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The three-dimensional coordination polymers [{(n-C4H9)3Sn}3M(CN)6] (M ) Fe, Co) were synthesized by slow
interdiffusion of aqueous solutions of K3[M(CN)6] and THF solutions of (C4H9)3SnCl. The structures were
determined by single-crystal X-ray crystallography (M) Fe, cubic,P4132, a ) 17.338(1) Å,Z ) 4; M ) Co,
cubic,P4332,a ) 17.260(1) Å,Z ) 4). The compounds are examples of guest-free cyanide-bridged 3-D neutral
networks and are composed of nearly planar Bu3Sn units linked together with slightly distorted octahedral M(CN)6

fragments through the cyanide N atoms. Ignoring the butyl groups, each M(CN)6 octahedron is corner-shared
with six neighbors through Sn, and each M atom is a vertex for three three-membered rings and fifteen five-
membered rings. The butyl groups are disordered over three positions, with their trigonal arrangement preserved.
The [{(n-C4H9)3Sn}3M(CN)6] compounds crystallize in chiral space groups, and they are essentially isostructural
enantiomers with similar cell dimensions.

Introduction

Compounds formed by coordination between metal cyanide
anions and organotin cations can have large cavities in their
extended lattices and therefore have potential for use in molecule
separations. Various two- or three-dimensional polymers having
the general formula (R3SnIV)nM(CN)2n (n ) 1-4) have been
prepared, some with guest molecules incorporated into the
framework.1,2 A common feature of all compounds in this class
are the polymeric M-CtN-Sn-NtC-M chains which
intersect to build up frameworks with various topologies.
Anionic transition-metal cyano complexes with octahedral (Fe,3

Co,4 Ru,5 and Os5) tetrahedral (Cu),6 and square antiprismatic
(Mo7 and W7) coordination environments have been studied in
combination with R3Sn+ (R ) methyl,4 ethyl,6 and phenyl3)
cations. Of the [(R3SnIV)3MIII (CN)6] (n ) 3) compounds, [(Me3-
SnIV)3CoIII (CN)6] has been fully studied, including the deter-
mination of its crystal structure.4,8 Crystal structures have also
been reported for the analogous [(Me3PbIV)3MIII (CN)6] (M )
Co, Fe) phases.8

[(R3SnIV)3MIII (CN)6] (M ) Fe, Co) compounds with other
R groups, including ethyl, propyl, andn-butyl, have also been
reported.8,9 These coordination polymers were characterized

by IR, Raman, and Mo¨ssbauer spectroscopies, together with
NMR, ESR,10 and X-ray powder diffraction studies.11 However,
all attempts to grow single crystals resulted in polycrystalline
precipitates, which precluded complete structural understanding.
In the present work, we have successfully grown single crystals
of the two 3-D coordination polymers [{(n-C4H9)3SnIV}3M-
(CN)6] (M ) Fe, Co) and report their X-ray crystal structures.
The structures of the polymers are compared with that of [(Me3-
Sn)3Co(CN)6] and with those of the other known organotin-
cyanometalate structures.

Experimental Section

K3[Fe(CN)6], K3[Co(CN)6], and (n-C4H9)3SnCl (Strem Chemical Co.)
were used as received. Tetrahydrofuran (THF) was dried over
molecular sieves (4 Å). Infrared data were collected on a Galaxy FTIR
5000 series spectrometer using the KBr pellet method. Thermogravi-
metric analyses were carried out by using a TA Instruments 2100
thermal analyzer in a flowing nitrogen atmosphere at a heating rate of
2 °C/min. All materials examined in this paper were analyzed on a
JEOL JXA-8600 electron microprobe using wavelength-dispersive
spectrometers. The probe has four WD spectrometers, allowing
different elements to be analyzed simultaneously. Electron microprobe
standards used were cassiterite (SnO2) for Sn, ilmenite (FeTiO3) for
Fe, and pure metal for Co. Counting times were 60 s on the peaks
and 30 s on each background. The accelerating voltage was 15 kV,
and the sample current was 15 mA. Intensity data were reduced using
the φFZ matrix correction model of Bastin et al.12

