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Reaction of the dimeric hydroxo di-n-butylstannane trifluoromethanesulfonato complex
[n-Bu2Sn(l-OH)(H2O)0.5(g1-O3SCF3)]2 (1) with phenazine (C12H8N2, Phz) (2) in dichloromethane at room
temperature in a 1:3 molar ratio yielded the novel two-dimensional organometallic coordination poly-
mer 2

1f½n-Bu2ðl-OHÞSnOSnðl-g2-O3SCF3Þn-Bu2�2½n-Bu2ðl-OHÞSnOSnðg1-O3SCF3Þn-Bu2�2g (3), together
with the phenazinium trifluoromethanesulfonate salt [C12H9N2]+ [CF3SO3]�, crystallographically isolated
in two different structural arrangements, free 4 and in p–p aromatic stacking interaction with indepen-
dent intercalated non-protonated phenazine molecules 5. Organometallic coordination polymer 3 con-
sists of an infinite one-dimensional chain composed of tetrameric hydroxo tetra-n-butyldistannoxane
units bridged by bidendate trifluoromethanesulfonate ligands, (l-g2-O3SCF3). The formation of weak
intermolecular interactions between nearest-neighbour chains through the pseudo-terminal trifluoro-
methanesulfonate ligands (g1-O3SCF3) gives rise to the expansion of an unexpected supramolecular
two-dimensional network. The re-crystallisation of 3 in methanol leads to the polymorphic
structure 2

1f½n-Bu2ðl-OHÞSnOSnðl-g2-OSO2CF3Þn-Bu2�g (3b).
� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The past few years have witnessed an exponentially growing
interest in the field of coordination polymers. Basically, their con-
struction is based on the coordination of metal centres by multid-
entate organic rigid ligands containing donor atoms, in most of
cases nitrogen- and oxygen-atoms. Several criteria control the
dimensionality of the resulting structures. The most prevalent
are the type of organic ligands used, the nature of metal centres,
the presence of counter ions and the participation of solvent mol-
ecules to the assemblies, giving rise to one-, two- or three-dimen-
sional networks. In addition to coordination bonding, the
participation of weak non-covalent interactions in such as hydro-
gen bonding, p–p contacts, van der Waals and ionic forces, in-
creases tremendously the possibilities of generation and motifs
of multidimensional organisations. The choice of the molecular
building blocks plays a determinant role for the final properties
of the synthesised materials [1–17]. Lately, two well-documented
reviews highlighted in particular the engineering and the applica-
tions of coordination polymer networks [18,19].
All rights reserved.
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The extension of this methodology to the use of organometallic
metal-complexes or metal-clusters as building blocks, instead of
simple metal ions can lead to the formation of supramolecular
organometallic coordination networks [20–28]. This more recent
approach is particularly promising in order to elaborate multidi-
mensional networks with more advanced catalytic and porous
properties, taking advantage of the specific properties of define
organometallic complexes.

The present contribution reports and describes the preparation
of such self-assembly construction based on tin(IV) dinuclear
complex used as starting units. In the course of our ongoing studies
on chemistry and catalytic properties of di-n-butyltin(IV) deriva-
tives [29–32], we isolated the unexpected trifluoromethane-
sulfonato di-n-butyltin(IV)-based supramolecular 2D frame
work 2

1f½n-Bu2ðl-OHÞSnOSnðl-g2-O3SCF3Þn-Bu2�2½n-Bu2ðl-OHÞ-
SnOSnðg1-O3SCF3Þn-Bu2�2g (3) from the reaction of the known
dinuclear hydroxo complex [n-Bu2Sn(l-OH)(H2O)0.5(g1-O3SCF3)]2

(1) with molecules of phenazine (Phz) C12H8N2 (2). In the past,
Otera and Co-workers have reported a polymorphic structure of
3 characterised as 2

1f½n-Bu2ðl-OHÞSnOSnðl-g2-O3SCF3Þn-Bu2�g
(3b) and prepared from the direct treatment of two equivalents
of n-Bu2SnO with trifluoromethanesulfonic acid in dry acetone
[33]. By changing the conditions of our crystallization, compound
3 is converted into Otera’s complex 3b. Herein, we compare the

mailto:laurent.plasseraud@u-bourgogne.fr
http://www.sciencedirect.com/science/journal/0022328X
http://www.elsevier.com/locate/jorganchem


L. Plasseraud et al. / Journal of Organometallic Chemistry 694 (2009) 2386–2394 2387
two-dimensional structural arrangements depicted by each poly-
morph. In addition, the formation mechanism of 3 is supported
by the co-crystallisation of [C12H9N2]+ [CF3SO3]�, crystallographi-
cally isolated in two structural arrangements, free 4 and in p–p
aromatic stacking interactions with independent non-protonated
phenazine molecules 5. Finally, we report in situ 119Sn{1H} NMR
spectroscopic measurements carried out to elucidate the formation
mechanism of 3.

2. Experimental

2.1. General

All reactions were carried out under dry argon using Schlenk
tube techniques. The organic solvents were refluxed over appropri-
ate dessicants, distilled, and saturated with argon prior to use.
Chemicals were purchased from Aldrich and Acros Organics and
used without further purification. The starting compound [n-
Bu2Sn(l-OH)(H2O)0.5(g1-O3SCF3)]2 was synthesised from n-Bu2S-
nO and trifluoromethanesulfonic acid according to a published
method [34]. The 1H, 19F, 119Sn{1H}, and 13C{1H} NMR experiments
were run at 298 K on a Bruker Avance 300 spectrometer at
300.131, 282.404, 111.910, and 75.475 MHz, respectively; and cal-
ibrated with Me4Si, trifluoromethylbenzene or Me4Sn as an inter-
nal standard. Chemical shift d values are given in ppm. IR spectra
were recorded on a Bruker Vector 22 equipped with a Specac Gold-
en GateTM ATR device. UV–Vis absorption spectra were recorded on
a prim Advanced spectrophotometer 230 V. Elemental analyses (C,
H, N, S) were performed at the Institut de Chimie Moléculaire de
l’Université de Bourgogne, Dijon.
Table 1
Crystal and structure refinement data for 3, 3b, 4, and 5.

