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a b s t r a c t

The cothermolysis of pivaloyl- and adamantoyltris(trimethylsilyl)germane (1 and 2) with methyl
vinyl ketone and acrolein at 120 �C gave the respective sixemembered ring compounds, 2-tri-
methylsiloxy-3,3-bis(trimethylsilyl)-3-germa-1-oxacyclohex-5-ene derivatives, arising from formal
[2 þ 4] cycloaddition of germenes with enones, along with appreciable amounts of the unchanged
starting compounds. Similar thermolysis of 1 and 2 with methyl vinyl ketone and acrolein at 130 �C
afforded two types of the products, [2 þ 4] cycloadducts and acylbis(trimethylsilyl)germanes arising
from the ring-opening reaction of the resulting cycloadducts, respectively. When 1 and 2 were
heated in the presence of the same enones at 140 �C, acylbis(trimethylsilyl)germanes were obtained
as the main products. The thermolysis of acylbis(trimethylsilyl)germane (3) with 2,3-dimethylbu-
tadiene produced two stereoisomers of [2 þ 4] cycloadducts. The results of theoretical calculations
for the formation of germenes and [2 þ 4] cycloaddition of the germenes to enones, and also
isomerization of the resulting [2 þ 4] cycloadducts, leading to the ring-opened products have also
been reported.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The chemistry of germenes, compounds bearing a germaniume

carbon double bond, has been of considerable interest over the past
two decades [1e7]. Many types of the germenes, including stable
germenes have been synthesized, and their chemical properties have
extensively been investigated [8e16]. Thus, the chemical behavior of
these germenes toward saturated and unsaturated aldehydes and
ketones are welleknown. For examples, the reactions of the ger-
menes with saturated nonenolizable aldehydes and ketones afford
formal [2 þ 2] cycloadducts, while with enolizable carbonyl
compounds, the germenes react to give the ene adducts. It has been
reported that the reaction of 1,1-dimethylbis(trimethylsilyl)germene
with benzophenone affords both [2 þ 2] and [2 þ 4] cycloadducts,
although the [2þ 2] cycloadduct is the predominant species [17]. The
reaction of 1,1-dimesitylfluorenylidenegermene with benzaldehyde
a), kobayashi@chem.kit.ac.jp
kawa).
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and benzophenone gives the respective [2 þ 2] cycloadducts [18].
Similar reaction of this germene with phenylisocyanate proceeds to
give a [2 þ 2] cycloadduct, germaoxacyclobutene derivative, arising
from addition of the germene to a carboneoxygen double bond, but
not carbonenitrogen double bond [19]. To verify the mechanism for
addition of the germenes to carbonyl compounds, theoretical treat-
ments have also been carried out [20].

Addition reactions of the germenes with conjugated dienes and
enones, and their regiochemistry have been investigated. For
example, the reaction of 1,1-dimesitylfluorenylidenegermene with
2,3-dimethylbutadiene produces a [2 þ 4] cycloadduct [14f], ger-
macyclohexene derivative, while addition of this germene to
methyl acrylate, dimethyl maleate, and dimethyl fumarate affords
the respective germaoxacyclohexene derivatives, which include
a germaniumeoxygen bond in the sixemembered ring [21].

Recently, we have found that the thermolysis of pivaloyl- and
adamantoyltris(trimethylsilyl)germane at 140 �C readily affords
the respective silylesubstituted germenes, and the germenes thus
formed reacts with 2,3-dimethyl- and 2,3-diphenylbutadiene to
give the formal [2 þ 4] cycloadducts, germacyclohexene deriva-
tives, in high yields [22]. In order to get more information about
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the reactivity of the germenes generated thermally from acylpo-
lysilylgermanes, we investigated the cothermolysis of pivaloyl-
and adamantoyltris(trimethylsilyl)germane with methyl vinyl
ketone and acrolein under various conditions, and carried out
theoretical calculations to clarify the reaction mechanism for
these reactions.