K3[Fe(CN)6] (0.063 g, 0.192 mmol) or K3[Co(CN)6] (0.063 g, 0.192
mmol) was dissolved in distilled water (10 mL), and the solution was
placed in a 30 mL screw-capped tube. A 5 mL mixture of 1:1 water/
THF was applied as a buffer layer, and 10 mL of a THF solution of
excess (C4H9)3SnCl (0.25 g, 0.576 mmol) was layered on top. Dark
red crystals of [{(C4H9)3Sn}3Fe(CN)6] (1) (yield based on Fe: 46.9%)
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were observed at the interface after 2 months of interdiffusion, while
clear crystals of [{(C4H9)3Sn}3Co(CN)6] (2) (yield based on Co: 90.2%)
formed in about 1 month.

X-ray Crystallography

For 1, a dark red crystal having approximate dimensions 0.2× 0.2
× 0.1 mm was mounted in a random orientation on a Siemens SMART
platform diffractometer equipped with a 1K CCD area detector.13 The
sample was placed in a stream of dry nitrogen gas at-50 °C, and the
radiation used was Mo KR monochromatized by a highly ordered
graphite crystal. A hemisphere of data (1271 frames at 5 cm detector
distance) were collected using a narrow-frame method with scan widths
of 0.30° in ω and an exposure time of 10 s/frame. The first 50 frames
were remeasured at the end of data collection to monitor instrument
and crystal stability, and the maximum correction onI was<1%. The
data were integrated using the Siemens SAINT program,14 with the
intensities corrected for Lorentz factor, polarization, air absorption, and
absorption due to variation in the path length through the detector
faceplate. An empirical absorption correction based on the entire data
set was applied using SADABS.15 Redundant reflections were aver-
aged. The Laue symmetry was determined to bem3hm, and from the
systematic absences noted the space group was shown to be eitherP41-
32 or P4332.

The structure of1 (see Figure 1) was solved in the cubic space group
P4132 using direct methods, and the structure refinement was carried
out using SHELX96.16 The asymmetric unit consists of1/6 Fe(CN)6
located on a crystallographic 32 site and1/2 Bu3Sn located about a 2-fold
axis. All non-hydrogen atoms were located and their positions refined
by a series of least-squares cycles and difference Fourier syntheses.
The butyl groups of the Bu3Sn moiety are quite heavily disordered
over three distinct positions, with approximately equal populations for
each orientation. Since there are only about 2e- at any particular carbon
site, it was necessary to use rigid-body refinement combined with mild
distance constraints. Each butyl site was modeled as an idealn-propyl
group (C-C ) 1.50 Å, C-C-C ) 109.5°) with a free-floating terminal
carbon atom constrained to be about 1.45 Å away. The bond distances
were made less than the ideal 1.54 Å in order to account for large
thermal motion and/or minor static disorder. When the Sn-C distances
were constrained to be equal but variable, they converged at a value
close to 2.2 Å, and since this value was close to the average distance
found in other Bu3Sn systems,17 in the final refinement all Sn-C bond
lengths were constrained to be approximately 2.20 Å. The terminal

atom of the C(21′) butyl group appears to be split over two different
positions, C(24A) and C(24B) (See Figure 2). The correct absolute
configuration and space group were determined by analysis of the Flack
parameter.18 Selection of the correct enantiomer for1 was unambiguous
(Flack x parameter 0.01).

Data collection and refinement for2 were carried out similarly. A
colorless crystal with dimensions 0.1× 0.1 × 0.1 mm was used, and
an empirical absorption correction was applied. The structure was
determined and refined in space groupP4332 (Flackx parameter 0.03)
using the SHEXTL program package.19 In 2, the butyl groups are
disordered over three distinct positions. Crystallographic information
for both complexes can be found in Table 1.

Results and Discussion

Structure. Atomic coordinates and equivalent isotropic
displacement parameters for1 and2 are listed in Tables 2 and
3, respectively. Selected bond distances and angles are given
in Table 4.

