Halide-abstraction reactions of tin(1v) and lanthanide(111) chlorides in
tetrahydrofuran: crystal and molecular structures of
[LnCl,(thf):][SnCl;(thf)] where Ln = Ce, Gd or Yb
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It has been established that halide abstraction from several lanthanide(ir) chlorides can be effected by tin
tetrachloride. Direct treatment (1:1) of LnCl; where Ln = Ce, Gd or Yb with SnCl, in tetrahydrofuran (thf)
provided colourless compounds of the generic type LnSnCl,(thf), which have been identified by X-ray
crystallography as ionic salts [trans-LnCl,(thf)s;][SnCls(thf)]. The individual seven-co-ordinate cations feature a
regular pentagonal-bipyramidal metal geometry in which a trans-LnCl, unit is surrounded by five thf molecules
arranged in an equatorial plane. These co-ordinated solvent molecules adopt the familiar ‘propeller-like’
arrangement indicative of a skew as opposed to envelope ligand conformation. For Ln = Ce, Ce-Cl 2.697(2),
Ce—0 mean 2.495(5) A; for Ln = Gd, Gd-Cl 2.608(2), Gd—O mean 2.415(4) A; for Ln = Yb, Yb-Cl 2.5375(13),
Yb-0 mean 2.346(4) A. The six-co-ordinate [SnCl5(thf)]~ anions common to the series show a two-fold axis of
symmetry containing the metal atom, the oxygen (thf) atom and a chloride atom mutually trans to the latter. Bond
distances for Ln = Ce, i.e. Sn—0 2.276(7), Sn—Cl mean 2.399(2) A, are typical for the series.

In previous studies of halide transfer reactions we have utilized
ShCl; in acetonitrile solution as a convenient abstractor for a
range of covalent metal halides, i.e., MCI, + SbCl;—— [MCI, _,]-
[SbCIlg]. The resulting cation can be stabilized either directly by
solvent (L) molecules or, indirectly, following the addition of a
suitable oxacrown and/or aza macrocyclic ligand, e.g. M = Ti !
fac-[TiCl,(MeCN);]*; M =Sc,? [ScCLLY*" (L= 18-crown-6 =
1,4,7,10,13,16-hexaoxacyclooctadecane); M = Gd,® [GdCI,(L?)-
(MeCN)]* (L? = dibenzo-18-crown-6 = 6,7,9,10,18,20,21-octa-
hydrodibenzo[b,k][1,4,7,10,13,16]hexaoxacyclooctadecane);
M=Pr* [PrCLL%(H,0)]"; M=Sb? [SbCl,(Me;[9]aneN,)]*
(Me;[9]aneN, = 1,4,7-trimethyl-1,4,7-triazacyclononane).  In
several cases involving M = transition metal sequential removal
of halide ions has been achieved resulting in the formation of
a cation (solvated) series, e.g. (cp)MCl;— (cp)MCIl," —
(cp)MCI?* — (cp)M** where cp=n°-CsHs; and M =Ti, Zr
and Hf.® Nb” or Mo.® Equally Sobota and co-workers have
shown that SnCl, in tetrahydrofuran (thf) solution can be used
to remove halide ions from early transition-metal(ir) chlor-
ides, e.g. MCI,(thf); + SnCl,(thf), — [trans-MCI,(thf),]-
[SnCly(thf)] where M = Ti,° V*° or Cr.%° For the reaction system
2FeCl;—SnCl,—thf the initial redox 2Fe"'/Sn" —— 2Fe"/Sn'" is
followed by halide abstraction Fe'" —— FeCl* (as initiated by
Sn') resulting in the formation of the dinuclear confacial
bioctahedral cation [Fe,(u-Cl)5(thf)s]".%°

The stimulus for this investigation was whether the acceptor
properties of SnCl, would also embrace halide abstraction from
the lanthanide elements. Herein we describe the reactions of
SnCl, and LnCl; where Ln = Ce, Gd or Yb in tetrahydrofuran
and the subsequent identification (X-ray crystallography) of the
products LnSnCl,(thf), as the ionic salts [trans-LnCl,(thf)s]-
[SnCl5(thf)] respectively.

