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Abstract—The trans-alcoholysis reaction between Sn(O-t-Bu), and an excess of HO-i-Bu
results in quantitative formation of [Sn(O-i-Bu),* HO-i-Bu],. This compound was struc-
turally characterized in solution by 'H, *C and '"*Sn NMR spectroscopy and in the solid-
state by single-crystal X-ray diffraction. The molecular structure consists of an edge-shared
bi-octahedral Sn, unit with an intramolecular hydrogen bridge between the coordinated
alcohol and metal alkoxide. The dynamic behaviour of this compound was studied in
solution and revealed the presence of an intramolecular proton exchange process that was

fast on the NMR time-scale.

The sol-gel chemistry of metal alkoxide compounds
is currently a topic of great scientific and tech-
nological interest.”” Silicon alkoxide compounds
have received the greatest attention because the
steps of hydrolysis and condensation can be sep-
arated and so significant control over the evolution
of microstructure during formation of SiO, can be
achieved.® Silicon alkoxide compounds undergo
slow and reversible hydrolysis and condensation
reactions, they are monomeric and four-coordinate
and show no tendency to oligomerize. In contrast,
other metal alkoxide compounds can exhibit a var-
iety of coordination geometries and coordination
numbers ranging from 2 to 8, and they readily oli-
gomerize in the absence of other donor molecules
to satisfy their coordination number.>® The rates
of hydrolysis and condensation appear to be fast

* Author to whom correspondence should be addressed.

and irreversible, although little quantitative data
are available. As a result, the factors that control
the evolution of microstructure in non-silicate
metal oxide systems are significantly more complex
and poorly understood compared to the silicate
system. Some insight into this problem is being
obtained by studies of the hydrolysis of Ti(OR),
compounds, where a variety of titanium oxo-
alkoxide complexes have been isclated and ident-
ified.'>"

When considering strategies to control structural
evolution during the conversion of a metal alkoxide
to a metal oxide by hydrolytic routes, it is important
to understand the solution structure and dynamic
behaviour of the metal alkoxide starting materials.
If the starting materials rearrange on the same time-
scale that hydrolysis reactions occur, structural
dimensionality imposed by a particular metal
alkoxide or modified metal alkoxide precursor
geometry may be lost.'>"* To investigate these possi-
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bilities, we have been studying the chemistry of
tin(I'V) alkoxide compounds'*'® as a model system,
since these species display a chemistry prototypical
of non-silicate metal alkoxide compounds and can
be characterized in solution with the aid of NMR
spectroscopy via '”Sn and '"Sn NMR active
isotopes." It has been demonstrated that the mag-
nitude of the two-bond '’Sn—"*C coupling constant
is a sensitive spectroscopic probe to allow dis-
tinction between terminal and doubly bridging
alkoxide ligands in solution.'® Using this criterion,
it has been shown that [Sn(O-i-Pr), HO-i-Pr], is
dimeric in solution and undergoes a dynamic
rearrangement involving intramolecular proton
transfer below 0°C and reversible dissociation of
the coordinated alcohol ligand at and above room
temperature. Hydrogen bonding in these systems is
likely to be an important structural feature, since
hydrolysis and condensation reactions are often
carried out in the presence of alcohol solvents.?

Here we report the solid-state single crystal X-
ray diffraction structure and solution structural
characterization of [Sn(O-i-Bu),* HO-i-Bu],. This
alkoxide ligand was chosen for comparison to the
structural data already obtained for other homo-
leptic tin(IV) alkoxide compounds with tertiary
(—O-t-Bu)"® and secondary (—O-i-Pr)"* alkoxide
ligands.