Compounds 3 3b

Empirical formula C34H74F6O10S2Sn4 C3

Formula weight 1295.81 12
Temperature (K) 115(2) 11
Crystal system Triclinic Mo
Space group P�1 P2
a (Å) 13.4238(2) 9.6
b (Å) 14.3843(2) 20
c (Å) 15.0560(2) 25
a (�) 69.621(1)
b (�) 71.184(1) 90
c (�) 77.844(1)
Volume (Å3) 2563.73(6) 49
Z 2 4
qcalc. (g/cm3) 1.679 1.7
l (mm�1) 2.073 2.1
F(000) 1288 25
Crystal size (mm3) 0.45 � 0.45 � 0.15 0.2
h Range (�) 1.50–27.49 2.2
Index ranges h: �17; 17 h:

k: �18; 18 k:
l: �19; 19 l: �

Reflections collected 21492 21
[R(int)] 0.0157 0.0
Reflections with I P 2r(I) 10760 77
Data/restraints/parameters 11692/8/522 11
Final R indices [I P 2r(I)] R1

a = 0.0274 R1

wR2
b = 0.0664 wR

R indices (all data) R1
a = 0.0309 R1

wR2
b = 0.0684 wR

Goodness-of-fitc on F2 1.063 1.0
Largest difference peak and hole (e ÅA

0
�3) 2.464 and �1.453 0.9

CCDC deposition no. 667811 66

a R1 = R(||Fo| � |Fc||)/R|Fo|.
b wR2 ¼ ½

P
wðF2

o � F2
c Þ

2=
P
½wðF2

oÞ
2�1=2, where w ¼ 1=½r2ðF2

o þ ð0:0284PÞ2 þ 4:0383P�
0:5583P� for 4 and w ¼ 1=½r2ðF2

o þ ð0:0468PÞ2þ 0:2761P� for 5, where P ¼ ðMaxðF2
o :0Þ þ

c S ¼ ½
P

wðF2
o � F2

c Þ
2=ðn� pÞ�1=2 (n = number of reflections, p = number of parameters)
2.2. Synthesis of 2
1f½n-Bu2ðl-OHÞSnOSn

ðl-g2-O3SCF3Þn-Bu2�2½n-Bu2ðl-OHÞSnOSnðg1-O3SCF3Þn-Bu2�2g (3)

Three molar equivalents of phenazine (C12H8N2) (0.24 g, 1.32
mmol) were added to a solution of [n-Bu2Sn(l-OH)(H2O)0.5(g1-
O3SCF3)]2 (0.37 g, 0.44 mmol) in dichloromethane (25 mL) at
20 �C, and then additional fresh toluene (25 mL) were introduced
for crystallisation. After several days, the slow evaporation of the
yellow solution afforded colourless square single-crystals charac-
terised as 3 (0.083 g, 29%). 1H NMR (CD2Cl2): d 0.98 (t, 3JH–H =
7.4 Hz, 48 H), 1.30–1.90 (m, 96 H); 13C{1H} NMR (CD2Cl2): d
120.6 (CF3, q, 1JC–F = 318 Hz), 27.85, 27.55, 27.51, 27.49, 26.93,
25.75, 14.07 (n-butyl C d), 14.01 (n-butyl C d); 119Sn{1H} NMR
(CD2Cl2): d �137.2, �143.9; 19F NMR (CD2Cl2): d �78.40. IR
(cm�1): 3417(br), 2960(m), 2926(m), 2858(m), 1465(m),
1378(w), 1270(m), 1232(s), 1221(s), 1174(s), 1080(m), 1019(s),
879(m), 633(s), 540(s). Anal. Calc. for C68H148F12O20S4Sn8: C,
31.51; H, 5.76; S, 4.95. Found: C, 31.42; H, 5.77; S, 4.65%.

2.3. Crystal structure determinations

Colourless squares 3, yellow squares 4 and red-orange needles
5, single-crystals were grown successively from the mother-liquor
(mixture of dichloromethane/toluene) at room temperature. Col-
ourless needles single-crystals 3b were obtained by slow evapora-
tion at room temperature of a methanolic solution of compound 3.
Diffraction data were collected from suitable crystals on a Nonius
Kappa CCD (Mo Ka radiation, k = 0.71073 Å) at 115 K for 3, 3b
and 5 and at 293 K for 4. The structures were solved using direct
methods (SIR 92) [35] and refined with full-matrix least-squares
4 5

4H74F6O10S2Sn4 C13H9N2F3O3S C19H13N3F3O3S
95.81 330.28 420.39
5(2) 293(2) 115(2)
noclinic Monoclinic Triclinic

1/n P21/n P�1
52(5) 9.7008(2) 5.8729(1)

.492(5) 14.1690(2) 12.6370(2)

.117(5) 11.2824(4) 13.0867(2)
115.022(1)

.217(5) 113.213(1) 92.928(1)
90.796(1)

80(3) 1425.23(6) 878.26(2)
4 2

28 1.539 1.590
35 0.275 0.244
76 672 430
5 � 0.175 � 0.075 0.50 � 0.25 � 0.125 0.47 � 0.30 � 0.20
6–27.49 2.35–27.49 3.13–27.49
�12; 12 h: �12; 12 h: �7; 7
�25; 26 k: �18; 17 k: �16; 16