2. Results and discussion

We first investigated the thermal reaction of pivaloyltris(tri-
methylsilyl)germane (1) with methyl vinyl ketone. To our surprise,
the cothermolysis of 1 with methyl vinyl ketone in a sealed glass
tube at 120 �C for 12 h gave 2-tert-butyl-6-methyl-2-trimethyl-
siloxy-3,3-bis(trimethylsilyl)-3-germa-1-oxacyclohex-5-ene (3) in
41% yield, along with 32% of the starting compound 1 as shown in
Scheme 1. In the reaction of germenes with conjugated enones
reported to date, the formation of the [2 þ 4] cycloadducts having
a GeeO bond, the 2-germa-1-oxacyclohex-5-ene derivatives has
been observed [21]. However, the present reaction proceeded with
a different regiochemistry from that of the reactions reported so far,
to give a 3-germa-1-oxacyclohex-5-ene derivative, which includes
no GeeO bond (see theoretical calculations shown below). Similar
reaction of adamantoyltris(trimethylsilyl)germane (2) with methyl
vinyl ketone again proceeded to give a germaoxacyclohexene
derivative, 2-adamantyl-6-methyl-2-trimethylsiloxy-3,3-bis(tri-
methysilyl)-3-germa-1-oxacyclohex-5-ene (4), in 43% isolated
yield, together with 11% of the starting compound 2. No other
volatile products were detected in the reaction mixture, however,
nonvolatile substances were detected, when the reaction mixture
was treated with a silica gel column for isolation of the product.

The structures of the products 3 and 4 were confirmed by mass,
and 1H, 13C, and 29Si NMR spectrometric analysis (see Experimental
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Section). The mass spectrum of 3 indicates a parent ion at m/z 448,
corresponding to the calculated molecular weight for the germe-
neemethyl vinyl ketone adduct. The 13C NMR spectrum for 3 shows
three signals at 0.7, 1.0, and 2.5 ppm, due to the trimethylsiloxy
carbons and two different kinds of the trimethylsilyl carbons, and
two signals at 4.3 and 113.2 ppm, attributable to the sp3ehybri-
dized ring carbons, as well as a signal of methyl carbon, two signals
of olefinic carbons, and two signals due to the tert-butyl carbons. All
NMR spectral data obtained for 4 were found to be very similar to
those for compound 3, with the exception of the signals due to the
adamantyl group.

The formation of compounds 3 and 4 can be best understood in
terms of formal [2 þ 4] cycloaddition of the germenes generated
thermally from 1 to 2, tomethyl vinyl ketone. Previously, we carried
out theoretical calculations concerning the addition reaction of 2-
tert-butyl- and 2-adamantyl-2-trimethylsiloxy-1,1-bis(trimethyl-
silyl)silene to propyne and bis(silyl)butadiyne, using density
functional theory at the B3LYP/6e31G* level, and demonstrated
that the cycloaddition took place in a stepwise manner [23]. Baines
et al. also showed experimentally that the reactions of the silenes
with alkynes proceeded with the formation of a radical interme-
diate [24]. In the present reaction, the stepwise process which
involves radical species such as A shown in Scheme 1, seems to be
attractive for the formation of compounds 3 and 4. Brook et al. have
reported that the reactions of silenes produced photochemically
from acylpolysilanes with methyl vinyl ketone afford two
regioisomers, arising from [2 þ 4] cycloaddition, 3-sila-1-oxacy-
clohex-5-ene and 2-sila-1-oxacyclohex-5-ene in a ratio of 4:1 [25].
The formation of the major product has been explained in terms of
predominant frontier orbital interactions.