EXPERIMENTAL
General procedures

All manipulations were carried out under dry
(molecular sieves) dinitrogen using standard
Schlenk techniques.”' All hydrocarbon and ethereal
solvents were dried and distilled from sodium
benzophenone ketyl and stored over 4 A molecular
sieves. The reagents were purchased from Aldrich
Chemical Co. and used without further puri-
fication. Elemental analyses were performed either
by Oneida Research Services, New York, or by Ms
R. Juat the University of New Mexico, Department
of Chemistry. NMR data were recorded on a
Bruker AC-250P NMR spectrometer by using the
protio impurities of the deuterated solvents as ref-
erences for the '"H NMR and the *C resonance of
the solvents as reference for *C{'H} NMR spec-
troscopy. Temperatures were calibrated with either
ethyleneglycol or methanol. !"’Sn NMR data were
recorded on the same instrument using tetraethyltin
as an external reference. IR data were recorded on
a Perkin—Elmer Model 1620 FTIR spectro-
photometer. Mass spectra were recorded on a
Finnegan GC-mass spectrometer.
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Syntheses

Preparation of [Sn(O-i-Bu),* HO-i-Bu],. Sn(O-t-
Bu), (5.3 g) was dissolved in 10 cm?® of HO-i-Bu
and stirred for 15 min, during which time a white
precipitate formed. The solvent was removed under
high vacuum, leaving a white solid. The solid was
dissolved in a 1:1 mixture of pentane and HO-i-
Bu, stirred for 10 min, then the volatile components
were removed in vacuo and a further aliquot of
pentane-HO-i-Bu was added, stirred and pumped
dry. The yield of [Sn(O-i-Bu),- HO-i-Bu], was
quantitative.

Spectroscopic data. '"H NMR data (ppm; 250
MHz, 273 K, C,Dy): 4.1 [d, 7 Hz, 4H, *Jy s, = 38
Hz, OCH,CH(CH,),]; 393 [d, 7 Hz, 4H,
*Jysn = 25 Hz, OCH,CH(CH5;),]; 3.89 [d, 7 Hz,
4H,2Jy s, = 30 Hz, OCH,CH(CH,),] ; 2.64 [septet,
1H, HOCH,CH(CH,),]; 2.10 [septet, 2H, HOCH,
CH(CH,),]; 1.96 [septet, 2H, OCH,CH(CH,),] ;
1.25 [d, 6 Hz, 6H, HOCH,CH(CH,),]; 1.10 [d, 6
Hz, 12H, HOCH,CH(CH,),]; 1.00 [d, 6 Hz, 12H,
HOCH,CH(CH,),}.

“C{'H} NMR data (ppm; 62.9 MHz, 273 K,
C.Dy): 72.90 [s, *Jiscsn = 19.5 Hz (30%), OCH,
CH(CH,),]; 72.74 [s, *Jicsa =41 Hz (18%),
OCH,CH(CH,),]; 72.08 [s, 2Jics, = 19.4 Hz
(21%), OCH,CH(CHs,),]; 32.91 [s, *Jiscgn = 59
Hz, OCH,CH(CH,),]; 31.43 [s, *Jisc.s, = 11.3 Hz,
OCH,CH(CH,),}; 30.50 [s, *Jisc_s» = 5 Hz, OCH,
CH(CH;),]; 19.69 [s, OCH,CH(CH,),]; 19.46 [s,
OCH,CH(CH,;),]; 19.37 [s, OCH,CH(CH,),].

""Sn{'H} NMR data (93.2 MHz, 30°C, C,Dy):
—634.4 ppm. ZJ‘qunJ”Sn =300 Hz (80/0).

Single crystal X-ray diffraction data

A colourless crystal obtained by crystallization
from toluene at —30°C was mounted in a capillary
under a nitrogen atmosphere. The unit cell par-
ameters were determined from a least squares fit of
25 reflections (20° < 26 < 25°). Preliminary photo-
graphic characterization showed 1 Laue symmetry.
E-statistics suggested the centrosymmetric alter-
native and the chemically sensibie results of
refinement proved the choice of P1 to be correct.
No correction for absorption was applied (low m,
well-shaped crystal, T o/ Tmin = 1.122).