32; 32 l: �14; 14 l: �16; 16
769 6138 7379
386 0.0239 0.0136
92 2213 3530
400/0/505 3252/0/199 3980/0/263

a = 0.0355 R1
a = 0.0677 R1

a = 0.0316
2

b = 0.0646 wR2
b = 0.2017 wR2

b = 0.0855
a = 0.0731 R1

a = 0.0973 R1
a = 0.0369

2
b = 0.0747 wR2

b = 0.2235 wR2
b = 0.0890

43 1.088 1.040
10 and �0.954 0.606 and �0.379 0.366 and �0.350
7812 667813 667814

for 3. w ¼ 1=½r2ðF2
o þ ð0:0298PÞ2 þ 1:9432P� for 3b. w ¼ 1=½r2ðF2

o þ ð0:123PÞ2þ
2 � F2

c Þ=3.
.
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methods based on F2 (SHELX-97) [36] with the aid of the WINGX pro-
gram [37]. All non-hydrogen atoms were refined with anisotropic
thermal parameters. Hydrogen atoms were included in their calcu-
lated positions and refined with a riding model. In 3, one of the bu-
tyl groups was found disordered over two positions with
occupation factors equal to 0.78:0.22. The minor component of
the disordered group was isotropically refined and restraints were
applied on the Sn–C and C–C distances. Crystallographic data and
structures refinement details for 3, 3b, 4 and 5 are summarised
in Table 1.

3. Results and discussion

3.1. Isolation and spectroscopic characterization of 3

Air-stable two-dimensional organometallic coordination
polymer 3 was prepared in dichloromethane at room temperature
together with phenazinium trifluoromethanesulfonate salts,
[C12H9N2]+[CF3SO3]� (4) and (5), by reaction of dimeric trif-
luoromethanesulfonato hydroxo organotin(IV) [n-Bu2Sn(l-OH)
(H2O)0.5(g1-O3SCF3)]2 (1) with three molar equivalents of phena-
zine (C12H8N2, Phz) (2). Distinct single-crystals of 3, 4 and 5 suit-
able for X-ray diffraction studies, colourless squares, yellow
squares and red-orange needles, respectively, were successively
obtained at room temperature by slow evaporation from a mixture
of dichloromethane/toluene.

The 119Sn{1H} NMR spectrum in CDCl2 of an analytically pure
sample of the starting complex [n-Bu2Sn(l-OH)(H2O)0.5(g1-
O3SCF3)]2 (1) exhibits only one broad resonance at �151.5 ppm
(Fig. 1a). Despite a low solubility in CD2Cl2, the 119Sn{1H} NMR
Fig. 2. IR(ATR) spectra: (a) 1, (b) 3, and (c) 3b.

Fig. 1. 119Sn{1H} NMR spectra at 298 K: (a) 1 (CD2Cl2), (b) 3 (CD2Cl2, slightly
soluble), and (c) 3b ((CD3)2CO).
analysis of 3 displays a different pattern revealing one pair of broad
signals located at d = �137.2, �143.9 ppm, and which can be assign
to exo- and endocyclic tin nucleus of the tetra-n-butyldistannox-
ane units (Fig. 1b). In the 13C{1H}NMR spectrum of 3, two sets of
signals are observed for the n-butyl groups that it is in agreement
with the presence of two different tin sites, while the 19F NMR
spectrum exhibits only one singlet situated at �78.40 ppm. The
IR spectrum of 3 shows a distinctive broad absorption centred at
3417 cm�1, quite different from the fingerprint of 1 (Fig. 2a), but
which can be assigned to the presence of OH groups (Fig. 2b). In
addition, the sharp vibration band located at 1654 cm�1 on the
spectrum of 1 and attributed to the d(HOH) bending mode of coor-
dinated water molecule (Fig. 2a), is no longer present in the spec-
trum of 3 that it implies the displacement of the H2O-ligands
during the reaction with phenazine. Characteristic vibration bands
of trifluoromethasulfonate ligands, in particular m(CF3) and m(SO3),
are also observed for 3 in the stretching region between 1000 and
1300 cm�1 [38]. The micro analytical data confirm as well the com-
position of 3 (see Section 2).

3.2. Molecular and crystal structures of 3

Organometallic coordination polymer 3 consists of an infinite
one-dimensional chain composed of tetrameric hydroxo tetra-n-
butyldistannoxane units bridged by bidendate trifluoromethane-
sulfonate ligands, (l-g2-O3SCF3). All organotin(IV) tetrameric units
of 3 adopt a centrosymmetric dimeric structure built up around the
planar four-membered cyclic Sn2O2 central core and are
comparable to a ladder-type arrangement common to many
tetraorganodistannoxanes [39]. The dimeric nature of such
tetraorganodistannoxanes induces the presence of two distinct
tin sites, designated exo- and endocyclic thereafter. Interestingly,
the solid-state structure of 3 reveals the presence of two modes
of coordination of trifluoromethanesulfonate ligands, bridging
and pseudo-terminal [40]. Metal coordinated trifluoromethanesul-
fonate ligands are known to adopt a large diversity of bonding
modes, ranging from the ionic, to mono-, bi- or tridentate, terminal
or bridging [41]. Numerous examples of trifluoromethanesulfonate
derivatives have been reported previously in organotin(IV) chemis-
try [42,43], displaying in particular excellent Lewis-acid catalytic
properties for organic reactions, such as Mukaiyama aldol reaction
[44], Robinson annulation [45], acetylation of alcohols [46], and
transesterification of dimethyl carbonate with phenol [47]. Lately,
we isolated and described the crystallographic structure of the
two-dimensional hydroxo di-n-butylstannane derivative catena-
poly[[di-n-butyltin(IV)]-l-trifluoromethanesulfonato-[[di-n-butyl
(trifluoromethanesulfonato)tin(IV)-di-l-hydroxo]] combining as
well as bridging and terminal trifluoromethanesulfonate ligands
[48]. In compound 3, the both modes of coordination of trifluoro-
methanesulfonate ligands involve a differentiation between the
tetrameric tin(IV) units. Firstly, we can distinguish the units con-
nected to two bridging trifluoromethanesulfonate groups and then
Scheme 1. Schematic representation of the repeating motif of polymer 3.



