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Triorganotin Fluoride Structures: A Ligand Close-Packing Model with
Predominantly Ionic Sn—F Bonds
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The synthesis and complete characterization by multinuclear
NMR, infrared, and Mossbauer spectroscopy, by single crys-
tal X-ray analysis, as well as by electrospray mass spectro-
metry of the new soluble triorganotin fluoride Me,PhSnF (1)
is reported. The crystal structure of 1 reveals a rod-like poly-
meric structure in the solid state. Solutions of 1 in apolar solv-
ents, such as toluene, contain mixtures of interconvertible oli-
gomers. Ab initio MO calculations on model compounds
H;SnF, [H3SnFSnH;]*, and [FH3SnFSnH3F|™ indicate that the
Sn—F bonds are substantially ionic in character, and suggest
open-chain species, rather than cyclic species. In donor solv-
ents, such as pyridine, 1 forms complexes with the solvent,

such as Me,PhSnF-pyridine. The solid-state structure of
(Me3SiCH,)3SnF (2) is reformulated as monomeric with a
weak intermolecular Sn---F interaction that gives rise to a
[4+1] coordination. The relative short Sn—Sn separation en-
ables the fluorine atoms to oscillate (flip-flop) between two
neighboring (Me3SiCH,)3Sn— groups, which is expressed in
the X-ray experiment by a dynamic disorder. Ab initio MO
calculations on a model compound, [H3SnFSnH;3]*, suggest
only a small energy barrier for the flip-flop motion.

(© Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2003)

Introduction

Organometallic fluorides have received considerable at-
tention owing to their structural diversity, which is associ-
ated with the ambivalent nature of fluorine. Fluorine is
both monovalent and an excellent donor.['l As it is also the
most electronegative element, fluorine typically forms very
polar or ionic bonds with most main-group elements® and
transition metals."!

Triorganotin fluorides, R;SnF, have been known for
many decades,[* and the nature of the Sn—F bonds re-
mains controversial. Owing to its high melting point and
virtual insolubility in organic solvents, Okawara et al. ori-
ginally proposed an ionic structure for Me;SnF.[®l However,
on the basis of an early X-ray structure and IR and Raman
spectroscopy, the structure of Me;SnF was reformulated as
a polymeric arrangement consisting of planar trimethyltin
groups bridged by fluorine atoms.[”! Despite the fact that
disorder precluded a satisfactory refinement of the X-ray
structure of Me;SnF, the comparatively short Sn—F bond
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lengths (2.15, 2.45 A) and the slightly bent Sn—F—Sn bond
angle (141°) were interpreted in terms of a predominantly
covalent Sn—F bond character.B~ 1% A similar arrangement
was observed in the X-ray structure of nBu;SnF; however,
disorder again prevented the complete refinement of this
structure.l''! Due to their bent Sn—F—Sn linkages, Me;SnF
and nBu;SnF were both classified as zigzag polymers (I).[%!
In contrast, the structures of the polymeric triorganotin flu-
orides PhsSnF!'3! and (PhCH,);SnF!' consist of symmet-
ric Sn—F—Sn bridges with equal Sn—F bond lengths (2.15
A and 2.16 A), whereas cHex;SnF!["*! contains unsymmetric
bridges (2.05/2.30 A). The latter compounds reveal (almost)
linear Sn—F—Sn linkages and hence, are classified as rod-
like polvmers (II).[2]

R R R R R
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_,F/sn\ Sln“\F ----- F—Sr|i F—ISn__ F-----
R R R R R
1 1

The X-ray structure of (Me;SiCH,);SnF deserves a spe-
cial comment.['®) The authors suggested a rod-like polymer
with symmetric Sn—F—S8n bridges. The two equally long
Sn—F bonds (2.57 A) were interpreted in terms of a highly
ionic bond character.[!”]

Monomeric structures have been reported for triorgano-
tin fluorides containing more sterically demanding substitu-
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ents, such as [(Me,PhSi);C]Me,SnF, [(Me;Si);C]Ph,SnF,[!”]
and (2,4,6-Me;CH,);SnE.!'81 The latter compound was
used to establish a standard “covalent” Sn—F bond length
(1.96 A).I'81 Monomeric triorganotin fluorides were also
obtained using the intramolecular coordination of the so-
called built-in ligands."*~23 Similarly, triorganotin fluorides
react with additional fluoride ions to form monomeric
triorganodifluorostannates, R;SnF, ~.[24727]

Besides X-ray diffraction studies, !'Sn M®&ssbauer
spectroscopy,['>28 7411 119Gp ~ MAS NMR  spectros-
copy,#?>741 IR  spectroscopy,!®-10-36:48=521  and Raman
spectroscopy*®3%-521 have been applied to distinguish be-
tween polymeric and monomeric triorganotin fluorides.
Consequently, iBusSnF,** (PhCH,CH,CH,);SnF,*3 and
(F5C);SnFPP4 were assigned as polymeric structures,
whereas (PhMe,CCH,);SnF,5331 [(Me;Si);C]Me,SnF,[!7]
[(Me;Si)(Me,FSi),C]Me,SnF,P® and [(Me;Si),(Me,FSi)C]-
Me,SnFP7! have been identified as monomers. Further-
more, in the presumed polymeric triorganotin fluorides,
R;SnF (R = Me, Et, nPr, nBu, nPen, nHex, nOct, nDec),
the effect of the lengths of the alkyl chain on the melting
point, solubility, and the degree of crystallinity were
studied, however, without the support of spectroscopy.l>®!

Recently, Gillespie et al. used results from ab initio calcu-
lations to reinterpret the nature of bonds containing fluor-
ine.’>1 They concluded that a large majority of
element—fluorine bonds, including Si—F bonds, possess
substantial ionic character, and molecules such as SiF, are
therefore more appropriately described using a ligand close-
packing model with predominately ionic Si—F bonds.[0-¢1]
A search of the literature revealed only two publications
that included ab initio studies of molecules containing
tin—fluorine bonds,[®>%3 although neither of these studies
focused directly on the nature of the Sn—F bonds.

The unusually high solubility of the new triorganotin flu-
oride PhMe,SnF enabled a comprehensive study of a poly-
meric triorganotin fluoride in solution. We now report on
the results of this study, as well as on the reinvestigation of
the structure of (Me;SiCH,);SnF.l'® The ab initio elec-
tronic structure calculations of the model compounds
H;SnF, [H;SnFSnH;]*, and [FH;SnFSnH;F] ™ are also re-
ported.