Escudié and Couret et al. have investigated the reactivity of
dimesityl(fluorenylidene)germene toward aeethylenic aldehyde,
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ketones, and esters [21b]. They have found that the reactions
proceeded to give [2 þ 4] cycloadducts, 2-germa-1-oxacyclohex-5-
enes, and the regiochemistry in the cycloaddition would be influ-
enced by the welleknown oxophilic character of germanium atom
and the polarities of the reactants (Gedþ ¼ Cd� and Cdþ ¼ CC¼ Od�).
Since the electronic property of the present germenes is relatively
nonpolar compared to that of dimesitylfluorenylidenegermene,
different regiochemistry would be observed in the cycloaddition
reaction, giving the products 3 and 4.

The reactions of 1 and 2 with acrolein also proceeded with the
fashion similar to that of the reactionwithmethyl vinyl ketone. Thus,
the thermolysis of 1 with acrolein at 120 �C for 12 h afforded 2-tert-
butyl-2-trimethylsiloxy-3,3-bis(trimethylsilyl)-3-germa-1-oxacyclo-
hex-5-ene (5) in47%yield. In this reaction,22%of thestartingacylpoly
(silyl)germane 1 was recovered unchanged. The reaction of 2 with
acrolein under the same conditions gave 2-tert-butyl-2-trimethyl-
siloxy-3,3-bis(trimethylsilyl)-3-germa-1-oxacyclohex-5-ene (6) in
57% yield, along with 7% of the starting compound 2.

Next, we carried out the cothermolysis of 1 and 2 with methyl
vinyl ketone at higher temperature, in the hope of obtaining much
higher yield of the products. Thus, treatment of 1 with methyl vinyl
ketone at 130 �C for 12 h gave two products, sixemembered ring
compound 3 and pivaloyl[(Z)-3-methyl-3-trimethylsiloxy-2-pro-
penyl]bis(trimethylsilyl)germane (7), in 29% and 18% yields, respec-
tively. No other volatile products were detected in the reaction
mixture. Compound 7 could readily be separated from 3 by column
chromatography. The 1H NMR spectrum for 7 shows the presence of
the two different kinds of the trimethylsilyl protons at 0.18 and
0.32 ppm, and the methyl proton at 1.68 ppm, in addition to the tert-
butyl protons at 1.04 ppm, the ring methylene protons at 2.28 ppm,
and an olefinic proton at 4.69 ppm. In its 13C NMR spectrum, a signal
at 244.9 ppm, due to a carbonyl carbon atom clearly indicates the
presence of an acylgermane structure. The 29Si NMR spectrum of 7
reveals two resonances at �6.6 and 15.3 ppm, as expected. These
results are wholly consistent with the structure proposed for 7.
Compound 7 is unstable in air, in fact, on exposure to atmospheric
oxygen at room temperature, 7 decomposed slowly to give uniden-
tified nonvolatile substances. Similar reaction of 2with methyl vinyl
ketone with 130 �C for 12 h yielded two isomers of the adducts, 4
and adamantoyl[(Z)-3-methyl-3-trimethylsiloxy-2-propenyl]bis(tri-
methylsilyl)germane (8) in 23% and 22% yields, respectively. Again,
no other volatile productswere detected in the reactionmixture. The
structure of 8was verified by spectrometric analysis. As expected, 1H,
13C, and 29Si NMR spectra for 8 show signal patterns very similar to
those of 7, except for the adamantyl group.
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Treatment of 1 and 2with acrolein at 130 �C gave the ring-opened
products, together with the [2 þ 4] cycloadducts. Thus, when
a mixture of 1 and acrolein was heated in a sealed glass tube at
130 �C for 12 h, two products, 5 and pivaloyl[(Z)-3-trime-
thylsiloxy-2-propenyl]bis(trimethylsilyl)germane (9) were
obtained in 18% and 23% yields, respectively. Similar treatment
of 2 with acrolein again gave two products, 6 and adamantoyl
[(Z)-3trimethylsiloxy-2-propenyl]bis(trimethylsilyl)germane (10),
in 22% and 32% yields. The structures of the products 9 and 10
were confirmed by mass, and 1H, 13C, 29Si NMR spectrometric
analysis (see Experimental Section). Compounds 8e10 are also
unstable in atmospheric oxygen at room temperature, they
decompose slowly to give nonvolatile substances.

