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Syntheses and Structural Characterizations of the Three-dimensional Polymers
[(R2Sn){ Co(CN)g} 2+ X] (R = Vinyl, Propyl, Butyl; X = Solvent)

Tianyan Niu and Allan J. Jacobson*
Department of Chemistry, University of Houston, Houston, Texas, 77204-5641
Receied June 3, 1999

Three coordination polymers with the general formulagRs{ Co(CN)} - X], R = vinyl(1), butyl(2), and propyl

(3), were synthesized and structurally characterized. The three compounds are homologues with similar cell
dimensions. They all crystallize in space grdef/mem[1, a= 13.034(1) Ac = 13.678(1) A;2, a= 13.741(1)

A, c=13.363(1) A;3, a=13.477(1) Ac = 13.362(1) A]. The structures are formed by linkingSR units with
distorted octahedral Co(CNJ¥ragments. Each tin atom is coordinated by four Co(€bhits and adopts an
octahedral SnkC, arrangement. Channels along thaxis are occupied by disordered alkyl groups. The channels
have “bottlenecks” which il prevent facile release of solvent molecules. No solvent molecules are foihd in
and 3, since the channel space is occupied by the alkyl groups.

Introduction

Synthesis of novel microporous materials using both organic
and inorganic components is an active research’égde are
studying the synthesis and crystal structures of organotin
cyanometalate coordination polymérs. Several compounds
with the general formula [(RSNY),{ M(CN)y},] are known?—°
but few crystal®12 structures have been obtained. We have
grown single crystals of several new and previously reported

compounds and systematically studied the effects of the size
and number of the R groups and the number of CN groups on

the structures that are formed.
The structure of [CH(CN)s(MesSn)]%1! was the first
obtained in the organotincyanometalate family of coordination

polymers. This structure type has a framework containing large

channels and shows intercrystalline reaction chemigtaf.For
example, [(F¥ Cp)(MesSnkFe'(CN)e]1® was synthesized by
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direct intercalation of [P&(CN)s(MesSn)] with ferrocene-
(FE'Cpp). The iron compound is isostructural with [(te
Cpz)(MesSn)Fe! (CN)gl.Y” The latter compound was prepared
by direct reaction and its structure was determined by single-
crystal X-ray diffraction. The crystal structures of the related
compounds [(MgSn)Fe'(CN)g:2H,0-C4HgO,]'8 and [(Mes-
Sn)yFée'(CN)s:4H,0]° have also been determined. These com-
pounds are bridged by M8n units in only two dimensions.
The three-dimensional framework is formed by hydrogen bonds
between the coordinated water molecules and the guest solvent
molecules. The framework structure of [Cu@ie;SnCN
0.5bpy]2° contains both bridging M&n and 4,4bipyridine.
[(Me3SnpNi(CN)4("BusN)OH] and [(RiN)(Me3Sn)Co(CN):
H,0] are examples of compounds with structures containing
both bridging RSn ligands and terminald8S8nOH or RSnOH,
groups?1-23

The choice of the R group determines the specific organotin
cyanometalate structure. For example, the framework of
[Co"(CN)s(MesSn)] is defined by rings containing four cobalt
atoms. In contrast, when R Bu, the structure of{[(n-C4Hg)s-
S 3Co(CN)]° contains three- and five-membered rings. When
R = Ph, the compound [(BBn)kFe(CN)}-H,O-2CHCNJ*
contains terminal SAOH, groups hydrogen bonded to one-
sixth of the terminal CN groups. As expected, the topology of
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Table 1. Crystallographic data foi—3
[{ (C2H3)28n} 3{ CO(CN%} z'X]

[{(CaHo)2Sr}5{ Co(CNJ} 2] [{(CsH7)2Sr} o Co(CN)} 2

formula GeH22C0N12SHs CseH54C0:N12Ss CsoHa2C0N12Ss
fw 976.49 1128.84 1044.69

crystal size, mh 0.4x 0.3x0.3 0.3x 0.2x 0.3 0.22x 0.2x 0.14
a(h) 13.034(1) 13.741(1) 13.477(1)

c(A) 13.678(1) 13.363(1) 13.362(1)