Results and Discussion

Dimethylphenyltin fluoride Me,PhSnF (1) and tris(trime-
thylsilylmethyl)tin fluoride (Mes;SiCH,);SnF (2) were pre-
pared in good yields from Me,PhSnl and (Me;SiCH,»);SnCl
(2a) by halide exchange reactions with KF and NH4F, re-
spectively, in a two-layer solvent system (water/diethyl
ether) [Equation (1)].

KF (ex) or NH4F (ex)/H,O/ether
~NH4Cl or - KC1

R,R'SnX R,R'SnF

1,R=Me, R'=Ph D
2, R =R’ = CH,SiMe,

X=0Cl1
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For putative polymeric triorganotin fluorides, 1 and 2 re-
veal very low melting points, 124—126 °C and 123—127 °C,
respectively. In comparison, Me;SnF and Ph;SnF melt at
temperatures exceeding 250 °C or decompose without melt-
ing.[*31 This observation prompted us to investigate the
structures of 1 and 2 in greater detail.

Characterization of 1 and 2 in the Solid State

The '"Sn MAS NMR spectrum of Me,PhSnF (1) ex-
hibits a triplet centered at 8 = —49.3 ppm with a 'J('"°Sn-
YF) coupling of 1235 Hz, thus unambiguously revealing a
polymeric arrangement with symmetric Sn—F—Sn bridges
on the NMR time scale. The ''”Sn MAS NMR parameters
of 1 agree well with those reported for the polymeric parent
compounds Me;SnF [triplet at & = 24.3 ppm, 'J('!°Sn-
19F) = 1300 Hz] and Ph;SnF [triplet at § = —211.9 ppm,
1J('"°Sn-1°F) = 1530 Hz].*4 The integration over all spin-
ning sidebands of the three independent manifolds confirms
the 1:2:1 ratio required for a triplet. The large sideband
manifolds were also utilized to perform a tensor analysis
according to the method of Herzfeld and Berger.[6+65 The
isotropic chemical shielding (3;s,), anisotropy ({), asym-
metry (1) and chemical shift tensor components (G, 69,
o033) are presented in Table 1, alongside the same para-
meters for the related compounds Mes;SnF, PhsSnF, and
[Ph;SnF,].[27:44451 Comparison of the data reveals that the
average anisotropy for 1 is substantially larger (|Cav, =
312 ppm) than for MesSnF (|(uel = 221 ppm), Ph;SnF
(|Cavg| =250 ppm) and [Ph3snF2]7 (lCavgl =219 ppm)’ which
clearly indicates that this parameter not only depends on
the coordination number, but also on the local symmetry
around the tin atoms. The lower symmetry in 1 as com-
pared with Me;SnF and PhsSnF is also reflected in the
asymmetry, which is in the range between 0.80 and 1.00
for the three manifolds. For the parent compounds, which
possess threefold symmetry axes, group theory requires the
asymmetry to be 0.00,1°! which is indeed what was ob-
served. #4431

In sharp contrast, the ''”Sn MAS NMR spectrum of
(Me;SiCH,);SnF (2) shows a doublet centered at 165.8 with
a 'J('°Sn-'°F) coupling of 2167 Hz, indicating a monomer
with tetracoordinated tin atoms. The ''"Sn MAS NMR
parameters of 2 are similar to those of monomeric (2,4,6-
Me;CgH,)3SnF [two doublets due to crystallographically
independent tin atoms at 8 = —70.6 ppm, 'J(1'°Sn-!°F) =
2300 Hz; and § = —82.2 ppm, 'J(*1°Sn-1°F) = 2256 Hz].[*’]
The integration over the two spinning sideband manifolds
confirms that both sites of the doublet are of equal intens-
ity. The reasonably small sideband manifolds of 2 were used
to perform a tensor analysis as described above; the para-
meters obtained along with those for (2,4,6-Me;CgH,)3SnF
are presented in Table 1.44) Tt is interesting to note that,
for compound 2, the asymmetry n is 0.00, which strongly
indicates the presence of a threefold symmetry axis for the
geometry around the tin atom;[® this result is indeed con-
firmed by the single-crystal X-ray structure analysis (see be-
low). The average anisotropy of 2 (|Ca,| = 95 ppm) lies be-
tween those of the (symmetrically substituted) pentacoordi-
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Table 1. Selected '""Sn MAS NMR parameters for 1, 2 and re-
lated compounds

Compound 50 Clppm] n 611 [ppm] 62 [ppm] o33 [ppm]
1 -39.3 —350.1 085 363 66 -311
—482 —3063 1.00 354 48 -258
—57.0 +2813 0.80 —196 29 338
Me;SnF 415 -329 0.0 123 123 -370
241 221 0.0 87 87 -245
67 —113 0.0 50 50 -120
Ph;SnF -198.1 —306 0.0 351 351 -108
-211.9 -255 0.0 340 340 —43
-2252 —188 0.0 321 321 37
[Ph,SnF,]~ —348.8 —276.5 020 515 459 72
-362.7 —2227 0.00 474 474 140
-376.5 —158.0 020 471 440 218
2 1547 1547 0.00 —119 -119 -226
1694 1694 0.00 —110 -110 -289
Mes;SnFla
(site 1) -540 =51 02 85 74 3
—84.8 75 0.1 42 53 160
(site 2) -659 —62 03 107 87 3
—-96.0 63 03 55 74 159

[l Mes = 2,4,6-M63C5H2.

nated compounds (Me;SnF, Ph;SnF, [Ph;SnF,]7) and
monomeric (2,4,6-Me;CgH,)sSnF (|Gl = 63 ppm). Given
that the symmetry of 2 is higher than that in (2,4,6-
Me;C¢H»);SnF,['8] this observation may indicate a weak in-
termolecular Sn--F interaction ([4+1] coordination). Since
this additional interaction is indeed confirmed by the
single-crystal X-ray structure analysis (see below), it seems
that the anisotropy ( is more sensitive than the 'J('°Sn-
9F) coupling towards weak interactions. However, more
systematic work is needed to prove this hypothesis.

The ''°Sn Mossbauer spectrum of 1 is also in good agree-
ment with a polymeric structure.*’l The quadrupole split-
ting and the isomeric shift, 3.87 and 1.30 mm's™!, respect-
ively, are indicative of pentacoordinated tin atoms. Notably,
the quadrupole splitting and the isomeric shift for Me;SnF
and Ph;SnF were reported to be 3.80 and 1.36 mm-s~!, and
3.62 and 1.32mm-s~!, respectively.*¥) In contrast, the
Mossbauer spectrum of 2 is consistent with a monomeric
structure containing tetracoordinated tin atoms; the quad-
rupole splitting and the isomeric shift are 2.97 and
1.29 mm-s~!, respectively.?”]