Experimental

All manipulations were carried out under a dinitrogen and/or
argon atmosphere using standard Schlenk, vacuum-line and
glove-box techniques. Tetrahydrofuran was predried over
sodium wire then distilled from potassium prior to use. Hexane
was predried over CaH, and also distilled from potassium. The
lanthanide trihalide-thf adducts were prepared from com-
mercially available lanthanide trihalide hydrates by heating at

reflux with thionyl chloride, in the presence of an excess of
tetrahydrofuran.'* Tin tetrachloride was purchased from
Aldrich Chemical Co. and used without further purification.
The IR spectra were recorded as Nujol mulls between Csl plates
using a Perkin-Elmer 580B instrument, and elemental analyses
were carried out using a Leeman Lab Inc., PS 1000 sequential
inductively coupled plasma (ICP) spectrometer and a CE 440
elemental (C, H, N) analyser.

Preparations

[CeCl,(thf)s][SnCls(thf)]. Dropwise addition of SnCl, (1.02 g,
3.92 mmol) to tetrahydrofuran (50 cm®) at 0 °C led to the form-
ation of a brown solution with a large amount of white pre-
cipitate. To this chilled, stirred suspension was introduced a
solution of [CeCl,(thf),] (1.53 g, 3.92 mmol) in tetrahydrofuran
(30 cm®). The resulting slurry was heated at reflux for 6 h, by
which time the bulk of the material had dissolved. Filtration of
the still warm reaction mixture and subsequent cooling gave the
required compound as a mass of colourless spine crystals.
Yield: 3.04 g, 83% (Found: C, 30.92; H, 5.27; Cl, 26.21. Calc. for
C,,H,CeCl,04Sn: C, 30.68; H, 5.15; Cl, 26.41%). ¥, /cm™*
(Nujol) 1302w, 1257w, 1171w, 1040m, 1003s [v,m(COC)],
953m, 833s [v,,m(COC)], 677w, 454w (ligand) and 290s (br).

[GdCI,(thf)s][SnCl,(thf)]. Following the same procedure as
above, a mixture of SnCl, (0.84 g, 3.23 mmol) and [GdClI,(thf),]
(1.76 g, 3.08 mmol) in tetrahydrofuran (30 cm®) was heated at
reflux for 6 h. Filtration of the hot reaction liquors and cooling
to —15 °C produced a large amount of white microcrystalline
solid. This was filtered off, washed with hexane (2 x 25 cm?®)
and then pumped to dryness in vacuo for 3 h. Recrystallization
from tetrahydrofuran in the presence of activated charcoal gave
the required compound as colourless cuboid crystals. Yield 2.51
g, 85% (Found: C, 30.38; H, 5.04; ClI, 26.05. Calc. for C,,H,g-
Cl,GdOgSn: C, 30.13; H, 5.06; Cl, 25.94%). V. /cm~t (Nujol)
1300w, 1253w, 1170w, 1040m, 1008s, [V,qm(COC)], 953m,
918m, 833s [v,,,(COC)], 680w, 466w (ligand) and 295s (br).

[YbCI,(thf)s][SnCls(thf)]. As above, a mixture of SnCl, (1.13
g, 4.34 mmol) and [YbClI(thf)] (2.12 g, 4.28 mmol) in tetra-
hydrofuran (75 cm?®) was heated at reflux for 6 h. The reaction
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mixture was filtered whilst still hot, then allowed to cool to
room temperature to provide a white solid which was filtered
off, washed with hexane (3 x 20 cm®) and pumped to dryness in
vacuo for 2 h. The required compound was obtained as colour-
less air-sensitive cuboid crystals, following recrystallization
from tetrahydrofuran in the presence of activated charcoal.
Yield: 3.30 g, 78% (Found: C, 29.83; H, 4.95; Cl, 25.71. Calc. for
C,4H4Cl,0sSNYb: C, 29.64; H, 4.97; Cl, 25.52%). Va/cm™?
(Nujol) 1300w, 1260w, 1170w, 1040m, 1003s [v,m(COC)],
918m, 838s [v,,m(COC)], 678w (ligand) and 292s (br).