V (A3) 2012.4(2) 2185.1(2) 2101.6(2) 2

z 2 2 2

space group P6s/mcm(No. 193) P6s/mcm(No. 193) P6s/mcm(No. 193)
T,K 223 223 223

A 0.71073 0.71073 0.71073

Pealo glemm? 1.612 1.716 1.651

u, cmt 26.73 24.74 25.65

R(F)¥I > 4a(1)) 0.0198 0.0472 0.0190
WR2(F?)P 0.0551 0.1088 0.0570

A B 0.018,2.21 0.05, 33.04 0.0290, 2.61

*R= J|[Fo| = [Fell/Z|Fol. "WR2 = [J[W(Fo* — F&)N[IW(F’)T] Y% w = [0%(F?) + (APY + BP] ™, P = (F&* + 2F)/3.

the framework is also determined by the number of CN groups
per metal atom, for example, in"BusN)(EtzSn)Cu(CN)],12
[(Me3zSnyMo(CN)g],® and [(PRSNYNI(CN)4-PhSnOH~0.8CH:-
CN-~0.2H,0].8

X-ray Crystallography. A colorless block crystal of with
approximate dimensions 04 0.3 x 0.3 mm was mounted in
a random orientation on a Siemens SMART platform diffrac-
tometer equipped with a 1K CCD area dete@cFhe sample
The diorganotir-cyanometalates, [@SnY)\M(CN),], have was placed in a stream of dry nitrogen gas-#&i0 °C. A
received less attention. The synthesis of f&ul)s{ Fe(CN)}}2* hemisphere of data (1271 frames at 5 cm detector distance) was
4H,0]° has been reported, but the structure was not determined.collected using Mo K radiation and a narrow-frame method
Here we report new syntheses of the three 3-D coordination with scan widths of 0.30in w with an exposure time of 15
polymers [(RSnk{ Co(CN)}2-X] (R = vinyl, propyl, and butyl) s/frame. The first 50 frames were remeasured at the end of data
together with their X-ray crystal structures. We also compare collection to monitor instrument and crystal stability, and the
them with other compounds in the organetityanometalate ~ maximum correction oh was <1%. The data were integrated
family. using the Siemens SAINT prograth,with the intensities
corrected for Lorentz factor, polarization, air absorption, and
Experimental Section absorption due to variation in the path length through the
detector faceplate. An empirical absorption correction was
K3[CO(CN)], (C2H3)2SnCh, (n-CsH7)sSnCl (98%), and applied on the basis of the entire data set using SADABS.
C4Ho)2SnCh (STREM Chemical Co.) were used as received. Redundant reflections were averaged. The Laue symmetry was
Methanol and tetrahydrofuran (THF) were dried over molecular getermined to be &mm The structure ofl was solved in

sieves (4_,&). Infrared spectra were collected on a Galaxy FTIR hexagonal space grols/mcmusing direct methods, and the
5000 series spectrometer using the KBr pellet method. Ther- giycture refinement was carried out using the SHELXTL

mogravimetric analyses were carried out using a Du Pont
Instruments 2000 thermal analyzer in a flowing oxygen atmo-
sphere.

K3[Co(CN)g] (0.136 g, 0.410 mmol) was dissolved in distilled
water (10 mL) and placed in a 25 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 (§H3),SnC} (0.280 g, 1.149
mmol) was layered on top. Clear block crystals pfG,Hs)2-
Sn}3{ Co(CN)X}2+X] (1) were observed at the interface after 1
week of interdiffusion. The yield was 65% based og®o-
(CN)el.

The compound{[(C4Ho)>Sr} 35{ Co(CN)} ] (2) was synthe-
sized in a similar way. {Co(CN)] (0.109 g, 0.329 mmol) and
(C4Hg)>SnCh (0.200 g, 0.658 mmol) were dissolved in water
and MeOH, respectively. The layer method was used a& for
with a buffer layer of MeOH and water. Colorless, block crystals
of 2 were formed in about-23 weeks. The yield was 98% based
on K3[Co(CN)g].