The structure was solved by Patterson solution,
which located the tin atom. The remaining non-
hydrogen atoms were located through subsequent
Fourier syntheses. All non-hydrogen atoms were
refined with anisotropic thermal parameters. Each
of the isobutyl groups was disordered. Carbon
atoms C(1), C(5), C(9), C(13) and C(17) were all
disordered over two sites and were modelled as 1: 1
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Table 1. Crystallographic data for [Sn(O-i-Bu),* (HO-i-Bu)],

Formula (C5H450:8Sn),
Formula weight 968.53

Space group P1

a(A) 19.544(4)
b(A) 11.939(4)

c (A) 12.615(4)
) 111.091(27)

B ©) 96.652(28)

x (%) 107.854(28)

v (A% 1363.7(8)
z 1
D (gcm ™) 1.179
1(Mo-K,) (cm™") 9.59
Temp. (K) 297
Tonan! Tovin 1.122
Radiation Mo-K,
(A =0.71073 A)
R(F) (%) 7.61
R(wF) (%) 8.11

contributions. Hydrogen atom contributions were
ignored. The crystal, data collection and refinement
parameters are collected in Table 1. Table 2 con-
tains relevant bond distances and angles. All com-
puter programs and sources of the scattering factors
are contained in the SHELXTL program library
(5.1) [G. Sheldrick; Nicolet (Siemens), Madison,
WI]. A complete listing of crystallographic data,
bond lengths and angles and observed and cal-
culated structure factors are available as sup-
plementary materials and have been deposited with
the Cambridge Crystallographic Data Centre.

RESULTS AND DISCUSSION

The isobutanol adduct of tin(IV) isobutoxide was
prepared by the alcoholysis of Sn(O-t-Bu), using
an excess of HO-1-Bu, a standard procedure for
the replacement of a more sterically demanding
alkoxide with a less sterically demanding one.’ The
crystalline product was isolated by crystallization
from toluene at —30°C. The 'H and "C{'H} NMR
data for the product were consistent with the
empirical formula [Sn(O-i-Bu), - HO-i-Bu], and the
'""Sn{'H} NMR spectrum exhibited a >Jiisg, i17g,
consistent with the presence of a dimeric unit. These

data are qualitatively analogous to the cor-
responding NMR data for [Sn(O-i-Pr), - HO-i-Pr},,
although the exchange behaviour appears different.
In order to compare the structure and solution
behaviour of [Sn(0O-i-Bu), - HO-i-Bu], with [Sn(O-
i-Pr),» HO-i-Pr],, the structure and solution
dynamic behaviour of [Sn(O-i-Pr), - HO-i-Pr],'* will
be reviewed briefly, followed by a discussion of
the structure and solution dynamic behaviour of
[Sn(O-i-Bu), - HO-i-Bu],.

In the solid state, [Sn(O-i-Pr), - HO-i-Pr}, exhi-
bits the structure 1 shown in Fig. 1.!* The most
noteworthy feature relevant to this discussion is the
presence of an asymmetric intramolecular hydro-
gen bond which was evident in the difference
between the Sn—O bond lengths of the hydrogen-
bonded alkoxide compared to the coordinated alco-
hol. Solution 'H and “C{'H} NMR spectra con-
sistent with this structure were observed at low
temperature (< —60°C), which on warming under-
went a series of changes consistent with the
interpretation given in Fig. 1, where intramolecular
proton transfer occurred between the original coor-
dinated alcohol and adjacent alkoxide and, finally,
at room temperature, a single time-averaged type
of O-i-Pr group was observed, consistent with dis-

Table 2. Relevant bond lengths (A) and angles (°) for [Sn(O-i-Bu),- HO-i-Bu]j,

Sn—O(1) 2.094(5)
Sn—0(3) 1.932(7)
Sn—O(5) 1.943(9)
Sn---Sn(A) 3.336(1)
O(1)—Sn—0(2) 81.6(3)
0(2)—Sn—0(3) 95.1(3)
0(2)—Sn—0(@4)  159.5(2)
O(1)—Sn—O(5) 93.4(3)
0(3)—Sn—O0(5)  101.5(3)
O(1)—Sn—O(1A)  73.5(3)
0(3)—Sn—O(1A)  91.6(3)
O(5)—Sn—O(1A)  166.9(2)