X-Ray crystallography

Crystal data.  [CeCl,(thf)s][SnCls(thf)]. M =939.58,
T=180(2) K, A=0.71073 A, monoclinic, space group P2/c,
a=12.4113(6), b=11.1468(6), c=13.7330(7) A, B=
104.113(2)°, U=1842.6(2) A% Zz=2, D,=1.694 mg m 3
p=2.438 mm~*, F(000) = 934. Crystal size 0.21 x 0.14 x 0.10
mm; 0 range for data collection 1.69-25.50° index ranges
—16 <h=<16,-14 < k < 14, -18 < | < 7;reflectionscollected
9271; independent reflections 3427 [R(int) =0.075]; data,
restraints, parameters 3427, 0, 179; goodness of fit on F2 1.03;
R(F) [I>20(1)] =0.054, wR(F?) =0.109; largest difference
peak and hole 0.72 and —0.68 e A2,

[GACI,(thf)s][SnCls(thf)]. M =956.71, T=200(2) K, A=
0.710 73 A, monoclinic, space group P2/c, a=12.2924(6), b =
11.1255(5), ¢ = 13.7155(7) A, B =104.25(2)°, U = 1818.0(2) A3,
Z=2,D,=1.748 mg m~3, u=3.043 mm™, F(000) = 946. Crys-
tal size 0.40 x 0.10 x 0.07 mm; 0 range for data collection 1.71-
26.00°% index ranges —16 <h <13, —14<k=<14, —-15</|
< 18; reflections collected 9564; independent reflections 3567
[R(int) = 0.0447]; data, restraints, parameters 3567, 0, 179;
goodness of fit on F2 1.03; R(F) [I > 25(1)] = 0.041, wR(F?) =
0.092; largest difference peak and hole 0.65 and —0.89 e A2,

[YbBCI,(thf)][SnCls(thf)]. M =972.50, T=180(2) K, A=
0.71073 A, monoclinic, space group P2/c, a=12.1373(6),
b=11.1000(5), c¢=13.7137(6) A, Pp=104.220(1)°, U=
1790.95(14) A3, Z=2, D,=1.803 mg m=3, p=23.848 mm™,
F(000) =958. Crystal size 0.50 x 0.18 x 0.14 mm; 6 range
for data collection 1.73-28.58°; index ranges —14 < h < 15,
—14<k=<14, —16<1=<17; reflections collected 10 401;
independent reflections 4170 [R(int) = 0.055]; data, restraints,
parameters 4170, 0, 179; goodness of fit on F? 1.000; R(F)
[1>20(1)] = 0.047, wR(F?) = 0.084; largest difference peak and
hole 0.71 and —0.86 e A2,

The crystallographic measurements were made using a
Siemens SMART area-detector diffractometer and graphite-
monochromated Mo-Ka radiation. The temperature of the
crystal was controlled using an Oxford Cryosystem Cryostream
Cooler. Data were collected over a hemisphere of reciprocal
space, by a combination of three sets of exposures. Each set had
a different ¢ angle for the crystal and each exposure of 10 s
covered 0.3° in . The crystal to detector distance was 5.01 cm.
Crystal decay was monitored by repeating the initial frames at
the end of data collection; the decay was negligible in each case.
Empirical absorption corrections (using SADABS)*? were
applied in all cases. The structures were solved using direct
methods (SHELXTL PC)® and refined with anisotropic dis-
placement parameters by full-matrix least squares on F?
(SHELXL 96).** Hydrogen atoms were added at calculated
positions and refined using a riding model. Siemens SMART **
and SAINT *® programs were used to control and integrate data
collection.

CCDC reference number 186/576.