Compounds1 and 2 crystallize in the chiral space groups
P4132 andP4332, respectively. They are essentially isostructural
enantiomers with similar cell dimensions. We assume that there
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Figure 1. Metal atom coordination environments in1 with thermal
ellipsoids at 50% probability. The butyl groups are omitted for clarity.

Figure 2. ORTEP drawings of the disordered Bu3Sn fragments. Each
of the disordered trigonal configurations is indicated by a different bond
type (solid, hollow, or dashed): (a)1; (b) 2. Only one orientation of
the C(11), C(11′), and C(11′′) groups is shown for1.
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although this apparent case of spontaneous resolution has not
been explored further. In both1 and2, every M(CN)6 group is
connected through Bu3Sn bridges to six other M(CN)6 units,
forming three infinite nonlinear chains which interlink into a
three-dimensional network.

The butyl groups are disordered over three positions, with
their trigonal arrangement preserved. C(11), C(21), and C(21)-
#6 form the first trigonal orientation with C(11)-Sn-C(21))
127.8(7)°, C(11)-Sn-C(21)#6) 127.8(7)°, and C(21)-Sn-
C(21)#6) 104.5(2)°. The second orientation is composed of
C(11′), C(21′), and C(21′′)#6, and the third is C(11′′) (C(11′)-
#6 for2), C(21′′) and C(21′)#6 (see Figure 2). Detailed angular
information is given in Table 4.

Ignoring the butyl groups, the underlying 3-D-M-CtN-
Sn- framework is quite intricate. Each M(CN)6 octahedron is
corner-shared with six neighbors through Sn, and each M atom
is a vertex for three three-membered rings and fifteen five-

membered rings (see Figure 3). Each CtN-Sn-NtC moiety
forms the side of one three-membered ring and five five-
membered rings. The M(CN)6 units display a slightly distorted
octahedral geometry, and the Bu3SnN2 units are trigonal
bipyramids, with cyanide N atoms in the axial positions. All

Table 1. Crystallographic Data for1 and2

[{(C4H9)3Sn}3Fe(CN)6] [{(C4H9)3Sn}3Co(CN)6]

formula C42H81FeN6Sn3 C42H81CoN6Sn3

fw 1082.05 1085.13
a, (Å) 17.338(1) 17.260(1)
Z 4 4
V, (Å3) 5211.7(3) 5141.6(3)
space group P4132 (No. 213) P4332 (No. 212)
T, K 223 223
λ, Å 0.710 73 0.710 73
Fcalc, g cm-3 1.379 1.402
µ(Mo KR), cm-1 17.25 17.89
Ra (I > 4σ(I)) 0.0378 0.0286
wR2b 0.0910 0.0866
A, Bb 0.047, 3.07 0.0557, 1.9727

a R) ∑||Fo| - |Fc||/∑|Fo|. b wR2 ) [∑[w(Fo
2 - Fc

2)2]/[∑w(Fo
2)2]] 1/2;

w ) [σ2(Fo
2) + (AP)2 + BP]-1, P ) (Fo

2 + 2Fc
2)/3.

Table 2. Atomic Coordinates (×104) and Equivalent Isotropic
Displacement Parameters (Å2 × 103) for 1