In the pioneering work of Kriegsmann et al., the IR spec-
tra of the triorganotin fluorides, R;SnF (R = Me, Et, nPr,
nBu), were compared, both in the solid state (polymeric)
and in the gas phase (monomeric). They concluded that the
asymmetric Sn—F stretching vibration for polymeric trior-
ganotin fluoride compounds lies between 340 and 360
cm~!, whereas for monomeric compounds the Sn—F
stretching vibrations are between 530 and 590 cm ™ !.[36:48.50]
The IR spectrum (KBr pellet) of 1 shows a broad absorp-
tion at 340 cm !, consistent with a polymeric structure. In
contrast, the IR spectrum (KBr pellet) of 2 shows no band
between 300 and 400 cm ™!, but a band, which appears at
471 cm™!, is tentatively assigned to an Sn—F stretching vi-
bration. The position of this band lies between those of
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monomeric and polymeric triorganotin fluoride com-
pounds. This supports the interpretation of the single-crys-
tal X-ray diffraction analysis which shows that compound 2
exhibits a structure between the polymeric and monomeric

forms, with a [4+1]-coordinated tin atom (see be-
low).[36,48,50]

Single-Crystal X-ray Analyses of 1, 2, and 2a

The X-ray structure of Me,PhSnF (1) is illustrated in
Figure 1; selected bond parameters are collected in the cap-
tion of the figure, and details of the structure solution are
listed in Table 3. Compound 1 features a slightly distorted
rod-like polymeric arrangement with almost symmetric
Sn—F bond lengths. All tin atoms in 1 are crystallo-
graphically related and adopt slightly distorted trigonal-bi-
pyramidal geometries [geometrical goodness AX(0) =
88.4°], with the axial and equatorial positions occupied by
two fluorine and three carbon atoms, respectively.l°7-6%81 The
slight distortion is best reflected in the C(1)—Sn(1)—C(11)
and F(1)—Sn(1)—F(la) bond angles, which are 116.5(1)
and 179.44(7)°, respectively. The Sn—F bond lengths of 1
are 2.162(1) and 2.179(1) A, and are only 0.016 and 0.033
A longer than those of PhySnF.l'3 The tin atom is displaced
by 0.030(2) A from the plane defined by C(1), C(2), C(11),
in the direction of F(1). In the crystal lattice, Me,PhSnF (1)
forms stapled layers of parallel but isolated polymer chains
(Figure 2). The shortest distance between these polymer
chains is 3.656(4) A, between C(14) and C(16c) (¢ = 0.5 +
x, y, —0.5 — z) of neighboring phenyl groups.

Figure 1. General view (SHELXTL) of a part of the polymeric
chain of 1 showing 30% probability displacement ellipsoids and the
atom numbering (SHELXTL-PLUS); selected bond lengths [A]
and angles [°]: Sn(1)—C(1) 2.112(3), Sn(1)-C(2) 2.115(3),
Sn(1)—C(11) 2.123(3), Sn(1)—F(1) 2.162(1), Sn(1)—F(1a) 2.179(1),

c()=Sn(1)=-C(2)  121.7(1), C(1)-Sn(1)—-C(11)  116.5(1),
C2)-Sn(l)-C(11)  121.7(1), C(1)-Sn(1)—F(1)  91.78(9),
C(2)-Sn(1)-F(1)  89.998), C(11)-Sn(1)~F(1)  90.72(7).
C(1)-Sn(1)-F(la)  88.63(8), C(2)—Sn(1)-F(la)  90.12(8),
C(11)-Sn(1)—F(la) 88.76(7), F(1)-Sn(1)—F(la) 179.44(7),

Sn(1)—F(1)—Sn(1b) 172.57(7) (symmetry transformation used to
generate equivalent atoms: a = —x + 12, y + 1/2,z; b = x, y —
1, 2)

Despite having a very low melting point, Me,PhSnF (1)
is a polymer in the solid state. Apparently, this observation
may simply be explained by the well-known correlation be-
tween the symmetry and the melting point of a molecule. It

Eur. J. Inorg. Chem. 2003, 164—174
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Figure 2. Perspective view (SHELXTL) of stapled layers of parallel
polymer chains running through the crystal lattice of 1

has been suggested that highly symmetrical molecules can
absorb appreciable amounts of energy, before vibrations in-
duce disruption from the crystal lattice.[°”! In fact, all other
structurally investigated polymeric triorganotin fluoride
complexes bear three identical organic substituents and
hence, possess a higher degree of symmetry than 1.

The X-ray structure of (Me;SiCH,);SnF (2) is illustrated
in Figure 3; selected bond parameters are collected in the
caption of the figure, and details of the structure solution
are listed in Table 3. As previously reported by Zakharov
et al.,l'l the structure of 2 is characterized by an infinite
chain of tin atoms, with an Sn—Sn separation of 5.151(1)
A. However, the Sn—F distances are not equal [2.565(8)
A1' but show two pairs of different values [2.027(6)/
3.125(6) A and 2.377(6)/2.774(6) A] as result of the dynamic
disorder of the tin and fluorine atoms, respectively. The tin
atoms exhibit strongly distorted trigonal-bipyramidal con-
figurations [geometrical goodness AX(0) = 47.1° (Snl),
54.0° (Sn1")L,[7-%8 and represent positions halfway along
the tetrahedron—trigonal bipyramid pathway. The distor-
tion from the ideal trigonal bipyramid is reflected in the
C—Sn(1)—C and C—Sn(1')—C angles of 116.5(2) and

117.4(2)°, respectively. The origin for the deviation of these
angles from tetrahedral is not mostly due to the steric hind-
rance of the organic substituents, as observed for Mes;SnF
(mean C—Sn—C 116.8°),['81 nor due to substituent elec-
tronegativity (Bent’s rule),’” but is rather the result of the
intermolecular Sn(1)--F(1A) and Sn(1’)--F(1A) distances
of 2.774(6) and 3.125(6) A, respectively, being shorter than
the sum of the van der Waals radii of tin and fluorine (3.63
A).7% This view is supported by the solid-state structure of
(MesSiCH,);SnL,l"1  which  shows C—Sn—C angles
(111.7—115.2°) that are closer to those in a tetrahedral geo-
metry.[”?! Most interestingly, it appears that the intermol-
ecular Sn-+F interactions are not unambiguously reflected
by the '""Sn MAS NMR spectrum of 2, which reveals a
doublet and not a doublet of doublets (see above). The lat-
ter observation further strongly supports a dynamic rather
than a statistical disorder in the structure of 2. Given the
sensitivity of ''Sn MAS NMR spectroscopy, statistically
disordered tin sites would give rise to the observation of
two independent doublets. It is also worth mentioning that
the molecular structure of (Me;SiCH,);SnCl (2a) exhibits
an analogous disorder, as shown in Figure 4; selected bond
parameters are collected in the caption of the figure and
details of the structure solution are listed in Table 2. The
Sn—Sn separation in the infinite chain of tin atoms is
5.564(2) A, and the pairs of Sn—Cl distances are 2.508(9)/
3.056(9) and 2.498(10)/3.066(10) A.?l The geometrical
goodness AZ(0) of the respective tin atoms is 54.45° (Snl)
and 70.02° (Sn1’).[67-68]