Table 2
Selected bond distances (Å) and angles (�) for 3.

Sn1–O1 2.068(2) Sn3–O3 2.031(2)
Sn1–O2 2.027(2) Sn3–O4 2.069(2)
Sn1–O5 2.505(2) Sn3–O6 2.763(2)
Sn1–O9 3.067(2) Sn3–O8 2.564(2)
Sn1–C3 2.138(3) Sn3–C19 2.123(3)
Sn1–C7 2.131(3) Sn3–C23 2.123(3)
Sn2–O1 2.191(2) Sn4–O3 2.063(2)
Sn2–O2 2.064(2) Sn4–O3i 2.122(2)
Sn2–O2ii 2.126(2) Sn4–O4 2.217(2)
Sn2–C11 2.121(3) Sn4–C27 2.130(3)
Sn2–C15 2.143(5) Sn4–C31 2.127(3)

Sn1–O1–Sn2 103.58(8) Sn3–O3–Sn4 110.31(8)
Sn1–O2–Sn2 109.79(8) Sn3–O3–Sn4i 143.91(9)
Sn1–O2–Sn2ii 143.77(9) Sn3–O4–Sn4 103.24(8)
Sn2–O2–Sn2ii 106.41(8) Sn4–O3–Sn4i 105.58(7)
O1–Sn1–O2 74.95(7) O3–Sn3–O4 75.06(7)
O1–Sn1–O5 149.41(7) O3–Sn3–C19 108.91(9)
O1–Sn1–C3 106.59(11) O3–Sn3–C23 111.10(10)
O1–Sn1–C7 102.90(10) O4–Sn3–O8 152.10(8)
O2–Sn1–O5 74.45(7) O4–Sn3–C19 108.68(9)
O2–Sn1–C3 117.01(10) O4–Sn3–C23 104.98(11)
O2–Sn1–C7 111.07(10) C19–Sn3–C23 132.79(11)
O5–Sn1–C3 87.12(10) O3–Sn4–O3i 74.42(7)
O5–Sn1–C7 88.38(9) O3–Sn4–O4 71.31(7)
C3–Sn1–C7 128.34(12) O3–Sn4–C27 112.87(10)
O1–Sn2–O2 71.63(7) O3–Sn4–C31 111.80(10)
O1–Sn2–O2ii 145.23(7) O3i–Sn4–O4 145.70(7)
O1–Sn2–C11 95.41(10) O3i–Sn4–C27 100.55(10)
O1–Sn2–C15 96.23(16) O3i–Sn4–C31 98.43(9)
O2–Sn2–O2ii 73.59(8) O4–Sn4–C27 91.30(9)
O2–Sn2–C11 114.15(10) O4–Sn4–C31 95.59(10)
O2–Sn2–C15 113.40(20) C27–Sn4–C31 134.64(12)
O2ii-Sn2–C15 97.66(17)
O2ii–Sn2–C11 98.43(10) S1–O5–Sn1 124.19(11)
C11–Sn2–C15 132.30(20)

Symmetry transformations used to generate equivalent atoms: (i) 1 � x, 1 � y,
1 � z; (ii) �x, 2 � y, �z.
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the units possessing two pseudo-terminal trifluoromethanesulfo-
nate groups, depicted A and B in Scheme 1, respectively. Both types
of tetrameric units, A and B, are bounded by the bidendate bridging
trifluoromethanesulfonate ligands giving rise to an eight tin
atoms-based organometallic fragment which constitutes the
repeating basic motif of the organometallic polymer 3 (Scheme 1).

An ORTEP view is shown in Fig. 3 and selected bond distances
and angles for 3 are listed in Table 2. Each exocyclic Sn1 and Sn1ii

