochemical behavior of
the stannoxane-supported ferrocenyl derivatives illustrates
that the stannoxane motifs are electrochemically inert and
can be utilized as platforms for building multiple redox-
active assemblies. The electrochemical stability of these

compounds is enhanced by the presence of robust stannox-
ane cores that are built from Sn2O2 units.

Experimental Section

Reagents and general procedures : All operations were carried out in an
atmosphere of nitrogen or argon. Solvents were freshly distilled over suit-
able drying agents. (Ph2SnO)n, (nBu2SnO)n, (Ph3Sn)2O, (nBu3Sn)2O, and
FcCOOH (Fc=h5C5H4-Fe-h5C5H5) (Aldrich) were purchased and used
without further purification. (tBu2SnO)3 was prepared according to a lit-
erature procedure.[22]

Instrumentation : Melting points were recorded using a JSGW melting
point apparatus and are uncorrected. Elemental analyses were carried
out using a Thermoquest CE instruments model EA/110 CHNS-O ele-
mental analyzer. 1H and 119Sn NMR spectra were obtained on a JEOL-
JNM LAMBDA 400 model spectrometer with CDCl3 as the solvent. The
chemical shifts are referenced with respect to tetramethylsilane (1H) and
tetramethyltin (119Sn). All the 119Sn NMR spectra were recorded under
broadband decoupled conditions. FAB mass spectra were recorded on a
JEOL SX 102/DA-6000 mass spectrometer with argon/xenon (6 kV,
10 mA) as the FAB gas. The accelerating voltage was 10 kV, and the
spectra were recorded at room temperature. Cyclic voltammetric experi-
ments were carried out on an EG&G Princeton Applied Research model
273 A Polarographic Analyzer by using a three-electrode configuration
of a platinum working electrode, a commercially available saturated calo-
mel electrode (SCE) as the reference electrode, and a platinum mesh
electrode. Half-wave potentials were measured as the average of the
cathodic and anodic peak potentials. The voltammograms were recorded
in CH2Cl2 containing 0.1m Bu4NPF6 as the supporting electrolyte and the
potential was scanned from 0 to +1.8 V at various scan rates.

The general synthetic procedure for the preparation of the various ferro-
cenyl compounds (1–7): A stoichiometric mixture of the organotin pre-
cursor and ferrocene carboxylic acid in toluene (70 mL) was heated
under reflux for 6 h. The water formed in the reaction was removed by
using a Dean–Stark apparatus. The reaction mixture was filtered and
evaporated to afford the corresponding products, which were purified
subsequently by recrystallization.

Compounds 1–7 were also prepared by a solvent-free strategy. Briefly,
this method consisted of grinding a stoichiometric mixture of the organo-
tin precursor and the ferrocene carboxylic acid for a time range between
15 and 45 min. At the completion of the grinding period the product was
extracted with CH2Cl2 and crystallized.[10] The stoichiometric ratio of the
reactants, the yields, and the characterization data of the products 1–7
are given below.

[{Ph2Sn[OC(O)Fc]2}2] (1): In 1:1 ratio: Ph2SnO (0.29 g, 1.0 mmol),
FcCOOH (0.23 g, 1.0 mmol), yield: 0.34 g (65.9%); solvent-free method:
Ph2SnO (0.06 g, 0.2 mmol), FcCOOH (0.05 g, 0.2 mmol), grinding time:
45 min, yield: 0.06 g (59.5%). In 1:2 ratio: Ph2SnO (0.17 g, 0.6 mmol),
FcCOOH (0.28 g, 1.2 mmol), yield: 0.42 g (96.1%); solvent-free method:
Ph2SnO (0.04 g, 0.15 mmol), FcCOOH (0.07 g, 0.3 mmol), grinding time:
45 min, yield: 0.11 g (98.8%); m.p. 212 8C; elemental analysis calcd (%)
for C68H56O8Fe4Sn2: C 55.86, H 3.86; found: C 54.94, H 3.95; 1H NMR
d=3.85 (s, 10H; ferrocenyl), 4.48 (s, 8H; ferrocenyl), 7.52 (d, J=8.03 Hz,
4H; phenyl), 7.92 (d, J=8.03 Hz, 2H; phenyl), 8.14 ppm (s, 4H; phenyl);
119Sn NMR d=�321.4 ppm (s).