The formation of compounds 7e10may be explained by thermal
isomerization of the 3-germa-1-oxacyclohex-5-ene derivatives
3e6 initially formed by the reaction of the germenes with methyl
vinyl ketone and acrolein. Isomerization of 3e6 leading to the ring-
opened products 7e10 presumably involves a 1,3-trimethylsilyl
shift to the oxygen atom in the sixemembered ring, and simulta-
neous bond migration, as shown in Scheme 2. As discussed below,
theoretical treatments for isomerization of the 3-germa-1-oxacy-
clohex-5-enes 3e6 to the ring-opened products 7e10 clearly
indicate that the isomerization proceeds with a concerted process
(see TS-6 in Fig. 3). In addition, the calculations using the realmodel
show that the ring-opened product (LM-7) is energetically more
stable than the sixemembered cyclic compound (LM-6), as shown
in Figs. 7(b) and 8(b).

At 140 �C, compound 1 reacted with methyl vinyl ketone to give
the ring-opened product 7 in 41% yield, as the sole volatile product,
together with appreciable amounts of nonvolatile substances.
Similar treatment of 2 with methyl vinyl ketone afforded
compound 8 in 29% yield, along with the nonvolatile products. In
this reaction, a small amount of 4 (4% yield) was also isolated. As
expected, the reaction of 1 and 2 with acrolein at 140 �C afforded
the ring-opened products 9 and 10, as the major products (see
Experimental Section).

To learn whether or not the ring-opened products 7e10 come
from isomerization of the 3-germa-1-oxacyclohex-5-enes 3e6, we
carried out the thermolysis of 3. Thus, when compound 3 was
heated at 140 �C for 12 h in a sealed glass tube, 7 was obtained in
43% yield, as the sole volatile product, indicating that the 3-germa-
1-oxacyclohex-5-ene 3 isomerized to give the ring-opened product
7 under the conditions used (Scheme 3).

The low yields of the product 7e10 may be ascribed to their
thermal instability. In fact, when the thermolysis of 3 was carried
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Fig. 1. Optimized structures for LM-1, TS-1, LM-2, LM-3, TS-3(SP), and LM-4(SP) with simplified models along the reaction path described by Scheme 1. Concerted route with the s-
trans conformer of acrolein. “(SP)” means the spin polarized solution.
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out in the presence of 2,3-dimethyl-1,3-butadiene at 140 �C for
24 h, two stereoisomers of [2 þ 4] cycloadducts, compounds 11 and
12were obtained in 92% yield in a ratio of 1:1. The formation of the
products 11 and 12 may be best understood in terms of the formal
[2 þ 4] cycloaddition of the germenes arising from a 1,3-shift of
Fig. 2. Optimized structures for s-trans, TS, and s-cis conformation of acrolein. The relativ
a trimethylsilyl group on the germanium atom to the carbonyl
oxygen in 7 with butadiene as shown in Scheme 4. Compounds 11
and 12 thus obtained are unstable toward atmospheric oxygen, and
they decompose slowly to give the unidentified nonvolatile
substances in the air.
e energy, the CeC and C-O bond lengths and the C-C-C-O dihedral angle are shown.



Fig. 3. Optimized structures for TS-4(SP), LM-6, TS-6, and LM-7 with simplified models along the reaction path described by Schemes 1 and 2. Stepwise route with the s-trans
conformer of acrolein. “(SP)” means the spin polarized solution.
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The thermolysis of 1 and 2 with crotonaldehyde and cinna-
maldehyde at 120e140 �C gave no addition products, but produced
nonvolatile products. Presumably, the presence of bulky substitu-
ents on both the reactants and the substrates prevents to the
formation of the [2 þ 4] cycloadducts.