atom of unit A is six-coordinated. The most suitable description for
the coordination geometry can be exposed as an unusual face-
capped trigonal bipyramid environment. The axial positions are
occupied by the oxygen atom O5 (l-g2-O3SCF3) and O1 (l-OH)
[O1–Sn1–O5 = 149.41(7)�, Sn1–O5 = 2.505(2) Å and Sn1–
O1 = 2.068(2) Å]. The equatorial plane contains both a-carbon
atoms of n-butyl chains [C3–Sn1–C7 = 128.34(12)�, Sn1–C3 =
2.138(3)Å and Sn1–C7 = 2.131(3) Å] and the triply bridging oxygen
atom O2 [O2–Sn1–C3 = 117.01(10)�, O2–Sn1–C7 = 111.07(10)�,
and Sn1–O2 = 2.027(2) Å]. One face of the trigonal bipyramid is
capped by an oxygen atom of a terminal trifluoromethanesulfonate
ligand (O9v) of a unit B from a neighbouring polymeric chain with a
long Sn–O bond [Sn1–O9v = 3.067(2) Å] (Fig. 4a). In previous stud-
ies on organotin(IV) derivatives, we already reported such similar
long Sn–O distances for carbonato and trifluoromethanesulfonato
tin(IV) derivatives, which were considered as weak interactions
[32,47]. The distortion observed for the axial bond Sn1–O1 can
be explained by the capping O9v-oxygen atom [O1–Sn1–
O2 = 74.95(7)�, O1–Sn1–C3 = 106.59(11)�, O1–Sn1–C7 =
102.90(10)�]. The endocyclic Sn2 and Sn2ii tin atoms of units A
are pentacoordinated in a distorted trigonal bipyramidal arrange-
ment (TBP). The equatorial plane contains both a-carbon atoms
of n-butyl chains [C11–Sn2–C15 = 132.30(20)�, Sn2–C11 =
2.121(3) Å and Sn2–C15 = 2.143(5) Å] and the triply bridging oxy-
gen atom O2 [O2–Sn2–C15 = 113.40(20)�, O2–Sn2–C11 =
114.15(10)�, and Sn2–O2 = 2.064(2) Å]. The axial positions are
occupied by the oxygen atoms O1 (l-OH) and O2ii (l3-O) with
bond angles smaller than 180�: [O1–Sn2–O2ii = 145.23(7)� Sn2–
O1 = 2.191(2) Å and Sn2–O2ii = 2.126(2) Å]. Up to now, to our
knowledge, the presence of two different coordination geometries
for the endo- and exocyclic sites of organodistannoxane frame-
works has been relatively rarely observed. However, a comparable
description was reported by Cao and Co-workers for a dimeric
dicarboxylato distannoxane derivative in which endo- and exocy-
clic tin atoms adopt also a distinct five- and six-coordination [49].
Fig. 3. Molecular structure of the repeating motif of 3 showing the atom labelling
scheme (ORTEP view). Colour code: tin, turquoise; sulphur, yellow; oxygen, red;
fluoride, green; carbon, grey. Symmetry transformations used to generate equiv-
alent atoms: (i) 1 � x, 1 � y, 1 � z; (ii) �x, 2 � y, �z; (iii) �x, 2 � y, �z; (iv) 1 + x, y, z;
(v) �x, 1 � y, 1 � z; (vi) x, 1 + y, z � 1. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
In the unit B of 3, the coordination geometry of tin centres is
similar to the unit A. Indeed, the exocyclic Sn3 and Sn3i atoms
are bonded to two n-butyl groups and to four types of oxygen
atoms (l3-O, l-OH, l-g2-O3SCF3, and g1-O3SCF3). The coordina-
tion can be also regarded as being a face-capped trigonal bipyra-
mid geometry with the oxygen atoms O4 (l-OH) and O8 (g1-
O3SCF3) occupying the axial positions [O4–Sn3–O8 = 152.10(8)�,
Sn3–O4 = 2.069(2) Å and Sn3–O8 = 2.564(2) Å]. The equatorial
plane contains both a-carbon atoms of n-butyl chains
[C19–Sn3–C23 = 132.79(11)�, Sn3–C19 = 2.123(3) Å and Sn3–
C23 = 2.123(3) Å] and the triply bridging oxygen atom O3 [O3–
Sn3–C19 = 108.91(9)�, O3–Sn3–C23 = 111.10(10)�, and Sn3–O3 =
2.031(2) Å]. One face of the trigonal bipyramid is capped by an
Fig. 4. The coordination environment around the Sn1 (a) and Sn3 (b) tin centres
highlighting unusual distorted capped trigonal bipyramid geometry (DIAMOND
presentation).
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oxygen atom of a bridging trifluoromethanesulfonate ligand (O6)
with a distance shorter than in unit A [Sn3–O6 = 2.763(2) Å]
(Fig. 4b). Again, the distortion observed for the axial bond
Sn3–O4 can be explained by the capping O6-oxygen atom [O3–
Sn3–O4 = 75.06(7)�, O4–Sn3–C19 = 108.68(9)�, O4–Sn3–C23 =
104.98(11)�]. The endocyclic Sn4 and Sn4i atoms are pentacoordi-
nated in a distorted trigonal bipyramidal arrangement (TBP). The
equatorial plane contains both n-butyl groups [C27–Sn4–C31 =
134.64(12)�, Sn4–C27 = 2.130(3) Å and Sn4–C31 = 2.127(3) Å] and
Fig. 5. The two-dimensional supramolecular assembly of 3 (DIAMOND presenta-
tion) exhibiting the diagonal dimensions of 32-membered and 16-membered
macrocyclic cavities (a = 13.97 ÅA

0

, b = 20.75 ÅA
0

, c = 8.55 ÅA
0

, d = 10.32 ÅA
0

). Hydrogen
bonding and long Sn–O distance interactions are shown by orange (O–H� � �O) and
blue (Sn� � �O) dashed lines, respectively. n-Butyl chains are omitted for clarity. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
the triply bridging atom O3 (l3-O) [O3–Sn4–C27 = 112.87(10),
O3–Sn4–C31 = 111.80(10)�, and Sn4–O3 = 2.063(2) Å]. The axial
positions are occupied by the oxygen atoms O4 (l-OH) and O3i

(l3-O) with bond angles smaller than 180�: [O3i–Sn4–O4 =
145.70(7)� Sn4–O4 = 2.217(2) Å and Sn4–O3i = 2.122(2) Å].

The uncoordinated oxygen atom of the bridging trifluorometh-
anesulfonate ligand is involved in an intramolecular hydrogen
bonding interaction with a bridging hydroxo group from a unit B,
O7� � �(H)O4 [2.868(3) Å]. The uncoordinated oxygen atoms of both
pseudo-terminal trifluoromethanesulfonate ligand are implicated
in intermolecular hydrogen bonding and in long Sn–O distance
interaction with one bridging hydroxo group O10� � �(H)O1v

[2.759(2) Å], and with an exocyclic tin atom, Sn1� � �O9v

[3.067(2) Å], respectively, of a unit A from the nearest-neighbour
infinite chain. The extension of a two-dimensional network con-
taining 32-membered (8Sn, 16O, 4S, 4H) and 16-membered (4Sn,
8O, 4S) macrocycles, results from these weak interactions. The
structural arrangement can be compared to a brick wall-like struc-
ture constituted of two-size blocks alternatively assembled. A DIA-
MOND representation is presented in Fig. 5 showing the
macrocycle dimensions. Up to now, few solid-state reports of
organostannoxane-based supramolecular architectures with large
internal cavities have been reported [50–53], but the current grow-
ing interest in the construction of metal–organic frameworks
(MOFs) arouses more attention to such molecular organotin(IV)-
based assemblies. The two-dimensional coordination polymer 3,
2
1f½n-Bu2ðl-OHÞSnOSn ðl-g2-O3SCF3Þn-Bu2�2½n-Bu2ðl-OHÞSnOSn
ðg1-O3SCF3Þn-Bu2�2g, constitutes a remarkable example of this fas-
cinating class of construction.