Characterization of 1 and 2 in Solution

PhMe,SnF (1) and (MesSiCH,);SnF (2) are highly sol-
uble in common organic solvents, such as chloroform, tolu-

Figure 3. General view (SHELXTL) of 2 showing 30% probability displacement ellipsoids and the atom numbering scheme; selected
bond lengths [A] and angles [°]: disordered site 1: Sn(1)—C(1) 2.131(3), Sn(1)—F(1) 2.027(7), Sn(1)—F(la) 3.125(7), C(1)—Sn(1)—C(1b)

116.5(2), C(1)—Sn(1)—F(1) 100.8(4), C(1)—Sn(1)~F(la) 79.2(4), F(1)—Sn(1)—F(la) 180.0; disordered site 2: Sn(l)—

c(l) 2.122(3).

Sn(1')—F(1) 2.774(6), Sn(1)~F(la) 2.377(6). C(1)=Sn(1")—C(1b) 117.4(2), C(1)—Sn(1)—F(1) 80.6(4). C(1)~Sn(1')~F(la) 99.4(4).

F(1)=Sn(1")— F(la) 180.0 (symmetry transformations used to generate equivalent atoms: ¢ = —x, —y,z — 1/2; b = =y, x — y, z; ¢ =
—X + )y —x
Eur. J. Inorg. Chem. 2003, 164—174 167



FULL PAPER

J. Beckmann, K. Jurkschat, D. Daktermieks et al.

Figure 4. General view (SHELXTL) of 2a showing 30% probability displacement ellipsoids and the atom numbering scheme; selected
bond lengths [A] and angles [°]: disordered site 1: Sn(1)—C(1) 2.154(4), Sn(1)—CI(1) 2.508(9), Sn(1)—F(1a) 3.056(9), C(l)—Sn(l)—C(lb)
117. 5(2) C(1)—Sn(1)—CI(1) 99.3(3), C(1)—Sn(1)—Cl(1a) 80.7(3), CI(1)—Sn(1)—Cl(1a) 180.0; disordered site 2: Sn(1")—C(1) 2.136(3),
Sn(1")— Cl(l) 3.066(10), Sn(1")—Cl(1a) 2.498(10), C(1)—Sn(1")—C(1b) 119.0(1), C(1)—Sn(1")— Cl(l) 94.3(3), C(1)—Sn(1")—Cl(1a) 95.7(3),

CI(1)—Sn(1")—Cl(1a) 180.0 (symmetry transformations used to generate equivalent atoms: a = —x, —y, z — 1/2; b

—x+y X2

Table 2. Calculated NPA atomic charges for 3 and the staggered
conformers of 4 and 5

Molecule —q(F) [au] ¢(Sn) [au] —q(H) [au]
3 0.723 1.545 0.274

4 0.743 1.522 0.217

5 1.607 0.302
bridging F 0.809

terminal F 0.796

ene, or methanol, which is in contrast to most polymeric
triorganotin fluorides.[*]

The osmometric molecular weight determination of 1 (in
toluene) reveals a strong, but steady concentration and tem-
perature dependence, as illustrated in Figure 5. The highest
molecular mass observed was 12000 g'mol ™!, correspond-
ing to a degree of association exceeding 50 molecular units.
In contrast, the molecular weight determination of 2 (in
CH,Cl,) showed only the presence of monomers.5

Being consistent with the afore-mentioned ''°Sn MAS
NMR spectrum, the ''”Sn NMR spectrum of 1 in [Dg]tol-
uene displays a broad triplet at 6 = —53.0 ppm [v;, = 250,
1J(119Sn-1°F) = 1334 Hz], the shape of which is somewhat
distorted and similar to that reported for nBusSnF.[4®l The
19F NMR spectrum of 1 in [Dg]toluene shows a signal at
§ = —139.0 ppm (v;» = 150 Hz) with an unresolved 'J(*°F-
119/1178n) coupling of 1260 Hz. Bearing in mind the natural
abundance of the isotopes ''”Sn and !''’Sn, the magnitude
of the integral ratio between the main signal and the tin
satellites confirms the Sn—F—Sn connectivity. The presence
of only one signal in both the ''”Sn and '°F NMR spectrum
suggests the fast exchange, on the ''°Sn and '°F NMR time
scales, of rapidly interconverting oligomers with varying de-
grees of association. We speculate that the 'J(1'°Sn-!°F)
coupling is maintained because the majority of F—Sn—F
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Figure 5. Osmometric molecular mass determination of 1 in tolu-
ene at 40, 60, and 80 °C (concentrations: 1.0, 2.1, 5.1, 11.3,
19.7 g'kg™")

fragments present in these oligomers possess lifetimes that
are comparatively long on the ''°Sn and '°F NMR time
scales.*®l Attempts to slow down the exchange process at
—80 °C indeed show that the ''Sn and '°F spectra in
[Dg]toluene become more complex. However, the broadness
of the signals precluded the recognition of distinctive NMR
multiplets or signals. All attempts to identify monomers at
80 °C or very low concentration (10 mg-mL~! for '"°Sn;
0.25 mg-mL ! for 1°F) failed. The IR spectrum of a satur-
ated solution of 1 in CH,Cl, shows a very strong asymmet-
ric stretching Sn—F vibration at 339 cm ™!, which is almost
identical to the corresponding band in the solid state and
indicates bridging fluorine atoms.