2.1. Theoretical calculations

To obtain some information concerning the energy and struc-
ture changes for the reaction of acylgermanes 1 and 2with enones,
leading to the products 3e6 and 7e10, theoretical calculations
based on the density functional theory (DFT) method were
employed. The calculations were performed in two models. In real
models, the molecular structures are identical with those used in
the experiments, whereas all methyl groups for 1were replaced by
the hydrogen atoms in simplified models. All local minima and
transition states (TS’s) were characterized with the simplified
models. At the TS, the intrinsic reaction coordinate (IRC) analysis
[26] was carried out for both directions. The IRC calculation was
restricted in the neighborhood of the TS. At the end point, the IRC
was followed by normal optimization runs to confirm the conti-
nuity of the reaction coordinate to the preceding and succeeding
local minima. As shown below, both spin restricted (spin
symmetric) solution and the spin polarized (broken symmetry)
solution were obtained for a part of the reaction coordinate.

Local minima and TS’s relating to the Ge-C bond formationwere
reevaluated with the real models. The initial structures of the real
models were constructed by replacing the hydrogen atoms in the
simplified models of optimized structures with the methyl groups.
The calculations were carried out with the hybrid B3LYP method
[27,28] and the 6e31G(d) basis sets, which were implemented in
the Gaussian 03 software [29].

Fig. 1 shows the reaction profile for the formation of a germene,
followed by addition of the resulting germene to an enone, as
indicated in Scheme 1. LM-1 is a simplified form of 1, and LM-2 is
a germene derived from LM-1, and TS-1 is the TS located between
them. The bond lengths for some typical bonds in TS-1, LM-3, TS-3
(SP), and LM-4(SP) are shown in Fig. 1. In the structures of TS’s, the
number in parentheses indicates the weight of the geometrical
parameter (such as bond length) in direction of the reaction co-
ordinate. (We represent the reaction coordinate in terms of bond
lengths, bond angles and dihedral angles. To confirm that the TS
obtained is what we are seeking, it is essentially important that the
dissociating or forming bond has a major weight among the
geometrical parameters). For example, elongation of the GeeSi
bond (0.627) for TS-1 is the major factor to characterize this TS, and
shortening of the SieO bond (e0.313) is the second factor. This
deformation of the structure leads to LM-2, and the opposite
deformation returns to LM-1.

We have examined two configurations of acrolein, s-trans and
s-cis for the addition reaction. Their LM and TS structures are
shown in Fig. 2q. The s-cis confomer is unstable than the s-trans
confomer only by 7 kJ mol�1, but they are separated by a barrier
of 39 kJ mol�1. First we treated the reaction of the germene with
the s-trans conformer of acrolein. LM-3 is the optimized structure
consisting of LM-2 and s-trans acrolein, which is more stable by



Fig. 4. Optimized structures for TS-4, LM-5, and TS-5(SP) with simplified models along the reaction path described by the Scheme 1. Unique structures in the concerted route with
the s-trans conformer of acrolein. TS-5(SP) is the TS for the trans-cis conversion of configuration of acrolein moiety, and has a spin polarized solution.
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31 kJ mol�1 than the two isolated molecules. The energetics
along the reaction is compiled in Figs. 7 and 8, and will be dis-
cussed later.

In the reaction path from LM-3 to LM-6, two reaction routes
were considered. One of them is a stepwise process where the
GeeC bond is formed first, and other involves a concerted process,
in which the GeeC and CeO bonds are formed simultaneously. The
structures of TS-3(SP) and LM-4(SP), which are characterized only
by the spin polarized calculations, are also shown in Fig. 1. In these
structures, some remarkable spin densities are shown in square
brackets. TS-3(SP) is the TS for the GeeC bond formation. The
largest a spin density accumulates on the C atom adjacent to the Ge
atom. The largest b spin density for the acrolein moiety accumu-
lates on the C atom which is the nearest neighbor to the bond
forming C atom. However, the second largest b spin density accu-
mulates on the O atom, which implies formal [2 þ 4] cycloaddition.
LM-4(SP) is the local minimum, in which the GeeC bond is formed
first, but the CeO bond is not yet.