For 3, K3[Co(CN)] (0.078 g, 0.235 mmol) and ¢El7)sSnCl
(0.200 g, 0.706 mmol) were dissolved in water and THF,
respectively. Then the THF solution was layered on top of the
aqueous solution with a water/THF buffer layer in between.
Colorless crystals were observed in the middle of the tube in
about 3-4 weeks in two distinct shapes. The minor phase was
prismatic column crystals with the compositidi{CsH7)Sn} 5-
{Co(CN}}2] (3). The major phase was colorless square plate
crystals with the compositio (CsH7)3Sr} 3s{ Co(CN)}] (4).

program packag€. The asymmetric unit consists &f; Co-
(CN)s located on a crystallographic 3.2 site, and(CHs),Sn
located about a2m site. All non-hydrogen atoms were located
and their positions refined by a series of least squares cycles
and difference Fourier syntheses.

Data were collected fd2 with a colorless block crystal having
dimensions 0.3x 0.2 x 0.3 mm and for3 with a colorless
prismatic column crystal of dimensions 0.220.2 x 0.14 mm.
The structures were both solved in space grB6gmcmand
refined as described for compouhdCrystallographic informa-
tion for all three compounds can be found in Table 1. Bond
distances and angles can be found in Table 2.

Results and Discussion

Synthesis.Interdiffusion of Co(CN§3~ with either (GH3),-
Sr#t or (C4Ho),Sr?* gave single-phase samplesiofind?2 in
single crystal form in high yield. Crystalline samples of bath
and2 were also made by direct reaction. Their powder X-ray

(24) SMART Version 4.05; Siemens Analytical X-ray Systems, Inc.,
Madison, WI, 1995.

(25) SAINT Version 4.05; Siemens Analytical X-ray Systems, Inc.,
Madison, WI, 1995.

(26) SADABS: Siemens area detector absorption correction program;

Siemens Analytical X-ray Systems, Inc., Madison, WI, 1995.

Sheldrick, G. M., SHELXTL, Version 5.03, Siemens Analytical X-ray

Systems, Inc., Madison, WI, 1995.
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Table 2. Selected Bond Distances (A) and Angles (deg)fe3

[{ (CaHz)2Sr}3{ Co(CN)} 2+ X] (1)2
2.104(6)