x y z U(eq)a

Fe 3750 3750 3750 36(1)
Sn 6250 2785(1) 5285(1) 61(1)
N 5013(3) 3172(3) 4864(3) 72(1)
C(1) 4533(3) 3382(3) 4469(3) 48(1)
C(11) 6250 3677(4) 6177(4) 98(8)
C(12) 5957(34) 4446(11) 5936(27) 98(8)
C(13) 6156(35) 5036(10) 6537(24) 98(8)
C(14) 6153(62) 5741(40) 6131(63) 158(31)
C(11′) 6351(47) 3924(20) 5826(34) 98(12)
C(12′) 6318(32) 3927(39) 6691(33) 98(12)
C(13′) 5567(35) 4271(41) 6950(30) 98(12)
C(14′) 5987(68) 4699(80) 7532(61) 153(44)
C(11′′) 6090(35) 3312(32) 6422(19) 117(10)
C(12′′) 6769(21) 3812(28) 6613(33) 117(10)
C(13′′) 6509(28) 4483(25) 7093(33) 117(10)
C(14′′) 6045(67) 4386(73) 7763(68) 201(53)
C(21) 5823(17) 1592(8) 5377(15) 123(5)
C(22) 6007(19) 1158(15) 6102(14) 123(5)
C(23) 5513(16) 449(12) 6148(15) 123(5)
C(24) 6093(20) -123(20) 6317(22) 147(12)
C(21′) 5759(14) 1840(9) 5994(13) 109(5)
C(22′) 6027(17) 1034(12) 5831(12) 109(5)
C(23′) 5772(19) 509(8) 6470(16) 109(5)
C(24A) 4954(21) 347(44) 6507(45) 153(25)
C(24B) 5622(49) -292(17) 6288(43) 143(22)
C(21′′) 5998(25) 1586(9) 4976(17) 122(9)
C(22′′) 5442(17) 1298(27) 5572(20) 122(9)
C(23′′) 5784(24) 1398(22) 6361(17) 122(9)
C(24′′) 5430(22) 703(18) 6671(21) 83(9)

a U(eq) is defined as one-third of the trace of the orthogonalizedUij

tensor.

Table 3. Atomic Coordinates (×104) and Equivalent Isotropic
Displacement Parameters (Å2 × 103) for 2

x y z U(eq)a

Co 6250 6250 6250 28(1)
Sn 4721(1) 3750 7221(1) 50(1)
N 5152(2) 4995(2) 6825(2) 59(1)
C(1) 5544(2) 5484(2) 6614(2) 40(1)
C(11) 3828(4) 3750 6328(4) 119(5)
C(12) 4007(14) 4113(20) 5584(8) 119(5)
C(13) 3358(17) 3957(22) 5028(8) 119(5)
C(14) 3901(33) 3960(41) 4377(25) 181(21)
C(11′) 3593(9) 3877(18) 6665(13) 102(5)
C(12′) 3659(11) 4107(18) 5829(13) 102(5)
C(13′) 2881(15) 4041(16) 5447(11) 102(5)
C(14′) 3003(43) 3537(36) 4773(28) 200(23)
C(21) 5895(7) 3272(11) 7021(9) 109(3)
C(22) 6126(10) 3368(10) 6189(9) 109(3)
C(23) 6747(11) 2793(12) 5991(9) 109(3)
C(24) 7370(23) 3307(24) 6209(24) 182(14)
C(21′) 5632(6) 3224(8) 6457(8) 83(2)
C(22′) 6443(6) 3521(7) 6548(7) 83(2)
C(23′) 6956(5) 3155(10) 5950(8) 83(2)
C(24′) 7724(17) 3517(24) 6018(25) 180(14)
C(21′′) 5914(9) 3401(23) 7479(17) 115(7)
C(22′′) 6505(23) 3615(17) 6880(23) 115(7)
C(23′′) 6956(21) 2908(23) 6651(21) 115(7)
C(24′′) 7350(33) 2523(33) 6022(27) 144(16)

a U(eq) is defined as one-third of the trace of the orthogonalizedUij

tensor.

Table 4. Selected Bond Distances (Å) and Angles (deg) for1 and
2

[{(n-C4H9)3Sn}3Fe(CN)6] (1)a

Fe-C(1) 1.950(5) N-C(1) 1.138(7)
Sn-N 2.363(5) Sn-C(11) 2.187(10)
Sn-C(11′) 2.193(10) Sn-C(11′′) 2.191(10)
Sn-C(21) 2.203(9) Sn-C(21′) 2.219(9)
Sn-C(21′′) 2.190(10)

C(1)-Fe-C(1)#1 175.4(3) C(1)-Fe-C(1)#2 87.4(3)
C(1)-Fe-C(1)#3 89.5(2) C(1)-Fe-C(1)#5 93.8(3)
C(11)-Sn-C(21) 127.8(7) C(11)-Sn-C(21)#6 127.8(7)
C(21)-Sn-C(21)#6 104(2) C(11′)-Sn-C(21′) 117(2)
C(11′)-Sn-C(21′′)#6 128(2) C(21′)-Sn-C(21′′)#6 114.9(10)
C(11′′)-Sn-C(21′′) 126(2) C(11′′)-Sn-C(21′)#6 118.9(14)
C(21′′)-Sn-C(21′)#6 114.9(10) C(1)-N-Sn 160.2(5)
N-C(1)-Fe 177.0(5)