Sn—O(2) 2.108(9)
Sn—O(4) 2.114(8)
Sn—O(1A) 2.069(7)
O(1)—Sn—0(@3)  165.0(3)
0O(1)—Sn—0(4) 81.8(3)
0(3)—Sn—O0(4) 97.9(3)
0(2)—Sn—O0(5) 96.3(4)
0(4)—Sn—O(5) 96.5(3)
0(2)—Sn—O(1A)  81.9(3)
O(4)—Sn—O(1A)  82.0(3)
Sn—O(1)—Sn(A)  106.5(3)
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Fig. 1. Schematic representation of the dynamic solution behaviour of [Sn(O-i-Pr),* HO-i-Pr],.

sociation of the coordinated alcohol and alcohol-
alkoxide exchange. The '"H NMR resonance of
added HO-i-Pr also exchanged with the single O-i-
Pr resonance of [Sn(O-i-Pr),:HO-i1-Pr], at room
temperature, but at lower temperatures no added
HO-i-Pr/O-i-Pr exchange was observed, consistent
with the interpretation above.

In the case of [Sn(O-i-Bu), - HO-i-Bu],, the solid-
state structural data derived from single-crystal X-
ray diffraction confirmed the dimeric nature of this
compound and an ORTEP plot is shown in Fig. 2.
The relevant bond lengths and angles are presented
in Table 2. Unfortunately, the quality of the crys-
tallographic data is not as good as that obtained
for [Sn(0O-i-Pr), - HO-i-Pr], and no conclusions are
drawn based on the hydrocarbon portion of this
molecule. This also prevents distinction between the

presence of asymmetric and symmetric intra-
molecular hydrogen bridges. However, the dis-
tortion of Sn—O(2) and Sn—O(4) from octahedral
geometry about tin(IV) is consistent with the pres-
ence of a hydrogen bridge. The Sn—O(3) and
Sn—O(5) distances of 1.932(7) and 1.943(9) A,
respectively, are in the range expected for terminal
alkoxide ligands {1.964(7) and 1.923(7) A for
[Sn(O-i-Pr), - HO-i-Pr],}. However, Sn—O(2) and
Sn—O(4) have similar values that lie in the range
expected for a bridging alkoxide ligand analogous
to Sn—O(1) and Sn—O(1a) of approximately 2.10
A. This is in contrast to the structure of [Sn(O-i-
Pr), - HO-i-Pr],, where the Sn—O distances of the
hydrogen-bonded O-i-Pr [2.098(6) A] and coor-
dinated HO-i-Pr [2.142(6) Al could be
distinguished. Thus, in the solid-state structure of

Fig. 2. Molecular structure of [Sn(O-i-Bu),- HO-i-Bu], as determined by single-crystal X-ray
diffraction.
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[Sn(0-i-Bu),* HO-i-Bu],, the hydrogen bonding
appears symmetric between Sn—O(2) and
Sn—O(4a), although a superposition of asym-
metrically bridged structures and a solid-state
dynamic exchange process cannot be ruled out on
the basis of these data.

The structural core of [Sn(OR),*HOR], (R =
i-Pr, i-Bu) is also found for a variety of other homo-
leptic tetravalent metal alkoxide compounds,
including [M(O-i-Pr), - HO-i-Pr],, where M = Zr,”
Hf* or Ce.® In the case of the zirconium and
cerium analogues, the hydrogen bonding was also
found to be markedly asymmetric in the solid-state
structures. The presence of intramolecular hydro-
gen bonding as a general structural feature of
metal-organic complexes has also been addressed
in relation to metal-organic complexes in general,
as well as metal alkoxide complexes in particular.

