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Abstract

Syntheses, structures, thermolyses of pentacoordinate 1,2-oxasiletanides (1), K+, 18-crown-6, {[�C6H4�C(CF3)2O�]SiPh-
[�CHRCR1R2O�]}−, pentacoordinate1,2-oxastannetanides (2), K+, 18-crown-6, {Ph3Sn[�CH(SPh)CR1R2O�]}−, pentacoordinate
1,2-oxagermetanide (3), K+, 18-crown-6, {[�C6H4�C(CF3)2O�]GePh[�CH(CH2-t-Bu)C(CF3)2O�]}−, germylalkoxide (4), K+,
18-crown-6, Ph3GeCH(CH2-t-Bu)C(CF3)2O−, pentacoordinate siprobi[1,2-oxasiletanide] (5), DBU·H+, {PhSi[-CH2C-
(CF3)2O�]2}− are summarized. All compounds except for spirobi[1,2-oxasiletanide] 5, which underwent homo-Brook rearrange-
ment, gave the corresponding olefins upon heating, indicating that they are intermediates of Peterson-type reactions. However, it
was found that 1,2-oxasiletanides bearing the Martin ligand, which usually undergo the Peterson reaction, can afford the
homo-Brook rearrangement products depending on the substituent at the 3-position and the reaction conditions, demonstrating
that the Peterson reaction and homo-Brook rearrangement proceed via a common intermediate, a pentacoordinate 1,2-oxasile-
tanide. Crystal structures of these compounds are also presented. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Small (three- and four-membered) ring compounds
containing heavier Group 14 elements, which have been
usually prepared by cycloaddition or cyclization of
highly reactive low-coordinated species such as silenes,
disilenes, germenes, digermenes and so on [1], have
attracted considerable attention in comparison with
their carbon analogs. Therefore, in sharp contrast to
compounds with usual valency [1,2], reports on highly
coordinate species have been limited [3]. Among these
species are oxasiliranide ion 6 proposed as an interme-
diate in the gas-phase reaction of (MeO)4Si with
fluoride ion [4a,b], a neutral three-membered com-

pound 7 prepared by intramolecular coordination of
nitrogen to silicon [4c], fluoro- and allylsilicates 8 [4d,e]
by the reaction of the corresponding siletane with an-
ionic species, and pentacoordinate four-membered com-
plexes [5] such as 9a,b [5a,e] by intramolecular or
intermolecular donation of a neutral donor. In the
course of the author’s study on heteracyclobutanes
containing a highly coordinate main group element at
the position adjacent to the heteroatom [6], his atten-
tion was focused on oxetanes containing pentacoordi-
nate Group 14 elements, because they have been
considered as transition states or intermediates of the
Peterson [7,8] and Peterson-type reactions [9], which are
Group 14 element analogs of the Wittig reaction [10].
In this account the author wishes to summarize his
study on oxetanes 1–5 containing pentacoordinate Si,
Ge and Sn.
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2. Results and discussion

2.1. Pentacoordinate 1,2-oxasiletanides

The Peterson reaction using silyl stabilized carbanions
and carbonyl compounds provides an important
methodology for the stereospecific formation of (E)-
and (Z)-alkenes from a single diastereomer of b-hydroxy-
alkylsilanes by changing reaction conditions [7,8]. In
contrast to the Wittig reaction, neither isolation nor
spectroscopic observation of the reaction intermediate,

i.e. pentacoordinate anionic species has been reported.
Successful syntheses of pentacoordinate phosphoranes
10 [11] as very stable compounds prompted the author
to investigate the synthesis of a pentacoordinate 1,2-oxa-
siletanide as an isolable compound by taking advantage
of stabilizing effect of the Martin ligand [12].

b-Hydroxysilanes 11 bearing the Martin ligand were
prepared as a mixture of diastereomers by sequential
treatment of vinylsilane 12 with t-BuLi, carbonyl com-
pounds and aqueous NH4Cl. A single diastereomer was
obtained by passing through silica gel column. Deproto-
nation of a single diastereomer of 11a with n-BuLi in
THF was monitored by 19F- and 29Si-NMR spec-
troscopy to show the quantitative formation of 1,2-oxa-
siletanide 1a. The large upfield shift in dSi from 11a (dSi

10.66) to 1a (dSi −72.45) strongly supports the structure
of a pentacoordinate silicate. It was found by 19F-NMR
spectroscopy that 1a provided alkene 13a and lithium
silanoxide 14a in 86% yield together with unreacted 1a
(14%) upon heating (40°C, THF, 24 h), indicating that
1a is a real intermediate of the Peterson reaction [13].
Treatment of 1a with acetic acid at room temperature
resulted in the quantitative recovery of 11a (Scheme 1).