3.3. Conversion of 3 into polymorphic structure 3b

Chemically, the organometallic polymer 3 is well-soluble in
acetone and methanol. However, the solution 119Sn NMR in ace-
tone-d6, at room temperature, exhibits only one major pair of sig-
nals with chemical shifts at d �145.9 and �150.9 ppm suggesting a
structural or a chemical modification of 3 (Fig. 1c). The re-crystal-
lisation in methanol gives rise effectively after few days, to the
ig. 6. ORTEP representation of the structure of 3b showing the atom labelling
heme. Colour code: tin, turquoise; sulphur, yellow; oxygen, red; fluoride, green;
rbon, grey. Hydrogen atoms of n-Butyl chains are omitted for clarity. (For
terpretation of the references to colour in this figure legend, the reader is referred
the web version of this article.)
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formation of colourless needle-like single-crystals, suitable for an
X-ray crystallographic analysis but with a different shape from 3
(squares). The infrared analysis on new crystals confirmed this
observation showing a m(OH) band at 3490 cm�1, narrower and
shifted compared to that of 3 (Fig. 2c). Indeed, the structural deter-
mination highlighted the presence of a polymorphic structure of 3,
resolved as being 2

1f½n-Bu2ðl-OHÞSnOSnðl-g2-O3SCF3Þn-Bu2�g
and annotated thereafter 3b. An ORTEP view is shown in Fig. 6.
In the past, the X-ray crystallographic structure of 3b was already
reported by Otera and Co-workers and was described as tetrameric
hydroxo tetra-n-butyldistannoxane units bridged by trifluoro-
methanesulfonate ligands, giving rise to a sheet-like structure
formed of 24-membered rings (CCDC No. 143838) [54]. Carrying
out the measurements at lower temperature than Otera’s data
set, 115 K, and after several attempts, we could collect high-quality
crystallographic data involving a better resolution of the structure.
Thus, the disorder of some methyl residues in the butyl groups, ini-
tially observed by Otera, was clearly refined. It appeared judicious
and profitable from a crystallographic point of view to re-actualise
in this paper the new crystal and structure refinement data for
compound 3b (included in Table 1, selected bond distances and an-
gles are listed in Table 3). Furthermore, the 1H, 13C{1H} and
119Sn{1H} NMR spectroscopic data measured for 3b remain identi-
cal with what Otera published for this compound [33,54]. In fact,
the structures of polymorphs 3 and 3b differ only in the coordina-
tion mode of the trifluoromethanesulfonate ligands, bridging and
pseudo-terminal for 3 (triclinic), whereas strictly bridging for 3b
(monoclinic). In the case of 3, both uncoordinated oxygen atoms
of pseudo-terminal trifluoromethanesulfonate groups support the
growth of intermolecular hydrogen bonding and long Sn–O dis-
tance interactions described herein, while such weak interactions
are not observed for the structure of 3b. These polymorphic mod-
ifications lead to the arrangement of two distinct two-dimensional
frameworks shown in Figs. 5 and 7. The update of structures 3 and
3b represents a novel example of organometallic polymorphism.
This concept and in particular the role of weak intermolecular
Table 3
Selected bond distances (Å) and angles (�) for 3b.

Sn1–O1 2.071(3) Sn3–O2 2.109(2)
Sn1–O2 2.043(2) Sn3–O3 2.052(2)
Sn1–O5 2.600(2) Sn3–O4 2.234(3)
Sn1–C1 2.122(3) Sn3–C17 2.128(4)
Sn1–C5 2.126(3) Sn3–C21 2.138(3)
Sn2–O1 2.243(2) Sn4–O3 2.044(2)
Sn2–O2 2.060(2) Sn4–O4 2.050(3)
Sn2–O3 2.113(2) Sn4–O9 2.668(2)
Sn2–C9 2.131(3) Sn4–C25 2.125(3)
Sn2–C13 2.126(3) Sn4–C29 2.113(4)

Sn1–O1–Sn2 101.85(10) O2–Sn2–C13 114.53(12)
Sn1–O2–Sn2 109.52(11) O3–Sn2–C9 100.09(12)
Sn1–O2–Sn3 144.24(12) O3–Sn2–C13 98.13(12)
Sn2–O2–Sn3 105.90(11) C9–Sn2–C13 131.07(15)
Sn2–O3–Sn3 106.06(11) O2–Sn3–O3 73.90(10)
Sn3–O3–Sn4 110.36(10) O2–Sn3–O4 144.93(9)
Sn4–O3–Sn2 142.60(12) O2–Sn3–C17 108.90(13)
Sn3–O4–Sn4 103.36(10) O2–Sn3–C21 98.53(12)
O1–Sn1–C1 106.08(12) O3–Sn3–O4 71.11(9)
O1–Sn1–C5 104.27(12) O3–Sn3–C17 119.40(13)
O2–Sn1–O1 76.31(9) O3–Sn3–C21 116.99(12)
O2–Sn1–C1 103.49(12) O4–Sn3–C17 90.39(14)
O2–Sn1–C5 107.99(12) O4–Sn3–C21 95.20(13)
C1–Sn1–C5 140.38(14) C17–Sn3–C21 121.94(15)
O1–Sn2–O2 72.25(9) O3–Sn4–O4 75.15(9)
O1–Sn2–O3 145.85(9) O3–Sn4–C25 104.59(12)
O1–Sn2–C9 95.26(12) O3–Sn4–C29 104.39(12)
O1–Sn2–C13 94.31(12) O4–Sn4–C25 106.98(12)
O2–Sn2–O3 73.65(10) O4–Sn4–C29 105.79(12)
O2–Sn2–C9 114.10(12) C29–Sn4–C25 140.63(14)
interactions for such modification were first discussed in detail
by Braga and Grepioni in 2000 [55], and then re-examined more re-
cently in 2006 by the same authors [56].