Results and Discussion

The reactions of SnCl, (1 mol) with the anhydrous lanthan-
ide(mm) chlorides LnCl, (1 mol) where Ln=Ce, Gd or Yb pro-
ceed smoothly in tetrahydrofuran solution with direct form-
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Fig. 1 Views of (a) the [GdCI,(thf)s]* cation and (b) the accompany-
ing [SnClg(thf)]” anion. Atoms are represented by thermal vibration
ellipsoids at the 50% level

ation of the ionic salts [LnCl,(thf)s][SnCls(thf)]. Slow concen-
tration of the mother-liquor with cooling provided colourless
crystals of X-ray quality for Ln=Ce, Gd or Yb respectively.
These products require careful handling; even under an inert
atmosphere there is a tendency for a gradual discolouration and
breakdown of crystallinity. The IR spectra of the products are
almost identical and show intense bands at 1003-1008 [v,gm-
(C-0-C)], 833-838 [vy,,(C-O-C)] and 290-295 cm™* [v(Sn—Cl)]
characteristic for ring stretching of co-ordinated tetra-
hydrofuran molecules and tin-halogen stretching modes
respectively.

The crystal structures form an isomorphous series with the
contraction in unit-cell size following the lanthanide contrac-
tion. The structures contain discrete [LnCl,(thf)s]" cations and
[SnCly(thf)]™ anions; the molecular structure of the complex
cation for Ln = Gd is illustrated in Fig. 1(a) (the Ln=Ce or Yb
structures are very similar due to the isomorphism) and the
molecular structure of the corresponding anion, [SnClg(thf)]™
(common for the series Ln =Ce, Gd or Yb) is shown in Fig.
1(b). Several features emerge that merit comment. Each
[LnCl,(thf)s]* cation is seven-co-ordinate and contains a trans-
LnCl, unit with five solvent (tetrahydrofuran) molecules co-
ordinated to the metal centre resulting in a pentagonal-
bipyramidal geometry. As noted for similar seven-co-ordinate
trans-MCl,(thf)s units, e.g. M =Dy,*” Y,** Tb* or Ce? the
equatorial quintet of solvent molecules adopt the familiar
‘propeller-like” arrangement which is a reflection of a skew as
opposed to envelope ligand conformation.



Table1 Bond dimensions (A) (mean) of [LnCl,(thf)s]* cations and related lanthanide (i) solvates

Co-ordination Ln-ClI
Compound* number (terminal) Ln-0O (thf) Ref.
[CeCl,(thf)s]* 7 2.697(2) 2.485(7)-2.501(5) This work
mean 2.495(5)
[CeCl,(thf)s]* 7 2.688(8) 2.493(13) 20
[CeCl(u-Cl),(thf),] 7 2.661(1) 2.500(3) 19
[GdCl,(thf)s]* 7 2.608(2) 2.400(5)-2.420(4) This work
mean 2.415(4)
[GdCI,L3,] 6 2.634(3) — 21
[GdCI,L2(MeCN)]* 9 2.632(2), 2.679(2) — 3
mean 2.656(2)
[GAPhCI,(thf),] 7 2.650(7), 2.694(9) 2.432(14), 2.584(14) 22
mean 2.677(8) mean 2.508(14)
[GACI,(CeH)(thf),]- 8 2.581(3), 2.735(4) 2.392(6), 2.513(8) 23
thf mean 2.658(4) mean 2.429(8)
[YbCl,(thf)s] 7 2.5375(13) 2.327(5)-2.357(4) This work
mean 2.346(4)
[{YDBCl,(n-Cl)(thf),}.] 6 2.490(3) 2.265(8) 24
[YbCl,(cap)(thf),] 6 2.527(5) 2.304(6) 19
[YbClI,(thf),] 6 2.52(5) 2.272(5) 25
[YbCl;(hmpa)s] 6 2.588(4) — 26
[Yb(n3-CsH,BuY),Cl(thf)] 8 2.539(3) 2.333(6) 27

* L3 = 2,6-Dimethyl-4-pyrone; CoH; = indenyl; cap = e-caprolactone (C4H,,0,); hmpa = hexamethylphosphoramide [(Me,N);P=0].