[{[nBu2SnOC(O)Fc]2O}2] (2): nBu2SnO (0.50 g, 2.0 mmol), FcCOOH
(0.46 g, 2.0 mmol), yield: 0.85 g (90.1%); solvent-free method: nBu2SnO
(0.10 g, 0.4 mmol), FcCOOH (0.09 g, 0.4 mmol), grinding time: 45 min,
yield: 0.18 g (95.8%); m.p. 136–137 8C; elemental analysis calcd (%) for
C76H108O10Sn4Fe4: C 48.56, H 5.79; found: C 48.93, H 5.13; 1H NMR d=

0.87 (t, J=7.2 Hz, 3H; butyl methyl), 1.18–1.72 (m, 6H; butyl CH2),
4.17–4.67 ppm (m, 9H; ferrocenyl); 119Sn NMR d=�215.9 (s),
�222.0 ppm (s).

[nBu2Sn{OC(O)Fc}2] (3): nBu2SnO (0.44 g, 1.75 mmol), FcCOOH
(0.81 g, 3.50 mmol), yield: 1.18 g (98.9%); solvent-free method: nBu2SnO

Figure 4. Cyclic (CV) and differential pulse (DPV) voltammogram of the
tetraferrocenyl assembly 2.
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(0.07 g, 0.3 mmol), FcCOOH (0.14 g, 0.6 mmol), grinding time: 45 min,
yield: 0.19 g (92.7%); m.p. 152 8C; elemental analysis calcd (%) for
C30H36O4Fe2Sn: C 52.14, H 5.25; found: C 52.68, H 5.0; MS: m/z (%):
692 [M+1]+ (36); 1H NMR d=0.87 (t, J=7.34 Hz, 3H; butyl methyl),
1.34–1.38 (h, J=7.2 Hz, 2H; butyl CH2), 1.68–1.73 (m, 4H; butyl CH2),
4.18 (s, 5H; ferrocenyl), 4.37 (s, 2H; ferrocenyl), 4.82 ppm (s, 2H; ferro-
cenyl); 119Sn NMR d=�158.6 ppm (s).

[{tBu2Sn(OH)OC(O)Fc}2] (4): (tBu2SnO)3 (0.22 g, 0.3 mmol), FcCOOH
(0.21 g, 0.9 mmol), yield: 0.39 g (90.3%); solvent-free method:
(tBu2SnO)3 (0.03 g, 0.04 mmol), FcCOOH (0. 028 g, 0.12 mmol), grinding
time: 15 min, yield: 0.051 g (88.7%); m.p. 202 8C; elemental analysis
calcd (%) for C38H56O6Sn2Fe2: C 47.64, H 5.89; found: C 47.41, H 5.01;
1H NMR d=1.39 (s, 36H; butyl methyl), 4.13 (s, 10H; ferrocenyl), 4.25
(s, 4H; ferrocenyl), 4.68 (s, 4H; ferrocenyl), 7.83 ppm (s, 2H; hydroxyl);
119Sn NMR d=�271.1 ppm (s).

[tBu2Sn{OC(O)Fc}2] (5): (tBu2SnO)3 (0.15 g, 0.2 mmol), FcCOOH
(0.28 g, 1.2 mmol), yield: 0.41 g (97.3%); solvent-free method:
(tBu2SnO)3 (0.015 g, 0.02 mmol), FcCOOH (0.028 g, 0.12 mmol), grinding
time: 15 min, yield: 0.039 g (94.1%); m.p. 241 8C; elemental analysis
calcd (%) for C30H36O4Fe2Sn: C 52.14, H 5.25; found: C 52.68, H 5.01;
1H NMR d=1.41 (s, 18H; butyl methyl), 4.21 (s, 10H; ferrocenyl), 4.34
(s, 4H; ferrocenyl), 4.80 ppm (s, 4H; ferrocenyl); 119Sn NMR d=

�213.2 ppm (s).