The solution NMR data for [Sn(O-i-Bu),- HO-i-
Bu], also reveal a different situation to that
observed in the case of [Sn(O-i-Pr),* HO-i-Pr],. At
room temperature, the 'H NMR spectrum (toluene-
dy) reveals the presence of the coordinated HO-i-
Bu through the resonance for the OH proton at
10.06 ppm together with a set of slightly broadened
resonances consistent with three types of O-i-Bu
ligands in a 2:2:1 ratio. On cooling to 273 K,
the resonances sharpen, but no further splitting or
exchange is observed, even on cooling to lower tem-
peratures (198 K). The '"H NMR spectrum at 273
K is consistent with structure 2 in Fig. 1, where the
two O-i-Bu ligands of relative intensity 2 can be
assigned to the terminal and hydrogen-bonded
ligands (O-1-Bu and HO-i-Bu in rapid exchange),
and the bridging O-i-Bu ligands are unique. The
OCH, and CHMe, groups are non-diastereotopic,
consistent with this interpretation. Although not
observed in the case of [Sn(O-i-Pr),: HO-i-Pr],,
YT, ocn, 18 observed for [Sn(O-i-Bu), HO-i-
Bu],, with values of 38 Hz for the O-i-Bu group of
relative intensity 1 and 30 Hz and 25 Hz for the two
0O-1-Bu groups with relative intensity 2.

In the “C{'H} NMR spectrum, the peaks were
sharpest at 273 K and no changes in the spectrum
were observed on cooling to lower temperatures. In
the OCH,— region, three resonances were observed
in the approximate ratio 2:2:1, each with '"*'"Sn
satellites. Of the resonances of relative intensity 2,
one has '"!""Sn satellites with a coupling constant
of 41 Hz and 18% natural abundance and the other
has a 19 Hz coupling constant with 21% natural
abundance. These values are consistent with a ter-
minal alkoxide ligand and a bridging alkoxide
ligand, respectively, with the bridging alkoxide
ligand adjacent to only one tin centre (by inte-
gration). We assign the latter resonance to the
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hydrogen-bonded, exchanging O-i-Bu/HO-i-Bu
pair, according to the criteria for assignment of
2Jusguo2c coupling constants. The O—"C res-
onance of relative intensity 1 has a 2Jis.nirgyo 13 of
20 Hz with 30% natural abundance. This is con-
sistent with an O-i-Bu ligand bridging two tin
centres. The methine carbons, also present in the
ratio 2:2: 1, exhibit >Jis.117g,0c 3¢ couplings of 59
Hz (15%), 12 Hz (15%) and 6 Hz (30%), respec-
tively, which we assign to the terminal O-i-Bu,
bridging O-i-Bu/HO-i-Bu and doubly tin bridging
O-i-Bu, respectively.

On heating to 363 K, the peaks in the 'H NMR
spectrum broadened significantly, but do not
appear to reach a high temperature exchange limit.
The methyl groups appear as a single doublet at
their population-weighted average chemical shift,
but the distinction between an exchange process
and accidental degeneracy cannot be distinguished
from these data.

Addition of three equivalents of HO-i-Bu results
in exchange broadening of the 'H NMR resonances
between the HO-i-Bu peaks and all the {Sn(O-i-
Bu),- HO-i-Bu], peaks at high temperatures (363
K), but at 273 K, no exchange was observed
between [Sn(O-i-Bu),- HO-i-Bu], and the added
alcohol.

We interpret these data as follows. The solution
structure of [Sn(O-i-Bu),- HO-i-Bu}, at 273 K is
as shown in Fig. 3, with a symmetrically bridging
hydrogen from the coordinated alcohol making this
pair of O-i-Bu and HO-i-Bu indistinguishable by
'H and “C{'H} NMR spectroscopy. The intra-
molecular proton transfer process is fast on the
NMR time-scale at this temperature and has an
activation barrier that is lower than that of [Sn(O-
1-Pr),* HO-i-Pr],, which can be observed on the
NMR time-scale (AGt < 11.9 kcal mol™") given
that the frequency separation of the exchanging
peaks is approximately the same in both cases. The
barrier to dissociation of the coordinated alcohol is
probably higher for [Sn(O-i-Bu),- HO-i-Bu], than
[Sn(O-i-Pr),- HO-i-Pr], as indicated by the high
temperature 'H NMR data and the exchange exper-
iment with HO-i-Bu. It appears that [Sn(O-i-
Bu),- HO-i-Bu], retains its coordinated alcohol
more tenaciously than [Sn(O-i-Pr),* HO-i-Pr),.