At high molecular weights, a remarkable viscosity was
noticed for solutions of 1 in toluene, which increases with
higher concentrations and lower temperatures. Similar ob-
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servations have already been reported for solutions of
nBusSnF in different solvents, for which the effect was
studied in greater detail.[’>~73 Additives, such as pyridine
or aniline, reduce the viscosity to that of the pure solv-
ent.[”3] No attempts were made to determine the viscosity
of 1 in different solvents. Instead, a solution of 1 in [Ds]pyr-
idine was investigated by ''?Sn NMR spectroscopy, which
shows a broad signal centered at & = —84.0 ppm (v, =
800 Hz) at room temperature, and a doublet centered at & =
—91.5 ppm (v = 350 Hz) with a 'J(''°Sn-'°F) coupling
of 1905 Hz at —25 °C. The 'F NMR spectrum of the same
solution at room temperature and at —25 °C shows a signal
centered at 8 = —168.6 ppm ['J('°F-!"Sn) = 1840 Hz], and
at § = —164.4 ppm ['J(*°F-11°Sn) = 2100 Hz], respectively.
The observation of a doublet in the '?Sn NMR spectrum,
and the intensity ratio of the satellites to the main signal in
the '°F NMR spectrum suggest the formation a monomeric
complex, PhMe,SnF-pyridine. An analogous complex,
namely Ph;SnF-pyridine, has already been mentioned in
the literature.[>4

The ''”Sn NMR spectrum (CDCls) of 2 shows a doublet
centered at 5 = 193.0 ppm with a 'J(''°Sn-'°F) coupling of
2340 Hz, which agrees reasonably well with the ''°Sn MAS
NMR parameters (see above), although the difference in
the chemical shift in solution and in the solid state (6 =
31.0 ppm) is much bigger than that in compound 1 (& =
4.8 ppm). One possible explanation is that in solution the
tetrahedral configuration of the tin atom in 2 is much less
distorted than in the solid state, i.e. compound 2 is entirely
monomeric. The '’F NMR spectrum of 2 reveals a signal
at § = —207.2 ppm, with a well-resolved 'J(!°F-!1°Sn)
coupling of 2370 Hz. The integration of the main signal
with respect to the tin satellites confirms the monomeric
structure.

Electrospray Mass Spectrometry

In order to identify the association of organotin ions with
the parent compounds by autoionization, ESI MS spectra
of PhMe,SnF (1) and (Me;SiCH,);SnF (2) were recorded
in acetonitrile. The following mass clusters showing the ex-
pected isotopic patterns were observed: 1, negative mode:

Me,PhSnF,~ (265.0), (Me,PhSn),F;~ (509.0),
(Me,PhSn);F,~ (753.0), positive mode: Me,PhSn™ (227.0),
(Me,PhSn),F* (471.0), (Me,PhSn);F,* (715.0),
(Me,PhSn),F5* (961.0); 2, negative mode:
(Me3SiCH,);SnF,~ (419.1), positive mode:

(Me3SiCH,)3Sn™ (381.1), [(Me3SiCH,)sSn],F* (779.2).
The ready formation of charged species suggests a highly
ionic character of the Sn—F bonds in 1 and 2. The degree
of association is generally higher for species related to 1
than for those related to 2, which correlates well with the
observed Lewis acidities of the parent compounds. For
some of the organotin anions detected under electrospray
conditions, analogs were already identified in previous stud-
ies by '""Sn NMR and ""F NMR spectroscopy, e.g.
R;SnF,~ and (R3SnF),F~ (R = Me, nBu, Ph).[>>76.771 The
observation of the uncoordinated (solvent-free) triorgano-
tin cations, Me,PhSn* (227.0) and (Me;SiCH,);Sn*

Eur. J. Inorg. Chem. 2003, 164—174

(381.1), is also worth mentioning as the stabilities of such
species were questioned for a long time.[’®7°] Recently, the
crystal structure of an isolated nBusSn* cation (counter an-
ion CB;;Me,") undeniably proved the stabilities of these
species.[8

Conductivity measurements of 2 in acetonitrile, at ¢ =
1073 mol-L™!, reveal no change in conductivity compared
with that of the pure solvent (1.7 uS). The result is consist-
ent with extensive ion-pairing.

Ab Initio Computational Study of Model Compounds
Containing Sn—F Bonds

The three model compounds H;SnF (3), [H;SnFSnH;]™"
(4), and [FH3;SnFSnHsF]~ (5) were selected as subjects for
the computational investigation. H;SnF (3) is the simplest
example of a monomeric tetravalent tin compound con-
taining a tin—fluorine bond, whereas [H;SnFSnHs]" (4)
and [FH;SnFSnH;F]™ (5) represent two possible ways of
defining a subsection of a polymeric tin fluoride chain. It
is expected that the actual properties of the Sn—F —Sn link-
ages in a polymeric chain would be intermediate between
those of the two extremes modeled herein. Furthermore, 4
and 5 resemble the corresponding ditin ions that have been
detected in the ESI MS analyses of 1 and 2.

The B3LYP/TZ-optimized structures of the model com-
pounds, alongside selected geometric parameters are de-
picted in Figure 6. The calculated Sn—F bond length of
H;SnF (3) of 1.946 A appears to agree with the Sn—F bond
length of 1.961(4) A observed in the monomeric triorgano-
tin fluoride (2,4,6-Me;CH,);SnE.'81 For [H;SnFSnH;]"
(4) and [FH3SnFSnHsF]~ (5), staggered and eclipsed con-
formations were located on the potential energy surfaces;
however, the differences in calculated bond lengths and
angles between rotamers are negligible in both cases. There-
fore, only the staggered conformations will be discussed
here. As expected, the Sn—F distances increase when the
coordination numbers of both tin and fluorine are in-
creased: the Sn—F distance in 4 1s 2.124 A, and the distance
from Sn to the bridging F atom in § increases further to
2.255 A when the coordination number of tin is raised from
four to five. This result is consistent with the experimentally
obtained Sn—F bond lengths in polymeric organotin fluor-
ides. For instance, the mean Sn—F bond lengths in 1,
Ph;SnF, and cHex;SnF are 2.171(2), 2.145(1), and 2.177(1)
A, respectively. The distance between the tin and the non-
bridging fluorine atoms in 5 (2.041 A) is also somewhat
larger than the Sn—F distance in H3;SnF (3). The equilib-
rium Sn—F—Sn angles for all four fluorine-bridged ditin
systems are calculated to be 180°. The SnH; moieties in 4
and 5 are effectively able to undergo free internal rotation,
the calculated energy difference between the staggered and
eclipsed conformations is only 0.02 kcal'mol™! and 0.05
kcal'‘mol ! for 4 and 5, respectively. Both conformers of 4
and the staggered conformer of 5 are calculated to be min-
ima on the B3LYP/TZ potential energy surface, whereas the
eclipsed conformer of 5 is a first-order saddle point pos-
sessing one imaginary frequency (30i cm™!) associated with
rotation of the SnH; moieties towards the staggered con-
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formation. The fact that the eclipsed conformer of 4 is cal-
culated to be a minimum instead of a transition state ana-
logous to the eclipsed conformer of 5, could be an artifact
due to the extreme flatness of the potential energy surface
around the calculated stationary points, as illustrated by the
very small difference in energy between the staggered and
eclipsed conformations in 4.