[Ph3SnOC(O)Fc] (6): (Ph3Sn)2O (0.72 g, 1.0 mmol), FcCOOH (0.46 g,
2.0 mmol), yield: 1.05 g (89.7%); solvent-free method: (Ph3Sn)2O (0.14 g,
0.2 mmol), FcCOOH (0.09 g, 0.4 mmol), grinding time: 30 min, yield:
0.22 g (95.0%); m.p. 105 8C; elemental analysis calcd (%) for
C29H24O2SnFe: C 60.15, H 4.18; found: C 60.89, H 4.27; MS: m/z (%):
579 [M]+ (100); 1H NMR d=3.99 (s, 5H; ferrocenyl), 4.35 (t, J=1.96 Hz,

2H; ferrocenyl), 4.84 (t, J=1.96 Hz, 2H; ferrocenyl), 7.45–7.47 (m, 9H;
phenyl), 7.80–7.82 ppm (m, 6H; phenyl); 119Sn NMR d=�117.9 ppm (s).

[{nBu3SnOC(O)Fc}n] (7): (nBu3Sn)2O (0.36 g, 0.6 mmol), FcCOOH
(0.28 g, 1.2 mmol), yield: 0.62 g (99.2%); solvent-free method:
(nBu3Sn)2O (0.12 g, 0.2 mmol), FcCOOH (0.09 g, 0.4 mmol), grinding
time: 15 min, yield: 0.20 g (97.0%); m.p. 98 8C; elemental analysis calcd
(%) for C23H36O2SnFe: C 53.22, H 6.99; found: C 53.01, H 6.18; 1H NMR
d=0.86 (t, J=7.31 Hz, 9H; butyl CH3), 1.60–1.24 (m, 18H; butyl CH2),
4.10 (s, 5H; ferrocenyl), 4.25 (t, J=1.96 Hz, 2H; ferrocenyl), 4.68 ppm (t,
J=1.95 Hz, 2H; ferrocenyl); 119Sn NMR d=102.9 ppm (s).

X-ray crystal structure determination of 1–4 and 6 : Single crystals of 1
were obtained from the reaction mixture at room temperature. Single
crystals of 3 were obtained by vapor diffusion of n-hexane into a solution
of compound 3 in CHCl3. X-ray quality crystals for compound 2 were ob-
tained by cooling a solution of 2 in CH2Cl2 in a refrigerator at 5 8C. Crys-
tals of 4 and 6 were obtained by slow evaporation of solutions of 4 or 6
in CH2Cl2 or toluene, respectively. Suitable crystals for single-crystal X-
ray diffraction measurements were loaded on a Bruker AXS Smart Apex
CCD diffractometer (l=0.71073 O). All structures were solved by direct
methods by using SHELXS-97[23a] or SHELXTL[23b] and refined by full-
matrix least squares on F2 using SHELXL-97.[23a] All hydrogen atoms
with occupancy >0.5 were included in idealized positions, and their posi-
tions were refined anisotropically by a riding model. Non-hydrogen
atoms were refined with anisotropic displacement parameters. Details of
the data collection and refinement parameters are given in Table 4.

CCDC-257982 to CCDC-257987 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

Table 4. Crystal data collection and refinement parameters for 1–4 and 6.