Scheme 1.

Scheme 2.
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Fig. 1. ORTEP drawing of pentacoordinate 1,2-oxasiletanide 1b (ther-
mal ellipsoids at 30% probability).

Fig. 2. ORTEP drawing of pentacoordinate 1,2-oxastannetanide 2a
(thermal ellipsoids at 30% probability).

Similarly, a single diastereomer of benzaldehyde ad-
duct 11b reacted with n-BuLi or KH to give 1c (dSi

−66.69) or 1d (dSi −66.31), respectively, which decom-
posed slowly at room temperature and 50°C to afford
exclusively (Z)-13b. Compound 11b gave mainly (E)-
13b under acidic conditions, showing a typical feature of
the Peterson reaction (Scheme 2). These results suggest
that the b-hydroxy silane bearing the Martin ligand is
not so special as a substrate of the Peterson reaction.

The X-ray crystallographic analysis of K+, 18-crown-
6 salt, 1b indicated that it has a distorted TBP structure
similar to those of pentacoordinate 1,2-oxaphos-
phetanes 10a and 10b (Fig. 1). The phenyl group on
silicon is trans to the neopentyl group and, as expected,
two oxygen and three carbon atoms occupy the apical
and equatorial positions, respectively. Thus, the first
example for a pentacoordinate 1,2-oxasiletanide was
successfully synthesized, although a stable tetracoordi-
nate 1,2-oxasiletane was reported by Brook et al. [14].

2.2. Pentacoordinate 1,2-oxastannetanides

As shown in the case of 1,2-oxasiletanides, multinu-
clear NMR experiments gave an important information
concerning the coordination number of the central
atom. So, next, an intermediate of the tin-Peterson
reaction was investigated, because of the readiness of
measurement of 119Sn-NMR compared with 73Ge-
NMR. The synthesis of a b-hydroxy stannane with the
Martin ligand was unsuccessful, but fortunately, penta-
coordinate 2,2,2-triphenyl-1,2-oxastannetanide 2a (dSn

−229.65) was isolated as a stable compound from 15a
without resort to the Martin ligand as shown in Scheme
3 [15].

The 1H- and 13C-NMR spectra showed only one set
of signals for the Sn�Ph, indicating the presence of very
fast pseudorotation. The X-ray crystallographic analysis
of 2a revealed a structure close to a square pyramid
rather than a TBP in sharp contrast to 1b (Fig. 2). It was
found by 19F-NMR spectroscopy that 2a provided
alkene 13c (95%) upon heating (70°C, CH3CN, 36 h),
indicating that 2a has a reactivity similar to that of the
silicon compound 1b. Similar treatment of the benzalde-
hyde adduct erythro-15b with KH gave a signal at dSn

−239.52 at −30°C, suggesting the formation of 1,2-oxa-
stannetanide 2b. When 2b was heated (50°C, THF, 5 h)
without its isolation, (Z)-phenyl b-styryl sulfide (Z)-13d
was exclusively obtained, showing that the alkene for-
mation proceeded stereospecifically in the same manner
as the reaction starting from erythro-15b although the
reaction conditions were much milder [16].

2.3. Pentacoordinate 1,2-oxagermetanides

As oxastannetanide 2a was successfully synthesized as
a stable compound without resort to the Martin ligand,
the synthesis of a pentacoordinate 2,2,2-triphenyl-1,2-
oxagermetanide was attempted (Scheme 4).

Although triphenyl derivative 4, which was prepared
by deprotonation of b-hydroxy germane 16 with KH,
has similar spectral data and reactivity to those of the
tin compound 2a [17], and hence has a structure of

Scheme 3.
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Scheme 4.