3.4. Molecular and crystal structures of 4 and 5

As mentioned in the introduction, following the crystallisation
of 3, two new types of coloured crystals were grown successively
from the mother-liquor, yellow squares and red-orange needles,
and were characterised by X-ray diffraction studies as salts 4 and
5, respectively. The molecular structure of 4 can be described as
constituted by a phenazinium cation, [C12H9N2]+, whose only one
nitrogen atom is protonated, and by a trifluoromethanesulfonate
anion [CF3SO3]� in intramolecular hydrogen bonding interaction
with the NH group of the cation, O1� � �(H)N1 [2.736(3) Å]. An ortep
representation of salt 4 is shown in Fig. 8a. The existence of an
orthogonal intermolecular electrostatic contact between a second
oxygen atom and the neighbouring phenazinium cation, [O2� � �cen-
troid(C4N2) = 2.746(3) Å] [57], leads to the formation of an infinite
one-dimensional assemblage characterised as a split stair chain.
The dihedral angle between two consecutive phenazinium-based
planes of 4 is 83.52(4)�. The same type of arrangement was previ-
ously observed by Munakata and Co-workers for the phenazine-
based copper(I) complex [{Cu2(l-I)2(l-phz)}1] [58]. In addition
to intramolecular hydrogen bonding and electrostatic contacts,
p–p interactions between two aromatic rings of phenazinium of
two close infinite chains assemble a supramolecular three-dimen-
sional network. The crystal packing of 4 in the unit cell is reported
Fig. 8b. The interplanar and the centroid-to-centroid distances are
3.47(1) and 3.72 Å, respectively. The difference in these two dis-
tances indicates that the phenazine and phenazinium rings are
slipped. The slip angle (angle between the normal to the planes
Fig. 7. The two-dimensional supramolecular assembly of the polymorph compound
3b (DIAMOND presentation). Colour code: tin, turquoise; sulphur, yellow; oxygen,
red; fluoride, green; carbon, grey. n-Butyl chains are omitted for clarity. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)



Fig. 8. (a) Molecular structure of [C12H9N2]+[CF3SO3]� (4) showing the atom
labelling scheme (ORTEP view). Colour code: sulphur, yellow; oxygen, red; nitrogen,
blue; fluoride, green; carbon, grey; hydrogen, white. (b) The crystal packing of 4 in
the unit cell. Hydrogen bonding interactions (N–H� � �O) are shown by orange dashed
lines (DIAMOND presentation). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 9. UV–Vis absorption spectra of 4, 5 and phenazine (Phz) in CH2Cl2 solution
(c = 0.5 � 10�4 mol L�1) at 298 K.

Fig. 10. (a) Molecular structure of {([C12H9N2]+[CF3SO3]�)2(C12H8N2)} (5) showing
the atom labelling scheme (ortep view). Colour code: sulphur, yellow; oxygen, red;
nitrogen, blue; fluoride, green; carbon, grey; hydrogen, white. (b) The crystal
packing of 5 in the unit cell (DIAMOND presentation). Symmetry transformations
used to generate equivalent atoms: (i) �x, 1 � y, 1 � z. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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and the centroid–centroid vector) is 21� corresponding to a slip-
page distance of 1.34 Å. For such interactions, the distance be-
tween the arene planes is commonly found around 3.3–3.8 ÅA

0

[59,60]. Comparable interchain p–p interactions were recently re-
ported by Lachgar and Co-workers for the one-dimensional coordi-
nation polymer 1

1½CuðCNÞ2ðbpyÞ� (bpy = 2,2-bipyridy) [61].
The micro analytical data confirm as well the composition of 4.

Anal. Calc. for C13H9N2F3O3S: C, 47.27; H, 2.75; N, 8.48; S, 9.71.
Found: C, 47.33; H, 2.34; N, 8.67; S, 9.77%. The UV–Vis spectrum
of 4 in dichloromethane solution displays an intense band at
380 nm while in the same conditions, the free phenazine presents
a maximum of absorption at 362 nm which is due to p M p* tran-
sition [62](Fig. 9).

The structure of salt 5, {([C12H9N2]+ [CF3SO3]�)2(C12H8N2)}, dif-
fers from that of 4 by the intercalation of a neutral molecule of
phenazine between two phenazinium trifluoromethanesulfonate
salt molecules (Fig. 10a). This intercalated molecule is located in
a symmetry centre. The sandwich structure of 5 results from
slipped p–p aromatic interactions between the three phenazine-
type rings. In this interaction, the average interplanar distance be-
tween the aromatic rings is 3.32(1) Å, slightly shorter than for salt
4. The two rings are slipped by 1.36 Å (slip angle equal to 26.44�)
and the ring-centroid to ring-centroid distance is 3.708 Å. Analo-
gously to 4, one of the oxygen atoms of the trifluoromethanesulfo-
nate anions is engaged in an intermolecular hydrogen bonding
interaction with the NH function of a phenazinium cation,
O2� � �(H)N1 [2.704(2) Å]. Additionally, short intramolecular con-
tacts exist also between fluorine and oxygen atoms of trifluoro-
methanesulfonate anions and the nearest-neighbour molecules of
phenazine and phenazinium, through O� � �(H)C and F� � �(H)C inter-
actions, and making possible the formation of a three-dimensional
network. The crystal packing of 5 in the unit cell is reported in
Fig. 10b (DIAMOND representation). The origin of the neutral mol-
ecule of phenazine intercalated between both phenazinium mole-
cules can be explained by the initial addition of an excess of
phenazine compared to the stoichiometric quantity necessary for



Fig. 11. 119Sn{1H} NMR spectra at 298 K of successive additions of phenazine (2) to
a CD2Cl2 solution of [n-Bu2Sn(l-OH)(H2O)0.5(g1-O3SCF3)]2 (1): (a) equimolar
mixture (b) reaction conditions (molar ratio = 3:1), and (c) large excess of
phenazine (molar ratio = 6:1).
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the synthesis of the coordination polymer 3. The micro analytical
data are in agreement with the sandwich formulation of 5. Anal.
Calc. for {C13H9N2F3O3S �½(C12H8N2)}: C, 54.28; H, 3.12; N, 10.00;
S, 7.63. Found: C, 53.80; H, 2.83; N, 10.57; S, 7.43%. In addition,
the UV–Vis absorption spectrum in dichloromethane confirms
undoubtedly that the phenazinium salt 5 results from the combi-
nation of {[C12H9N2]+[CF3SO3]�} (4) and free phenazine (C12H8N2)
(Fig. 9).