These results can be compared with the exchange
behaviour of other metal alkoxide compounds with
their parent alcohols. The species Sn(O-t-Bu), does
not coordinate HO-t-Bu in the ground state, but a
series of experiments investigating the kinetics of
exchange between Sn(O-t-Bu), and HO-t-Bu reveal
a transition state consistent with the formation of
a five-coordinate associated intermediate [Sn(O-t-
Bu),* HO-t-Bu], as shown in Fig. 4.
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Fig. 3. Schematic representation of the solutio

The origin of these different exchange effects
between homoleptic metal alkoxide compounds
and their parent alcohols may lie in either the steric
or electronic differences between these alcohols and
alkoxide ligands. We favour the steric interpret-
ation with the following argument. The availability
of a vacant coordination site at the tin centre in a
tin(IV) alkoxide compound is strongly influenced
by the size of the alkoxide substituent. This is evi-
denced by the observation that Sn(O-t-Bu), is
monomeric, while [Sn(O-i-Pr),- HO-i-Pr], and
[Sn(O-i-Bu),-HO-i-Bu], are  dimeric  and
[Sn(OEt),], is tetrameric. In order to complete the
tin(IV) coordination sphere, [Sn(O-i-Pr),- HO-i-
Pr], and [Sn(O-i-Bu),* HO-i-Bu], not only dimerize,
but also coordinate one molecule of alcohol per
tin centre. The “pocket” or coordination volume
available to HO-i-Bu in {Sn(O-i-Bu),- HO-i-Bu], is
larger than that available to HO-i-Pr in [Sn{O-i-
Pr),+ HO-i-Pr], due to the larger steric demands of
—O-i-Pr ligands compared to —O-i-Bu ligands. In

n structure of [Sn(0-i-Bu),- HO-i-Bu], at 273 K.

addition, HO-i-Pr itself is sterically more demand-
ing than HO-i-Bu, which creates more repulsive
steric interactions in [Sn(O-i-Pr),- HO-i-Pr], com-
pared to [Sn(O-i-Bu),* HO-i-Bu],.

Reactions involving metal alkoxide compounds,
whether it be their synthesis or their use in reactions
to form other materials such as metal oxides, are
frequently carried out in the presence of a large
excess of the parent alcohol. It is therefore likely
that if the alcohol can coordinate to the metal
centre, and if a large excess of alcohol is present,
the alcohol may have a profound influence in the
course of the reaction. As a result of this study and
a comparison with analogous studies of the
alcohol-alkoxide exchange rates in [Sn(O-i-Pr),-
HO-i-Pr], and Sn(O-t-Bu), with added HO-t-Bu,
we propose that the tin centre in [Sn(O-i-Bu),"
HO-i-Bu], is the least accessible to the parent alco-
hol molecule, or in other words is the least likely to
yield its coordination site because its exchange rate
with added alcohol is observed to be the slowest.

O-t-Bu
O-t-Bu
t-Bu-O—S8n_
Sn(0-t-Bu)4 + H*O-t-Bu ‘\ N, Sn(*0-t-Bu)(O-t-Bu); +
_ ‘ O-t-Bu HO-t-Bu
—
-t-Bu

Fig. 4. Schematic representation of the solution

dynamic behaviour of Sn(O-t-Bu), in the presence

of added HO-t-Bu.
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These observations may have implications in the
hydrolysis of metal alkoxide compounds in the
hydrolytic sol-gel approach to prepare metal
oxides.
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