[{(n-C4H9)3Sn}3Co(CN)6] (2)b

Co-C(1) 1.904(3) N-C(1) 1.141(4)
Sn-N 2.375(3) Sn-C(11) 2.178(10)
Sn-C(11′) 2.182(10) Sn-C(21) 2.215(9)
Sn-C(21′) 2.244(8) Sn-C(21′′) 2.191(10)

C(1)-Co-C(1)#1 175.6(2) C(1)-Co-C(1)#2 89.80(14)
C(1)-Co-C(1)#3 87.2(2) C(1)-Co-C(1)#5 93.4(2)
C(11)-Sn-C(21) 122.5(4) C(11)-Sn-C(21)#6 122.5(4)
C(21)-Sn-C(21)#6 115.1(9) C(11′)-Sn-C(21′) 114.1(8)
C(11′)-Sn-C(21′′)#6 124.6(11) C(21′)-Sn-C(21′′)#6 121.4(9)
C(11′)#6-Sn-C(21′′) 124.6(11) C(11′)#6-Sn-C(21′)#6 114.1(8)
C(21′′)-Sn-C(21′)#6 121.4(9) C(1)-N-Sn 161.3(3)
N-C(1)-Co 176.2(3)

a Symmetry transformations used to generate equivalent atoms: (#1)
-z + 3/4, -y + 3/4, -x + 3/4; (#2) -y + 3/4, -x + 3/4, -z + 3/4; (#3) z, x, y;
(#4) y, z, x; (#5) -x + 3/4,-z + 3/4, -y + 3/4; (#6) -x + 5/4, z - 1/4, y +
1/4. b Symmetry transformations used to generate equivalent atoms: (#1)
-y + 5/4, -x + 5/4, -z + 5/4; (#2) z, x, y; (#3) -x + 5/4, -z + 5/4, -y + 5/4;
(#4) y, z, x; (#5) -z + 5/4, -y + 5/4, -x + 5/4; (#6) z - 1/4, -y + 3/4, x +
1/4.
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C-M-C sections within each chain are practically linear
(175.4(3) and 175.6(2)° for 1 and 2, respectively); however,
the Sn-N-C angles are bent significantly at the N atoms
(160.1(5)° for 1 and 161.3(3)° for 2). The Sn-N distances
(2.363(5) and 2.375(3) Å for1 and 2, respectively) are
comparable to those found in other organotin compounds, e.g.
[(Me3Sn)4Mo(CN)8]7 (2.34 Å) and [(Ph3Sn)3Fe(CN)6‚H2O‚2CH3-
CN]3 (2.33 Å). The three infinite M-CtN-Sn-NtC-M
chains are crystallographically equivalent, whereas in [(Me3-
Sn)3CoIII (CN)6]4 the three chains are different, with one-third
of them nearly linear (C-N-Sn ) 171 or 172°) and the rest
bent at the N atom (157 or 146°). NMR studies suggest that
the triethyltin compound [(Et3Sn)3CoIII (CN)6] has one unique
type of chain.11 In [(Me3Sn)4M(CN)8],7 all M-CtN-Sn-Nt
C-M chains are crystallographically equivalent, with C-N-
Sn angles of 163.7(5) and 166.0(9)° for M ) Mo and W,
respectively.