Scheme 5.

pentacoordinate 1,2-oxagermetanide in solution, the X-
ray crystallographic analysis indicated that 4 is close to
a b-germyl alkoxide with a strong interaction between
oxygen and germanium atoms rather than a pentacoor-
dinate 1,2-oxagermetanide. So, introduction of the
Martin ligand seemed necessary to synthesize an inter-
mediate having a four-membered ring. However, the
Michael addition of t-BuLi to cyclic vinylgermane 17, a
germanium analog of 12, was unsuccessful, because the
Lewis acidity of the germanium was increased by the
Martin ligand [12d]. Very fortunately, b-hydroxy ger-
mane 18 could be synthesized by sequential treatment
of acyclic vinylgermane 19 instead of cyclic 17 with
t-BuLi, (CF3)2C�O, and aqueous NH4Cl, followed by
unique cycloelimination of benzene of a resulting
acyclic b-hydroxy germane 20 in CH3CN [18]. Subse-
quent deprotonation of 18 with KH in the presence of
18-crown-6 gave a pentacoordinate 1,2-oxagermetanide
3, an intermediate of the germanium-Peterson reaction
(Scheme 5) [19]. Formation of a desired four-membered
ring was revealed by the X-ray crystallographic analysis
(Fig. 3). In sharp contrast to silicon analog, 1b oxager-
metanide 3 is equilibrated with its stereoisomer 21 by a
non-dissociative pseudorotation mechanism, before giv-
ing the corresponding alkenes [20]. Observation of such
isomerization is probably due to increase in activation
energy of the olefin formation by the stabilization of
the ground states of the oxagermetanides and/or de-
crease in the pseudorotation barrier.

Selected crystal structural parameters of 1b, 2a and 3
are summarized in Table 1 together with those of 10a
and 10b.

2.4. A pentacoordinate spirobi[1,2-oxasiletanide]

Next the synthesis of spirosilicate 5 with two oxasile-
tanide rings as silicon analog of 22 [21] was tried,
because this compound was expected to generate an
oxidosilanone (RSi(O)O−), a Si analog of a carboxyl-
ate, with the formation of two molar equivalents of the
corresponding alkene. Treatment of bis(b-hydroxy-
alkyl)silane 23 with trifluoromethanesulfonic acid in
CDCl3 afforded the silyl triflate 24 along with benzene
[22]. Without further purification 24 was allowed to
react with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) at
low temperature (−40�−20°C) to form 5 almost
quantitatively along with [DBU·H]+ triflate (Scheme 6),
as monitored by 1H-, 13C-, 19F- and 29Si-NMR
spectroscopy.

Fig. 3. ORTEP drawing of pentacoordinate 1,2-oxagermetanide 3
(thermal ellipsoids at 30% probability).
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Table 1
Selected crystal structural parameters

Angles (°) %TBPCompounda Bond lengths (A, )

X�Rax X�ClX�O ÚO�X�O ÚC1�X�O S F

1.798(4) 1.913(5) 166.3(2) 73.9(2)1.844(4) 359.21b 11.4(3) 29.4
2.188(8) 2.200(7) 165.1(2) 61.3(2)2a 347.72.401(5) 12.5(7) 37.4
1.928(6) 1.972(8) 165.5(2) 69.1(3)2.150(5) 358.63 16.9(6) 84.0
2.00(1) 2.04(1) 162.6(5) 54.1(4) 337.8 33(1)4 –2.832(8)b

1.754(3) 1.808(4) 163.6(1) 77.4(1)1.728(2) 359.910a 9.7(2) 44.5
1.716(6) 1.823(9) 165.9(3) 75.5(3)10b 359.51.781(6) 4.7(6) 26.2

a Rax�Req means the Martin ligand except for 2a and 4, see their formulae in the text.
b Bond distance between X and O.

Compound 5 was stable below 25°C, but it gradually
decomposed at 25°C to give alcohol 25a almost quanti-
tatively instead of the corresponding alkene after treat-
ment with water (Scheme 6). Methanolysis of 5 also
gave alcohol 25a, while thermolysis of 1b in the pres-
ence of methanol in CD3CN afforded a complicated
mixture including alkene 13a.

Protodesilylation-type alcohol formation from a b-
hydroxyalkylsilane under basic conditions in the pres-
ence of a proton source is known as homo-Brook
rearrangement [23]. Hudrlik et al. proposed a plausible

mechanism of this reaction which involves a pentacoor-
dinate 1,2-oxasiletanide [24]. In this sense, pentacoordi-
nate silicate 5 can be regarded as the first example of
the detectable intermediate of homo-Brook
rearrangement.