1.706 A § 105.0°
1.946 A

4 (staggered conformer) 4 (eclipsed conformer)

180.0°

5 (eclipsed conformer)

85.8°

2,255 A

5 (staggered conformer)

Figure 6. B3LYP/TZ-optimized structures and selected geometrical
parameters of the model compounds 3, and both eclipsed and stag-
gered conformers of 4 and 5

The Sn—F—Sn bending potential curves for both con-
formers of 4 and 5 are plotted in Figure 7. For both cases,
it was found that the staggered conformation is slightly
lower in energy than the eclipsed conformation at all
Sn—F—Sn angles studied. The energy difference between
the two conformers is smallest at the equilibrium Sn—F—Sn
angle of 180°, and increases slightly as the Sn—F—Sn angle
is reduced. This is consistent with the observation of stag-
gered conformations in crystal structures of polymeric
triorganotin fluorides, e.g. 1, PhySnFI'3 and ¢Hex;SnF.[!%]
However, the small energy differences calculated herein im-
ply that the experimentally observed preference for poly-
meric triorganotin fluorides to adopt staggered conforma-
tions could be due to crystal-packing or steric effects, rather
than electronic factors. All four curves are indicative of a
very flat bending potential surface around the equilibrium
Sn—F—Sn angle of 180°. Both curves corresponding to 4
lie below room temp. (= 0.6 kcal'mol™') between 160 and
180°, whereas the curves corresponding to 5 lie below room
temp. between 140 and 180°. According to the criteria set

170

forth by Gillespie et al., the linear Sn—F—Sn equilibrium
angle and the high flexibility of the Sn—F—Sn linkages are
indicative of highly ionic Sn—F bonds.’! Thus, the obser-
vation of zigzag polymeric structures (bent Sn—F—Sn link-
ages) for Me;SnFB~ 19 and nBu;SnF,'! may be attributed
to a combination of this flexibility and crystal packing ef-
fects, rather than being an indication of covalent bond
character.® 1% Despite the high flexibility of the Sn—F—Sn
linkages, the preference of the F—Sn—F angles to be close
to 180° (Bent’s rule) precludes the formation of small or
medium-sized rings in solution, e.g. similar to cyclo-
(R,AIF);.B11 The average internal angle of a n-membered
ring is required by three-dimensional geometry to be less
than (for puckered rings) or equal to (for flat rings) [(n —
2)/n] X 180°.1821 Constraining the F—Sn—F angles to be
linear, would therefore necessitate large values of n before
the Sn—F—Sn linkages are able to adopt favorable angles
(> 150°).

18
~16
[=}
£14
w12
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510
o8 .
5 —o—eclipsed 4
o 6 - staggered 4
24 -=eclipsed 5
o - staggered §
22
x

0

100 110 120 130 140 150 160 170 180

Angle (°)

Figure 7. Energy profiles for the Sn—F—Sn bending deformations
of both eclipsed and staggered conformers of 4 and 5

Natural Population Analysis (NPA)®3 atomic charges
calculated for 3 and the staggered conformers of 4 and 5
clearly show a significant localization of negative charge on
the fluorine atoms in the model compounds, hence provid-
ing further evidence of the high ionic character of the Sn—F
bond (Table 2). The bonds between tin and the bridging
fluorine atoms are apparently slightly more ionic than the
bonds between tin and non-bridging fluorine atoms.

In order to investigate the possibility that an oscillating
(flip-flop) motion of the fluorine atoms between two
neighboring tin atoms could be the reason for the disorder
observed in the X-ray structure solution of 2, a potential
energy surface scan of the staggered conformer of 4 was
performed, where the Sn—Sn separation is fixed at various
values and the fluorine atom is moved from one tin atom
to another. The calculated energy profiles are plotted in
Figure 8. At a small Sn—Sn separation of 4.25 A, which
is extremely close to the equilibrium distance of 4.248 A
calculated for 4, and a reasonable approximation to the
measured Sn—Sn separations in the X-ray structures of all
polymeric triorganotin fluorides, e.g. Ph;SnF (4.29 A),113]
(PhCH,);SnF (4.33 A),['* and 1 (4.33 A), the curve re-
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sembles a parabola with a minimum at the halfway point,
where both Sn—F distances are 2.125 A. However, when the
Sn—Sn separation is increased, the curves become double-
minimum potentials, which possess two minima approxim-
ately 2 A away from the two tin atoms and a local max-
imum at the halfway point between the two tin atoms. This
situation resembles that found in monomeric triorganotin
fluorides, e.g. (2,4,6-Me3;CsH»);SnF (Sn—Sn separation
6.42 A, mean Sn—F distance 1.96 A).l'81 Most interestingly,
the energy barrier between the two minima is found to in-
crease substantially with increasing Sn—Sn separation.
Thus, for very large Sn—Sn separations, as observed in
(2,4,6-Me3C4H,);SnF, the fluorine atoms are trapped in
their respective potential wells. However, for reasonably
small Sn—Sn separations, as observed in 2 (5.15 A), the
energy barrier is low enough to be exceeded and the fluor-
ine atoms may oscillate (flip-flop) between the two potential
wells. In the X-ray experiment of 2, this motion is evidenced
by a dynamic disorder (see above). It was further noticed
that disorder prevented the complete refinement of the X-
ray structure of MesSnEE~!% From the indisputable
Sn—Sn separation (4.6 A) it can be surmised that the dis-
order in Me;SnF might also be due to dynamic factors ra-
ther than on statistical grounds.®¥ In contrast, the Sn—Sn
separation in the unsymmetric polymer cHex;SnF (4.35
A)! is only marginally greater than in symmetric poly-
mers, such as Ph;SnF,[!31 (PhCH,);SnF,['¥ and 1. In view
of the calculated energy profiles and the two unsymmetric
Sn—F bonds (2.05/2.30 A), the structure of cHex;SnF
should also reveal a dynamic disorder reflected on the low
energy barrier found for small Sn—Sn separations. In fact,
the disorder of almost all carbon atoms in the structure of
cHex;SnF strongly supports this assumption.!'!