The equatorial LnOs segments are coplanar and show high
regularity with interligand bond angles close to the idealized
values: cis O-Ln-O mean 72.2(1)° and cis O-Ln-Cl mean
90.0(1)° for Ln=Ce, Gd or Yb. Least-squares planes taken
through the six atoms show root-mean-square deviations of
0.141 (Ln = Ce), 0.120 (Gd) and 0.103 A (Yb).

The bond dimensions of these cations are remarkably con-
sistent: in summary the Cl-Ln-CI central unit is uniformly
linear and the Ln—0O (thf) bond distances show a very narrow
range for each particular metal. The data are summarized
in Table 1 which also includes relevant bond parameters for a
collection of similar lanthanide(ir) complexes to allow direct
comparison(s). There is a discernible shortening in both the
Ln-Cl and the Ln-O bond distances for Ce'"'—
Gd"'— Yb'"' consistent with the recognized atomic size
contraction across the series.

For the [SnCls(thf)]™ anions, previous examples show some
subtle structural variation within the confines of the observed
octahedral geometry: for the green salt [trans-TiCl,(thf),]-
[SnCls(thf)] the anion exhibits a mirror plane containing the
metal atom, three chlorine atoms and the tetrahydrofuran mol-
ecule which is disordered;® for the bright yellow [Fe,(u-Cl),-
(thf)e][SNCI4(thf)] there is only C, point symmetry;° for [trans-
CrCl,(thf),][SnCl(thf)] the anion lies on a two-fold axis of
symmetry containing the metal atom, the oxygen (thf) atom
and the chlorine mutually trans to the ligand.’® However it
should be stressed that the actual bond dimensions are closely
similar in all three cases. In the present instance a single pattern
is observed throughout Ln = Ce, Gd or Yh: vis-a-vis the anions
show a two-fold axis of symmetry containing the metal atom,
the oxygen atom and the chlorine atom located in the mutually
trans position. Typically for Ln=Ce, Sn-O 2.276(7), Sn—Cl
mean 2.399(2) A, cis O-Sn—Cl mean 85.83(6), cis CI-Sn—Cl
mean 91.93(7)°; a closely similar picture emerges for the
other two cases where Ln = Gd or Yb. For direct comparison
we note the dimensions of the anion where M =Ti, i.e. Sn—O
2.269(8), Sn—Cl mean 2.399(4) A, cis O-Sn—Cl mean 85.9(2),
cis CI-Sn—Cl mean 92.3(1)°.

On the basis of the smooth reactions and high yields (78—
85%) observed for the SnCl,—LnCl;—thf system, where Ln=
Ce, Gd or Yb, it is clear that Sn'V is a convenient and effect-
ive halide abstractor for these lanthanide(ur) chlorides.
Having established [LnCl,(thf)s][SnClg(thf)] formation for
this representative cross-section of the 4f block it seems most

likely that such salt formation will extend across the whole
series.

Acknowledgements

We thank the University of Warwick for a postgraduate
scholarship (to T. J. W.) and, together with Siemens plc and the
EPSRC, for funding of the X-ray facilities.

References

1 P. P. K. Claire, G. R. Willey and M. G. B. Drew, J. Chem. Soc.,
Chem. Commun., 1987, 1100; P. N. Billinger, P. P. K. Claire,
H. Collins and G. R. Willey, Inorg. Chim. Acta, 1988, 149, 63.

2 G. R. Willey, M. T. Lakin and N. W. Alcock, J. Chem. Soc., Chem.
Commun., 1992, 1619; J. Chem. Soc., Dalton Trans., 1993, 3407.

3 G. R. Willey, P. R. Meehan, M. D. Rudd, H. J Clase and
N. W. Alcock, Inorg. Chim. Acta, 1994, 215, 209.

4 G. R. Willey, P. R. Meehan, P. A. Salter and M. G. B. Drew,
Polyhedron, 1996, 15, 4227.

5 G. R. Willey, M. P. Spry and M. G. B. Drew, Polyhedron, 1996, 15,
4497.

6 G. R. Willey, M. L. Butcher, M. McPartlin and 1. J. Scowen,
J. Chem. Soc., Dalton Trans., 1994, 305; G. R. Willey, M. L. Butcher
and M. G. B. Drew, J. Chem. Soc., Dalton Trans., 1994, 3285.