Niu and Jacobson

Sn—C(11) SrC(21) 2.113(8)
Sn—N 2.284(2) Ce-C(1) 1.887(3)
N—C(1) 1.144(4) C(1DBHC(12) 1.22(2)
C(11)-C(13) 1.22(2)  C(21C(22) 1.22(2)
C(21)-C(23) 1.21(2)
C(11)-Sn—C(21) 180.0(1) C(1BSn—N 91.43(7)
C(21)-Sn—N 88.57(7) C(1)Co—C(1)#6  89.5(2)
C(1#4-Co—C(1#6  178.2(2) C(HN-Sn 160.3(3)
N—C(1)—Co 177.4(3) N-Sn—N#2 90.54(13)
C(12-C(11)-Sn 126(2) C(13yC(11-Sn  129.8(14)
C(22)-C(21)-Sn 128.8(11)  C(23)C(21)-Sn  148(2)
[{(CaHe)2Sri5{ Co(CN)} 2] (2)
Sn—C(11) 2.183(9) SaC(21) 2.198(10)
Sn—C(31) 2.192(10) SAN(1) 2.330(6)
Co—C(1) 1.887(7) N(1¥C(1) 1.154(9)
C(11)-C(12) 1.53 C(12rC(13) 1.50
C(13)-C(14) 1.48(3) C(1BC(12) 1.497(10)
C(12)—C(13) 1.50 C(13—-C(14) 1.44(3)
C(13)—C(14") 1.45(3) C(21-C(22) 1.50
C(22)-C(23) 1.54 C(23)C(24) 1.45(3)
C(31)-C(32) 1.50 C(32rC(33)#3 1.39(5)
C(33)-C(34) 1.44(3)
C(11)-Sn—C(31) 167.4(9) C(1BHSn—C(21) 164(3)
C(31)-Sn-C(21) 17(4) C(113Sn—N(1) 91.2(2)
C(21)-Sn—N(1) 96(4) C(31-Sn—N(1) 101.2(10)
C(L)#4-Co—C(1) 94.3(4) C(1#5Co—C(1)#6 174.6(5)
C(1)-N(1)-Sn 163.6(7)  N(1¥C(1)-Co 175.4(8)
N(1)#1—Sn—N(1) 84.7(3)  C(12¥C(11)-Sn 114(2)
C(13)-C(12)-C(11) 107.5 C(14yC(13-C(12) 153(3)
C(12)—C(11)-Sn 125(3) C(11yC(12)—C(13) 103(5)
C(14)-C(13)-C(12)  74(2) C(14)—C(13)—C(12) 129(6)
C(21)-C(22)-C(23) 112.5 C(24yC(23)-C(22) 155(10)
C(31)#2-C(32)-C(33)#3 103(5) C(34)C(33)-C(32) 122(6)
sn—c(11) [{(23?27332(87?} o %%%?2)51})2] (3 2.128(10) Figure 1. ORTEP drawings of local coordination environments of (a)
Sn—N(1) 2_'307(3) Ce-C(1) 1:890(3) 1, (b) 2, and (c)3, showing the disordered alkyl groups. Thermal
N(1)—C(1) 1.146(4) C(11C(12) 1.51(2) ellipsoids are shown at 50% probability.
C(12)-C(13) 151(2)  C(11yC(12) 1.544(10)
C(12)—C(13) 1.545(10) C(213C(22) 1.509(13) The presence of (§Ei7),SnCk as an impurity in (gH7)sSnCl
C(22)-C(23) 1.521(13) (98%) is probably a result of the methods used to synthesize
C(21)-Sn-C(11) 167.6(6) C(1BSn-N(1) 92.5(5) (C3H7)3SNnCI28-30 Reaction of RSn with SnCj is the most
C21y-Sm-N(1) ~ 753(3)  C(1yCo-C(L)#6  176.9(2) widely used method to prepare botsSRCl and RSnCh.28 The
EEB:(C;?;)S%&#Y 1%:;’% ﬁ((f))#’\é%)r;sl\ln(l) 15;'73((23’)) final product is controlled by the ratio of the starting materials
C(12-C(11}-Sn 118.0(13) C(13)C(12)-C(11) 109(3) and synthes!s condltlor_ls. Alternatlvely, the synthesis eifi{iz-
C(12)—C(11)-Sn 108(2) C(11¥C(12)—C(13) 124(4) SnCl by using metallic tin powder and an excess of alkyl
C(22-C(21)-Sn  116.9(7) C(25)C(22)-C(23)  110.0(11) chloride in the presence of a cataRfsiay also lead to the

2 Symmetry transformations used to generate equivalent atoms: #2,formation of (GH7).SnCh. R;SnX; and RSn can be formed
XY, —z + Yy #4, -y, —x, =z, #6,x, X — y + 1, -z. P Symmetry by decomposition of ESnX on heating® Similar results were
transformations used to generate equivalent atomsx,#1—z + /x; obtained with other sources of {d7)3SnCl.

H2X =Y, =Y, “Z+ 1o #3,x 7y, —y, 2 #4, —y + 1, —x F 1f —Z #5, Direct reaction of (GH)sSnCl with Ks[Co(CN)g] in water/

—y+1,x=y,z#6, ~x+y+ 1y ~z “Symmety transformations e gave a microcrystalline product of, powder X-ray

used to generate equivalent atoms: #8, —x+y,z #6 -y + 1, —x . - . PR .

1,7 #7 —Xx+y, Y-z diffraction pattern of which was significantly different from the
b e pattern simulated from the single-crystal data3of

patterns matched the patterns simulated from single-crystal data. Structure. Figure 1 shows the local coordination environ-
Single crystals o2 were also obtained using other solvents such Ments of the compounds. Terminal carbons of the vinyl groups
as THF, CHCN, acetone, EtOH, and DMF for §8),SNnCb. in 1 are disordered over two distinct positions (Figure 1a). The
Single crystals of3 were obtained as a minor phase. The ratio of the occupancies is 3:2 for C13 to C12 and_2:1 for C22
major phase was determined to HéQsH7)3Sr 5{ CO(CN)}] to C23. The fpur C-C distances of the Filsordered vinyl groups
(4) by elemental analysis (Calcd (%): Sn 37.14, Co 6.15, C Were constrained to be equal and refined as a free variable.