In 1 and 2, the three chains define various channels in the
structure, which are filled by the butyl groups bonded to the
Sn atoms. The channels along each of the principal axes have
a width of about 8.8 Å, measured across the projection of
opposing Sn atoms (see Figure 4). These channels are
composed of spiral chains having either right-handed (41) or
left-handed (43) chirality for the Fe or Co complex, respectively.
Figure 5 shows the channels along the 111 (3-fold axis)

direction. These channels are defined by three sides of about
7.5 Å each as measured between the projections of the Sn atoms,
giving a cylinder of 4.3 Å diameter. The arrangement of the
channels is significantly different from those in similar com-
plexes. Only one other covalently bonded 3-D framework is
known containing an M(CN)6 unit, namely, [(Me3M)3Co(CN)6]
(M ) Sn, Pb)4,8 and the related compound [(Me3M)3Fe(CN)6‚
CoCp2]. Compounds1 and2 contain three- and five-membered
rings, whereas in the previously reported structure type, the
framework is defined by four-membered rings.

No solvent molecules are incorporated into the structures of
1 and 2, indicating that the butyl groups occupy most of the
space in the channels within the structure. The substantially
different butyl ligand positions found in the disordered models
(see Figure 2) probably arise from the different possible ways
that butyl groups on adjacent tin atoms can be arranged to fill
the channels (see Figure 6). It appears that the difference
between the structures of the methyl- and butyltin compounds
arises from the constraints imposed by packing the ligands
within the framework defined by the M-CN-Sn bonds.
Preliminary results suggest that R3Sn compounds with other R
groups, for example, ethyl and propyl, result in different
framework connectivities.

Other Characterizations. The physical properties of2,
including the NMR spectrum, have been reported elsewhere.11

The IR spectrum of1 exhibits two CN stretching bands from
Fe-CN-Sn at 2135 and 2091 cm-1, while the CN stretching
frequency for2 is observed at 2149 cm-1 (same as observed

Figure 3. Stereoview of1 with butyl groups omitted, showing the arrangement of five-membered and three-membered rings about a central Fe
atom.

Figure 4. View of 1 along 100, with butyl groups omitted.

Figure 5. View of 1 along 111, with butyl groups omitted.
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by Behrens et al.).8 Both major CN stretches (2135 and 2149
cm-1) are blue-shifted from those of K3Fe(CN)6 and K3Co-
(CN)6 (2105 and 2118 cm-1, respectively),8 which is common
in organotin-metal cyanide complexes.8,20 The lower CN
stretching frequency observed for1 (2091 cm-1) may arise from
partial reduction of the oxidation state of iron.10 Upon heating,
the weight of compound2 remains constant from 30 to∼250
°C. At 250 °C, total decomposition occurs, as reported by
Bonardi.10 The thermal decomposition behavior of1 is similar
to that of 2, except that decomposition begins at 150°C and
occurs over a wider temperature range. The ratios of Sn to Fe
and Sn to Co were determined by electron microprobe analysis
to be 2.88 and 2.99, respectively.

Conclusions

The two coordination polymers1 and2 are examples of guest-
free cyanide-bridged 3-D networks [(R3Sn)nM(CN)2n]. These
3-D neutral networks are composed of nearly planar Bu3Sn units
linked together with slightly distorted octahedral M(CN)6

fragments through the cyanide N atoms. Ignoring the butyl
groups, each M(CN)6 octahedron is corner-shared with six
neighbors through Sn, and each M atom is a vertex for three
three-membered rings and fifteen five-membered rings. The
butyl groups are disordered over three positions, with their
trigonal arrangement preserved. Compounds1 and2 crystallize

in chiral space groups, and they are essentially isostructural
enantiomers with similar cell dimensions.

Regarding Fischer’s suggestion4 that increasing the steric
bulk of the R group might force all C-N-Sn angles to become
180°, resulting in a marked expansion and simplification of the
lattice, we do find that changing the R group from methyl to
butyl results in a higher point group symmetry for the M atom.
All three M-CtN-Sn-NtC-M chains are now uniform, and
the C-N-Sn angles are closer to 180°. The connectivity of
the 3-D lattice is changed, however, because of the steric
requirements of the butyl groups. Further work is still needed
in order to synthesize the ideal “super-Prussian-blue” structure,
containing R3Sn as the bridging unit.4,8,21
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Figure 6. Stereoview of a single three-membered ring in1 showing the staggered arrangement of the butyl groups. Only one orientation of each
disordered butyl ligand is shown.
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