45,

Relative energy [kcal / mol]

-1.8 -1.0 -0.5 0.0 0.5 1.0 1.5
Reaction coordinate [A]

Figure 8. Energy profiles for the motion of the fluorine atoms from
one tin atom to another in the staggered conformer of 4, at Sn—Sn
separations of 4.25, 5.0, 5.15, 5.75, and 6.5 A; the zero of the reac-
tion coordinate is set to the halfway point between the two tin
atoms, where both Sn—F bond lengths are equal; calculated equi-
lijbrium Sn—F distances are 2.125, 2.165, 2.112, 2.026, and 1.992
A, respectively
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Experimental Section

General: (Me;SiCH,);SnCl [§(''”Sn) = 172.6 ppm] was prepared
according to literature procedures.[®> Solution 'H, '3C, 'F, ?°Si,
and '"”Sn NMR spectra were obtained using a Bruker DRX 400
spectrometer. Chemical shifts (§) are given in ppm and are refer-
enced against SiMe,, SnMey, and CFCls. ''°Sn MAS NMR spectra
were recorded with a Bruker MSL 400 spectrometer using cross-
polarization and high-power proton decoupling. An 8-ps 90° pulse,
5 ms of contact time and a recycle delay of 10 s were used. Chem-
ical shifts (8;,) are quoted relative to SnMey, using solid ¢cHex,Sn
(8550 = —97.35 ppm) as a secondary reference. Typically, 12—15 K
transitions were recorded for a signal-to-noise ratio suitable for ten-
sor analyses. At least two experiments at independent spinning fre-
quencies ranging from 4—12 kHz were recorded to determine the
isotropic chemical shifts. The tensor analyses were performed ac-
cording to the method developed by Herzfeld and Berger;¢463]
WINFIT software (Bruker) was used to analyze the spectra.3¢ The
principle components of the shielding tensors are reported using
Haeberlen’s notation as the isotropic chemical shift (8;s, = —0js0),
the anisotropy ({ = o033 — Gj,) and the asymmetry (n = |02 —
611//|633 — Gisol)s O11, OG22, G33 are the three components of the shi-
elding tensor expressed in its principal axis system with the follow-
ing convention: |G33 — Gisol = [G11 — Giso|l = [022 — Giso|-¥71 With
this convention, { is a signed value expressed in ppm and 7 is a
dimensionless parameter, the value of which varies between 0 and
1. The Mdssbauer spectra were recorded in constant-acceleration
mode with a homemade instrument, designed and built by the In-
stitut voor Kernen Stralingsfysica (IKS), Leuven, Belgium. The iso-
mer shifts refer to a source of Ca''®®SnO; from Amersham, U.K.,
with the samples being maintained at 90(2) K. The data were
treated with a least-squares iterative program that deconvoluted the
spectrum into a sum of Lorentzians. FT infrared spectra were re-
corded using a Bruker IFS28 spectrometer. Electrospray mass spec-
tra were obtained with a Platform II single quadrupole mass spec-
trometer (Micromass, Altrincham, U.K.) using an acetonitrile mo-
bile phase. Acetonitrile solutions (0.1 mm) of the compounds were
injected directly into the spectrometer via a Rheodyne injector
equipped with a 50-pL loop. A Harvard 22 syringe pump delivered
the solutions to the vaporization nozzle of the electrospray ion
source at a flow rate of 10 pnL-min~!. Nitrogen was used as both a
drying gas and for nebulization with flow rates of approx.
200 mL-min~! and 20 mL-min~!, respectively. Pressure in the mass
analyzer region was usually about 4:10~3 mbar. Typically 10 signal-
averaged spectra were collected. Microanalyses were performed us-
ing an instrument from Carlo Erba Strumentazione (Model 1106).
Molecular weight determinations were performed with a Gonotec
Osmomat 070 osmometer.

Dimethylphenyltin Fluoride, Me,PhSnF (1): A solution of PhMgBr
(80 mL, 50.0 mmol) in THE, which was prepared from CgHsBr
(7.85 g) and magnesium turnings (1.22 g), was added dropwise at 0
°C to a solution of Me,SnCl, (5.00 g, 22.8 mmol) in THF (80 mL).
The reaction mixture was heated at reflux for 1.5h and the THF
was distilled off. Diethyl ether (150 mL) was added to the residue
and the resulting suspension was stirred for 15 min. This suspen-
sion was hydrolyzed with an aqueous HCI solution (50 mL, 4%),
while cooling with ice. The organic layer was separated and the
aqueous layer extracted three times with diethyl ether (30 mL). The
combined organic phases were dried with Na,SO,. Filtration of the
sodium sulfate and evaporation of the diethyl ether in vacuo gave
Me,Ph,Sn (10.15 g, 33.5mmol) as a yellow oil [5''°Sn(CH,Cl,/
D,O capillary) = —60.1 ppm] of sufficient purity. Iodine (5.71 g,
45 mmol) was added in small portions to an ice-cooled magnetic-
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ally stirred solution of Me,Ph,Sn (10.15 g, 22.5 mmol) in CH,Cl,
(100 mL). The reaction mixture was stirred at 0 °C for 2.5 h fol-
lowed by the removal of dichloromethane and benzene in vacuo,
giving a yellow oil, Me,PhSnl (17.69 g) consisting of Me,PhSnl
[611Sn(CH,Cly/D,0 capillary) = —15.3 ppm]. A solution of KF
(1.88 g, 32.4 mmol) in water (30 mL) was added to a solution of
Me,PhSnl (2.86 g, 8.1 mmol) in diethyl ether (30 mL). The reaction
mixture was stirred for 24 h and was then left for a few hours with-
out stirring giving rise to the formation of colorless crystals of
Me,PhSnF at the phase boundary (1.36 g, 6.7 mmol, 83% yield),
m.p. 124—126 °C. '"H NMR (CDCl;): § = 7.38 [complex pattern,
2J('H-""7119Sn) = 30 Hz, 2 H, o-H], 7.27 (complex pattern, 3 H,
m-, p-H), 0.34 [s, 2J(‘\H-C-!"117Sn) = 71 Hz, 6 H, Me] ppm.
13C{'H} NMR (CDCl;, ¢ = 0.228 mol-L™"): § = 144.6 ['J(13C-117
119Sn) = 707/741 Hz, Cj], 135.3 [2J(13C-'"7119Sn) = 49 Hz, C,],
128.6 (C,), 127.9 [PJ(*3C-1""1198n) = 65 Hz, C,,], —0.05 ['J("*C-'1"
119Sn) = 544/568 Hz, CH;] ppm. '’F NMR (CDCl;): § = —137.4
[\J(PPF-1191178n) = 1255 Hz] ppm; ([Dg]toluene): § = —139.0
[\J(*PF-119117Sn) = 1260 Hz] ppm. '"°Sn{!H} NMR (CDCl;): § =
—52.3 [LJ(*¥Sn-1F) = 1340 Hz]; ([Dg]toluene): & = —53.0 ppm
['J(*'?Sn-"°F) = 1334 Hz] ppm. *C{'H} MAS NMR: § = —0.3,
1.6 (CH3), 144.8, 136.6, 134.4, 128.5 (phenyl carbon atoms) ppm.
9Sn{'H} MAS NMR: § = —49.5 ['\J("°Sn-1°F) = 1235 Hz] ppm.
IR (KBr): v = 3066 w, 2995 w, 2912 wbr, 1431 s, 1197 s, 1082 s,
998 w, 778 vs, 727 vs, 699 vs, 561 s, 531 s, 340 vs cm~!. CgH,;FSn
(244.91): caled. C 39.2, H 4.5; found C 39.3, H 4.5.