Up to now, several self-assembly architectures based on phen-
azine molecules as well as phenazinium cations have been already
indexed in the literature, underlining the predisposition of such N-
heterocyclic molecule to generate p–p stacking and hydrogen
bonding interactions [63–67]. The reported X-ray crystallographic
structures of the phenazinium trifluoromethanesulfonate salt
[C12H9N2]+[CF3SO3]�, 4 and 5, are unprecedented and constitute
new examples of 3D self-assembly phenazine- and phenazinium-
based edifices.

3.5. Mechanistic considerations

While our work was in progress, Chandrasekhar and Co-work-
ers have reported a comparable reaction based on the hydrolysis
of the hydrated organotin salt {[n-Bu2Sn(l-OH2)4]2+[2,5-
Me2C6H3SO3

�]2} by a nonchelating pyridine molecule affording
the co-formation of the polymer {[n-Bu2Sn(l-OH)(l-g2-O3SC6H3-
2,5-Me2)]2}n and the pyridium sulfonate [68]. The mechanism pro-
posed by the authors postulates that pyridine abstracts a proton to
afford a tin monohydroxide key-intermediate. In our target reac-
tion, N-heterocyclic phenazine molecules seem to play a similar
role extracting a proton from 1 to provide the phenazinium cation,
[C12H9N2]+, and initiating the formation and the polymerisation of
3. Both solid-state structures of phenazinium trifluoromethanesul-
fonate salts reported in this paper, 4 and 5, constitute undoubtedly
experimental clues. A few years ago, we described a comparable
reaction for the synthesis of a copper(I) coordination polymer from
a discrete dinuclear complex, underlining the role of a bidentate
diphenylphosphine as initiator of the polymerisation process [69].

In order to get more data on the mechanism leading to the for-
mation of 3 and to detect intermediate species, we monitored by
in situ 119Sn{1H} NMR spectroscopy, in CD2Cl2 solution, the reactiv-
ity of complex [n-Bu2Sn(l-OH)(H2O)0.5(g1-O3SCF3)]2 (1) with
increasing molar ratio of phenazine 2. The 119Sn{1H} NMR spec-
trum of an equimolar mixture of 1 and 2 displays three new reso-
nances located at d = �128.3, �146.9 and �166.5 ppm (Fig. 11a)
while the signal assigned to the starting complex 1 (d =
�151.5 ppm, Fig. 1a) is already no longer visible. The addition of
two supplementary molar equivalents of 2 leads to the complete
disappearance of the more upfield resonance and shows exclu-
sively two signals at d = �128.7 and �148.8 ppm (relative integra-
tion 1:2) which present close chemical shifts to the ones of the
previous spectrum (Fig. 11b). This experiment replicates strictly
the conditions of the initial reaction carried out in the Schlenk tube
and conducting to the crystals of 3. In the presence of a large excess
of phenazine (6 molar equivalents), the preceding 119Sn{1H} NMR
fingerprint is preserved still exhibiting both the signals at
d = �129.0 and �148.7 ppm with a 1:2 ratio (relative integration),
respectively (Fig. 11c). On the basis of such a pattern which differs
from 3 (d = �137.2, �143.9 ppm, Fig. 1b), and from examples de-
scribed previously in the literature [70,71], we assign these signals
to a trinuclear species with two different tin environments. This
compound observed in in situ conditions constitutes indubitably
a key-intermediate for the synthesis of 2

1f½n-Bu2ðl-OHÞSnOSn
ðl-g2-O3SCF3Þn-Bu2�2½n-Bu2ðl-OHÞSnOSn ðg1-O3SCF3Þn-Bu2�2g (3)
from 1 and 2. Further investigations are in progress to obtain more
structural details on this intermediate and to clarify its precise role
in the mechanism formation of 3.
4. Conclusion

Usually, the construction of coordination polymers or metal–or-
ganic coordination is based on the association of metal centres
with appropriate organic ligands. This contribution supported by
solid-state studies as well as IR and 119Sn{1H} NMR spectroscopy
investigations has exposed an unusual route to the generation of
such polymeric edifices, highlighting the opportunity to utilize
preformed organometallic complexes as building-blocks in pres-
ence of a chemical initiator which promotes the process of poly-
merisation. Indeed, we have reported the preparation at room
temperature of the novel two-dimensional framework, 2

1f½n-
Bu2ðl-OHÞSnOSnðl-g2-O3SCF3Þn-Bu2�2½n-Bu2ðl-OHÞSnOSnðg1-O3

SCF3Þn-Bu2�2g (3), from [n-Bu2Sn(l-OH)(H2O)0.5(g1-O3SCF3)]2 (1)
and phenazine (2). In addition, varying the solvent of crystalliza-
tion, we have shown the conversion of the title compound
into the polymorphic structure 2

1f½n-Bu2ðl-OHÞSnOSnðl-g2-O3-
SCF3Þn-Bu2�g (3b) and we have isolated from the initial reaction
two unprecedented structural arrangements for the phenazinium
trifluoromethanesulfonate salt, [C12H9N2]+ [CF3SO3]� (4) and
{([C12H9N2]+ [CF3SO3]�)2(C12H8N2)} (5). We are currently attempt-
ing to apply and generalize the reported approach to new
examples.
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