7 G. R. Willey, M. L. Butcher, T. J. Woodman and M. G. B. Drew,
J. Chem. Soc., Chem. Commun., 1994, 2721.

8 G. R. Willey, T. J. Woodman and M. G. B. Drew, J. Organomet.
Chem., 1996, 510, 213.

9 Z. Janas, P. Sobota and T. Lis, Polyhedron, 1988, 7, 2655.

10 Z. Janas, P. Sobota and T. Lis, J. Chem. Soc., Dalton Trans., 1991,
2429; P. Sobota, Polyhedron, 1992, 11, 715.

11 See, for example, G. R. Willey, T. J. Woodman and M. G. B. Drew,
Polyhedron, 1997, 16, 3385; L. E. Manzer, Inorg. Synth., 1982,
21, 139; J. Shamir, Inorg. Chim. Acta, 1989, 156, 163 and refs.
therein.

12 G. M. Sheldrick, SADABS, Program for empirical absorption
corrections, personal communication, 1996; R. H. Blessing, Acta
Crystallogr., Sect. A, 1995, 51, 33.

13 SHELXTL PC, Version 5.0 Reference Manual, Siemens Industrial
Autom. Inc., Analytical Instrumentation, Madison, W1, 1994.

14 G. M. Sheldrick, SHELXL 96, Program for Crystal Structure
Refinement, University of Gottingen, 1996.

15 SMART Software Reference Manual, Siemens Industrial Autom.,
Inc., Analytical Instrumentation, Madison, W1, 1994.

16 SAINT Software Reference Manual, Siemens Industrial Autom.,
Inc., Analytical Instrumentation, Madison, W1, 1995.

17 S. Anfang, K. Dehnicke and J. Magull, Z. Naturforsch., Teil B, 1996,

J. Chem. Soc., Dalton Trans., 1997, Pages 2677-2680 2679



51, 531; G. R. Willey, P. R. Meehan, T. J. Woodman and M. G. B.
Drew, Polyhedron, 1997, 16, 623.

18 P. Sobota, J. Utko and S. Szafert, Inorg. Chem., 1994, 33, 5203.

19 W. J. Evans, J. L. Shreeve, J W. Ziller and R. J. Doedens, Inorg.
Chem., 1995, 34, 576.

20 Z.-S. Jin, S.-C. Jin, X. Wang and W.-Q. Chen, J. Struct. Chem.
(Jiegou Huaxue), 1988, 7, 181.

21 C. Castellani Bisi and V. Tazzoli, Acta Crystallogr., Sect. C, 1984,
40, 1832.

22 G.-Y. Lin, Z.-S. Jin, Y.-M. Zhang and W.-Q. Chen, J. Organomet.
Chem., 1990, 396, 307.

23 F.-X. Gao, G. Wei, Z.-S. Jin and W.-Q. Chen, J. Organomet. Chem.,
1992, 438, 289.

2680 J. Chem. Soc., Dalton Trans., 1997, Pages 2677-2680

24 G. B. Deacon, T. Feng, S. Nickel, B. W. Skelton and A. H. White,
J. Chem. Soc., Chem. Commun., 1993, 1328.

25 C.-T. Qian, B. Wang, D. Deng, C. Xu, X.-Y. Sun and R.-G. Ling,
Jiegou Huaxue (J. Struct. Chem.), 1993, 12, 18.

26 Z. Hou, K. Kobayashi and H. Yamazaki, Chem. Lett., 1991, 265.

27 Q. Shen, M.-H. Qi, J-W. Guan and Y.-H. Lin, J. Organomet. Chem.,
1991, 406, 353.

Received 30th April 1997; Paper 7/02963B