41.33,N 8.76, H 6.62. Found (%): Sn 36.38, Co 6.19, C 41.77, The butyl groups of2 are disordered over three distinct
N 8.66, H 7.00). positions (Figure 1b), with unequal populations for each

Crystals of4 suitable for single-crystal X-ray diffraction have ~Oriéntation (the ratio of the occupancies of C11 to C21 to C31
not yet been obtained. A structure determination of the minor 1S 1:0-76:0.24). Rigid body refinement combined with distance
phase3 showed that it was isostructral withand 2 with the
composition { (CsH7)2Sr} s{ Co(CN)} o). Consequently we have 459, and reference therein
included a discussion of its structure for comparison \i#tnd (29) Sisido, K.; Kozima, S.; Tuzi, TJ. Organomet. Chen1967, 9, 109.
2. (30) Kozeschkow, K. ABer. 1933 66, 1661.

(28) Ingham, R. K.; Rosenberg, S. D.; Gilman, Ghem. Re. 196Q 60,
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Figure 2. A view perpendicular ta axis, showing the coordination
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Figure 3. View of the frameworks along, with alkyl groups and
solvent molecules omitted.

environments of Co and Sn atoms, with only the carbon atoms attached
to Sn shown. These two carbons overlap with the Sn atoms in the
projection.

constraints were applied. The carbon atoms of each butyl group
were modeled as an ideatpropyl group (G-C = 1.50 A,
C—C—C = 109.5) with the C-C distance to the terminal
carbon atom constrained to be 1.45 A. The bond distances were
made less than the ideal 1.54 A in order to account for large

thermal motion and/or minor static disorder. All-S@ bond
lengths were constrained to be 2.200.03 A. The disordered
butyl group starts with C11 split into CtX14 and C12-

C14 with a 5:2 ratio, and the terminal carbon atom attached to

C13 is disordered over Cl4and C14.
One of the propyl groups & (Figure 1c) is disordered over
two positions with approximately equal populations. The@

distances in the structure were constrained to be equal and

refined as a free variable, except for the-C distances of the

second position of the disordered propyl group, which were

constrained to be 1.54 A.

Compoundsl, 2, and 3 are homologues that crystallize in
space groufP6s/mcmwith similar cell dimensions. In all cases,

every Co(CNg group is connected through®n bridges to other
Co(CN) units to form a three-dimensional network. The-Sn

N—C angles are bent significantly at the N atoms [160.3(3)

for 1, 163.6(7} for 2, and 161.3(3)for 3]. The N—Sn—N angles
are 90.5(2), 84.7(3y, and 93.7(2) for 1, 2, and3, respectively.
The Sn-N distances [2.284(2), 2.330(6), and 2.307(3) Afor

2, and3, respectively] are comparable to those found in other

organotin compounds, e.d.(h-C4He)sSr :Co(CNY)]° (2.38 A)
and [(M&SnyMo(CN)g]3 (2.34 A). The Co(CN) units display
a slightly distorted octahedral geometry with all the Co—C
angles close to linear [178.2(2)174.6(5), and 176.9(2) for

1, 2, and 3, respectively]. Each Sn atom is a vertex for four

Co(CN) units. The BRSnN, units are octahedral with the alkyl

C atoms in the axial positions. In compounds formed with R

Sn* bridging groups, the Sn atoms always adopt 351\
trigonal-bipyramidal configuration.