2.5. Control factors of two reaction modes of
pentacoordinate 1,2-oxasiletanides, the Peterson
reaction and homo-Brook rearrangement

It is very interesting that the pentacoordinate 1,2-oxa-
siletanide bearing the Martin ligand and spirobi[1,2-oxa-
siletanide] indicated the different reactivity, whereas
they have the same partial structure. There are differ-
ences between them both in the substituent at the
3-position of the 1,2-oxasiletanide ring and in the ring
system. Therefore, it is necessary to compare the reac-
tivity between the compounds which have different
substituents only at the 3-position of 1,2-oxasiletane
ring. Since deriverization of 1,2-oxasiletanides with the
Martin ligand is considered to be much easier than that
of spirobi[1,2-oxasiletanide] because of their high stabil-
ity, we decided to use the former ring system for the
purpose of elucidating control factors of two reaction
modes, the Peterson reaction and homo-Brook
rearrangement.

3-Unsubstituted derivative 1e [25a] and 3-propyl
derivatives 1f [25b] were prepared from the correspond-Scheme 6.
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Scheme 7.

Table 2
Thermolysis of pentacoordinate 1,2-oxasiletanides in the presence of a proton source

CompoundEntry Yield dProton source Conditions

2513

1b CH3OH b1 60°C, 15 h – e –
2 –1b CF3CH2OH b 60°C, 24 h – e

3 –Quant. f60°C, 5 h; 80°C, 4 hCH3COOH c1b
– e70°C, 16 h –CH3OH b1e4

5 1e CF3CH2OH b 60°C, 8 h 2% 98%
Quant.–R.t., 27 h6 CH3COOH c1e

7 1f a –CH3OH b 60°C, 6 h; 80°C, 35 h – e

8 1f a –CF3CH2OH b 60°C, 40 h – e

9 60°C, 20 h; 80°C, 20 hCH3COOH c 94% f1f a 6%

a cis-1f:trans-1f=56:44.
b 50 equivalents of proton source was used.
c 10 equivalents of proton source was used.
d Estimated by 19F-NMR spectroscopy.

ing b-hydroxy silanes 11c and 11d as shown in Scheme
7. 3-Propyl derivatives were obtained as a mixture of
two diastereomers cis-1f and trans-1f, in which the
phenyl group on Si and the propyl group are cis and
trans, respectively. Since several efforts to separate

these diastereomers were unsuccessful, 3-propyl deriva-
tives were used as a mixture.

Thermolyses of 1b, 1e, and 1f were carried out in the
presence of proton sources such as methanol, 2,2,2-trifl-
uoroethanol, and acetic acid. The results are summa-
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Scheme 8.

rized in Table 2 [25]. As shown in entries 1–3, 1b gave
the corresponding alkene, and the alcohol was not
obtained at all [26]. In the cases of 1e and 1f, the ratio
of the alkene to the alcohol significantly depended on
the acidity of the proton source. In the presence of
acetic acid, thermolysis of propyl derivative 1f gave
small amount of the alcohol (entry 9), while that of 1e
predominantly afforded the alcohol even in the pres-
ence of 2,2,2-trifluoroethanol (entry 5).

Considering these results, the selectivity of two reac-
tion modes (olefin formation versus alcohol formation)
seems to be determined as follows. Alcohol 25 was only
formed in the reaction of pentacoordinate 1,2-oxasile-
tanides, which have a small substituent at the 3-position
in the four membered ring in the presence of a proton
source that has relatively high acidity. If a bulky group
exists at this position, olefin 13 was formed because the
protonation of the negatively charged carbon, which
would be generated by elongation of the Si�C bond in
the oxasiletanide ring, was encumbered by the bulky
group (Scheme 8). A possibility that electronic effects of
the substituents at the 3-position determined the selec-
tivity can be excluded by the comparison between en-
tries 3 and 9 in Table 2. Propyl and neopentyl groups
are considered to have a similar electronic character.
However, the reaction of pentacoordinate 1,2-oxasile-
tanide 1f afforded the alcohol in the presence of acetic
acid, while thermolysis of 1b gave only olefin under the
same conditions. Therefore, the steric factor is impor-
tant for the determination of the reaction modes. It was
demonstrated that pentacoordinate 1,2-oxasiletanides
undergo two reactions, the Peterson reaction and
homo-Brook rearrangement.

Finally, in the course of study on three-membered
ring compounds containing two heteroatoms including
a highly coordinate main group element, a pentacoordi-
nate thiasiliranide, which is a sulfur analog of an oxas-
iliranide proposed as an intermediate of Brook
rearrangement [27], has been successfully synthesized
[28]. Further investigations are in progress.
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