1 2 3 4 6

formula C34H28O4SnFe2 C76H108O10Sn4Fe4 C68H92O8Sn2Fe4 C38H56O6Sn2Fe2 C29H24O2SnFe
Mr 730.95 1879.78 1498.20 957.91 579.02
T [K] 100(2) 150(2) 298(2) 213(2) 100(2)
crystal system triclinic triclinic triclinic tetragonal triclinic
space group P1̄ P1̄ P1̄ I41/a P1̄
a [O] 10.930(3) 12.1760(6) 13.875(2) 22.1550(2) 9.9536(6)
b [O] 11.298(3) 13.8717(7) 15.944(3) 22.1550(2) 11.2191(7)
c [O] 13.019(4) 13.9010(7) 16.481(3) 16.448(2) 11.5985(7)
a [8] 102.164(5) 63.7040(10) 86.298(3) 90 98.4910(10)
b [8] 110.315(5) 64.8980(10) 67.159(3) 90 106.2580(10)
g [8] 106.755(5) 73.6100(10) 65.609(3) 90 105.5420(10)
V [O3] 1354.5 (7) 1893.25 (16) 3040.1 (9) 8073.5(16) 1162.71(12)
Z 2 1 2 8 2
1calcd [mgm�3] 1.792 1.649 1.637 1.576 1.654
m [mm�1] 2.012 2.095 1.795 1.969 1.722
F(000) 732 948 1536 3872 580
crystal size [mm3] 0.5P0.5P0.2 0.5P0.4P0.3 0.5P0.3P0.3 0.4P0.4P0.3 0.3P0.3P0.2
q range [8] 2.01–28.36 1.65–28.29 2.50–28.59 1.84–24.03 1.88–28.28
limiting indices �14�h�11 �7�h�16 �18�h�18 �25�h�25 �13�h�13

�14�k�15 �18�k�18 �21�k�21 �25�k�24 �10�k�14
�16� l�17 �16� l�18 �14� l�21 �18� l�18 �15� l�15

reflections collected 9029 12053 20509 17632 14202
independent reflections 6426 8386 14534 3156 5697

[R(int)=0.0409] [R(int)=0.0170] [R(int)=0.0196] [R(int)=0.0607] [R(int)=0.0181]
completeness to q [%] 94.7 89.1 93.5 99.3 98.7
Absorption correction Bruker SADABS Semi-empirical Bruker SADABS None Bruker SADABS
data/restrains/parameters 6426/0/370 8386/60/422 14534/0/695 3156/0/227 5697/0/298
goodness-of-fit on F2 1.018 1.027 1.051 0.973 1.050
final R indices [I>2s(I)] R1=0.0489, R1=0.0283, R1=0.0504, R1=0.0210, R1=0.0234,

wR2=0.1202 wR2=0.0669 wR2=0.1395 wR2=0.0499 wR2=0.0570
R indices (all data) R1=0.0606, R1=0.0343, R1=0.0681, R1=0.0260, R1=0.0249,

wR2=0.1268 wR2=0.0699 wRR2=0.1528 wR2=0.0511 wR2=0.0578
largest diff peak/hole [eO�3] 1.467/�0.687 0.873/�0.481 1.344/�0.783 0.316/�0.273 0.960/�0.459

R=� j jFo j� jFc j j� jFo j ; wR= {[�w(jFoj2jFcj2)2]/[�w(jFoj2)2]}1/2.
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The asymmetric units of 1 and 4 contain half a molecule of the cluster
with one tin atom (Sn1). The asymmetric unit of 2 contains half a mole-
cule of the cluster with two tin atoms (Sn1 and Sn2). Four carbon atoms
in two different n-butyl groups (C26, C28–C30) are disordered over two
orientations and are labeled C26 and C26’, C28 and C28’, C29 and C29’,
C30 and C30’ with a 0.75:0.25 occupancy ratio. These were refined iso-
tropically. The asymmetric unit of 3 contains two molecules and one
hexane molecule as a solvate. The carbon atoms in the hexane molecule
are disordered, were refined isotropically, and their protons are not in-
cluded. The proton (H1O) of the bridged hydroxyl group in 4 was includ-
ed from the electron density map and refined isotropically. The asymmet-
ric unit of 6 contains a single molecule with one tin atom (Sn1).
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