The frameworks ofl, 2, and3 are closely similar. Figure 2
is a view perpendicular to, showing the coordination environ-

b
ra L4
LN
/>% E69E56E /<¢E’\
24 3L

Figure 4. [(Vinyl ;Sn)k{ Co(CN)}2-X](1): (a) view of one ring, with
alkyl groups and solvent molecules omitted. Sn atoms with the same
shading are in the same plane perpendicular {b) View of one ring
perpendicular to the channel, showing the bottlenecks. Solvent mol-
ecules are shown as open circles.

plane perpendicular to theaxis, and the Sn atoms that connect
the Co(CNj} units together form two planes above and below
the Co plane. In Figure 4a, the Sn atoms in the same plane are
shown with the same shading. In the inner side of the channel,
the distances between the Sn atoms that are in the same plane
are 9.21, 10.04, and 9.66 A fdr 2, and3, respectively.

The channels id are filled with both vinyl groups attached
to Sn and solvent molecules. Figure 4b is a cross section of the
channels perpendicular towith disordered vinyl groups and
solvent molecules shown. The empty circles in the middle of
the ring are the solvent molecules. The solvent moleculés in
are so heavily disordered that only two sites designated as carbon
atoms were located. The X-ray data cannot distinguish between
THF, water, or a mixture, but thermogravimetric analysis data
suggest~0.5 THF per formula unit. Three vinyl groups form
“bottlenecks” 6.84 A apart along the channel above and below
the solvent molecules. The closest contact between terminal
carbons of adjacent vinyl groups forming the same bottleneck

ments of Co and Sn atoms. The carbon atoms of the two alkyl is 3.5 A. Removal of the solvent molecules from the framework
groups overlap the Sn atoms in this projection. Alternate Sn is hindered by these bottlenecks. The distances between the
atoms lie above and below the plane. Channels are formed alongsolvent molecules and the double bonds of the vinyl groups
thec axis (see Figure 3), which are occupied by the alkyl groups are less than 3.42 A. Some interaction between the lone pair
bonded to the Sn atoms. The space group is centric andelectrons of the oxygen atoms from either THF or water with
consequently the structure contains equal numbers of the twothe double bonds is possible.

possible orientations of the tris(chelato)cobalt(lll) fragment. In

In 3, the propyl groups replace the vinyl groups. Since the

1 solvent molecules are also found in the channel. For a propyl groups occupy more space, solvent molecules are
particular ring (Figure 4a), all six Co atoms are in the same excluded from the channels. Figure 5 shows how the channels
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Figure 5. [(PropykSn){Co(CN)}2] (3): (a) view of one ring along
c. (b) cross section of one ring perpendicular to the channel.

are occupied by propyl groups. The distance between the two

bottlenecks is 6.68 A along No solvent molecules are found
in the channels of2, and the butyl groups are severely

Niu and Jacobson

Thermogravimetric oxidation of was complete at 35€C,
and the residue was shown to be3zOpand SnQ by X-ray
powder diffraction (found 55.79%, cal. 54.55%). The total
weight loss indicated the presence of some solvent molecules.
This was also apparent in the significant weight loss observed
below 150°C. The solvent loss occurs at temperatures signifi-
cantly above the boiling points of THF (6%) and/or HO,
suggesting that the bottlenecks hinder solvent thermal desorp-
tion. Thermogravimetric oxidation d was also complete at
350 °C. The overall weight loss (51.31%) was in very good
agreement with the value calculated (51.7%) for the oxidation
of [{(CaHg)2Sr} 5{ Co(CN)s} 2].

Summary

Three coordination polymers with the general formulaf(R
Sn)x{Co(CN)}2-X], R = vinyl, propyl and butyl, were syn-
thesized and structurally characterized by single-crystal X-ray
diffraction. The three compounds are homologues with similar
cell dimensions. The frameworks are little effected by the size
of the R groups, in contrast to the triorganettyanometalates,
where the size of the R group has a strong influence on the
topology of the framework. The 3-D neutral networks are made
up of bridging RSn units and distorted octahedral Co(GN)
fragments. Each tin atom is coordinated by four Co(£MN)its
and adopts an octahedral /@ arrangement. Channels along
thec axis are occupied by disordered alkyl groups. The channels
have bottlenecks which it prevent facile release of solvent
molecules. No solvent molecules are foundiand 3, since
the channel space is occupied by the alkyl groups.
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