Tris(trimethylsilylmethyl)tin Fluoride, (Me;SiCH,);SnF (2): A sat-
urated aqueous solution of NH4F (30 mL) was added to a solution
of (Me;SiCH,);SnCl (0.80 g, 1.9 mmol) in diethyl ether (50 mL).
The reaction mixture was stirred for 24 h and the organic layer was
separated. The aqueous layer was extracted twice with diethyl ether

Table 3. Crystal data and structure refinement for 1, 2, and 2a

(20 mL) and the combined organic phases were dried with Na,SO,.
After filtration from the latter, the diethyl ether was distilled leaving
a colorless residue which was recrystallized from dichloromethane
giving (Me;SiCH,);SnF (0.71 g, 1.8 mmol, 92% yield) of m.p.
123—127 °C. '"H NMR (CDCl;): § = 0.11 (s, 27 H, CHj3), 0.23
[d, 3J('H-"F) = 4.2, 2J('H-'"7119Sn) = 72.5/75.3 Hz, CH,] ppm.
BC{'H} NMR (CDCly): & = 6.1 ['J('3C-1""Sn) = 286, 2J(3C-
19F) = 10 Hz; SnCH,Si], 1.5 (SiMe;) ppm. ’F NMR (CDCl5): § =
—207.2 ["J(F-119Sn) = 2369 Hz] ppm. *’Si{'"H} NMR (CDCl;):
5 = 2.0 [PJ®Si-'"9178n) = 29 Hz] ppm. '"Sn{'H} NMR
(CDCly): & = 196.4 ['J('Sn-1°F) = 2340, 'J(11PSn-13C) = 282,
2J(1°Sn-?°Si) = 30 Hz] ppm. BC{'H} MAS NMR: § = 3.7 (CHj),
8.0 (broad, CH,) ppm. '"”Sn{'H} MAS NMR: § = 165.8 ['J('°Sn-
YF) = 2167 Hz] ppm. IR (KBr): v = 2954 s, 2897 s, 1450 w, 1407
w, 1353 w, 1307 w, 1248 vs, 1023 vs, 833 vsbr, 752's, 719 s, 689 s,
616 w, 596 s, 577 w, 529 s, 471 sbr, 283 w cm™'. C;,H53FSizSn
(399.38): caled. C 36.1, H 8.3; found C 36.2, H 8.1. Molecular
weight (5.04 mg-g~! CH,Cl,, T = 30 °C): 464 g'mol .

X-ray Crystallographic Study: Intensity data for the colorless crys-
tals were collected with a Nonius KappaCCD diffractometer with
graphite-monochromated Mo-K,, radiation. The data collections
covered almost the whole sphere of reciprocal space with 2 sets at
different x angles and 185 frames (1) and 360 frames via o rotation
(Alo = 1°) (2, 2a) at two times 5 s (2a), 10 s (1), and 30 s (2) per
frame (Table 3). The crystal-to-detector distance was 3.0 cm (2, 2a)
and 3.4 cm (1). Crystal decay was monitored by repeating the initial
frames at the end of the data collection. There was no indication
for any decay when analyzing the duplicate reflections. The struc-
ture was solved by direct methods using SHELXS-9738! and suc-
cessive difference Fourier syntheses. Refinement was performed
with full-matrix least-squares methods using SHELXL-97.11 The

1 2 2a
Empirical formula CgH] lan C|2H33FSi3Sn C12H33CISi3Sn
Formula mass [g/mol] 244.86 399.34 415.79
Crystal system orthorhombic hexagonal hexagonal

Crystal size [mm] 0.30 X 0.06 X 0.06 0.15 X 0.13 X 0.12 0.25 X 0.23 X 0.23

Space group Pbca P6(3) P6(3)

a[A] 9.3997(3) 10.6877(3) 10.6330(4)

b [A] 8.6639(2) 10.6877(3) 10.6330(4)

c [A] 22.3783(7) 10.3022(2) 11.1281(3)

VA3 1822.45(9) 1019.13(5) 1089.59(6)

VA 8 2 2

Pealed. [Mg/m3] 1.785 1.301 1.267

T [K] 173(1) 291(1) 291(1)

p[mm™1 2.748 1.423 1.446

F(000) 944 412 428

0 range [°] 3.68 to 27.48 2.96 to 24.98 3.83 to 25.02

Index ranges -2=h=12 -2=h=12 -2=h=12
-10=k=10 -10=k=10 -10=k=10
-29=1=29 -10=/=10 -l1=/=11

No. of reflections collected 10202 11175 12312

Completeness to 0.« 95.4% 93.8% 94.3%

No. of independent reflections/R;,, 1998 1128 1226

No. of reflections observed with [/ > 20(/)] 1246 820 833

No. of refined parameters 93 58 59

GooF (F?) 1.014 0.912 0.940

R1(F) [I > 20(D)] 0.0223 0.0228 0.0276

wR2(F2) (all data) 0.0504 0.0538 0.0746

(AI6)max . < 0.001 < 0.001 < 0.001

Largest difference peak/hole [e/A%] 0.793/—0.693 0.394/-0.182 0.376/—0.226
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H atoms were placed in geometrically calculated positions using a
riding model with U, constrained at 1.2 (for aryl groups) and
1.5 (for methyl groups) times U, of the carrier C atom. TWIN
refinements were applied for 2 and 2a, because a racemic twinning
was present with a Flack parameter of 0.47(12) (2) and 0.52(13)
(22).°1 The TWIN refinement improved the R values of RI
[(0.0002) (2), (0.0003) (2a)] and of wR2 [(0.0004) (2), (0.0005) (2a)].
Atomic scattering factors for neutral atoms and real and imaginary
dispersion terms were taken from International Tables for X-ray
Crystallography.®!l The figures were created by SHELXTL.?
CCDC-179688 (1), -179689 (2), and -179690 (2a) contain the sup-
plementary crystallographic data for this paper. These data can be
obtained free of charge at www.ccdc.cam.ac.uk/conts/retriev-
ing.html or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK [Fax: (internat.) + 44-
1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].
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