The structures of TS’s and local minima for the latter half of
stepwise addition are shown in Fig. 3. TS-4(SP) is not directly the TS
for the formation of the CeO bond, but the TS for the internal
rotation from s-trans to s-cis conformation of the acrolein moiety.
The reaction coordinate localizes in the change of dihedral angles
such as HeCeCeO and HeCeCeH. The IRC analysis to the forward
direction and the successive optimization calculation lead to LM-6
with the formation of the CeO bond. The resulting LM-6 is the
simplifiedmodel for 3e6. In the transformation of LM-6 to LM-7 via
TS-6, a 1,3eshift of the H3Si group on the siloxy oxygen to the ring
oxygen in LM-6 and simultaneous CeO bond scission in the
sixemembered ring are involved, and the acylsilane derivative
LM-7, the simplified model for 7e10, is formed. This is the lowest
energy pass of the reaction.
Fig. 4 shows the TS’s and local minima involved in the concerted
process. Starting from LM-3, TS-4 is the TS for the simultaneous
formation of the GeeC and CeO bonds. However, in the resulting
LM-5, two H atoms on the sp2ehybridized carbon atoms in the
acrolein moiety are located in a trans fashion, and LM-5 is different
from 3e6 shown in Scheme 1. In order to produce a simplified
model for 3e6, the trans configuration of two H atoms on the
sp2ehybridized carbons in LM-5 must be converted to the cis
configuration. TS-5(SP) is the TS, where the dihedral angle H-C-C-H
is 91�. This structure is obtained only by the spin polarized solution,
and has a biradical character. The structure of LM-6 formed via TS-5
(SP) is the same as that obtained by the stepwise process. Thus the
concerted process includes the spin polarized solution, TS-5(SP)
which is the highest energy on the reaction coordinate.

Next we considered the reaction profile for cycloaddition,
leading to a product including the Ge-O bond formed by the inverse
addition of s-trans acrolein to the germene. Fig. 5 shows the
structures and relative energies from LM-3-inv through TS-5-inv
(SP). The suffix “inv” indicates the inverse addition of acrolein.
LM-3-inv is the reactant where the germene and acrolein interact
weakly. TS-3-inv(SP) is the TS for the Ge-O bond formation, and
a resulting local minimum is LM-4-inv(SP). Similar to the process
for the formation of the Ge-C bond (normal addition) in the reac-
tion of the germene with s-trans acrolein shown in Fig. 3, the
reaction coordinate with the lowest energy includes the internal
rotation of the acrolein moiety, and TS-4-inv(SP) is the TS. This
energy is 73 kJ mol�1 and considerably higher than that for TS-4
(SP), 56 kJ mol�1. Unlike the normal addition, the reaction coordi-
nate from TS-4(SP) does not afford a six-membered product, like
LM-6, but gives LM-5-inv(SP). LM-6-inv is produced from LM-5-inv
(SP) via TS-5-inv(SP) with a slight low barrier (4 kJ mol�1), as
shown in Fig. 6.



Fig. 5. Optimized structures for LM-3-inv, TS-3-inv(SP), LM-4-inv(SP), TS-4-inv(SP), LM-5-inv(SP), and TS-5-inv(SP) with simplified models along the stepwise inverse addition with
the s-trans conformer of acrolein. TS-5-inv(SP) connects to LM-6-inv, which is shown in Fig. 6. “inv” and “(SP)” mean the inverse addition and the spin polarized solution.
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Then we considered the reaction profile for the cycloaddition of
the germene with the s-cis conformer of acrolein. The unique
structures different from those with the s-trans conformer, LM-3c
and TS-4c were found, as shown in the upper part of Fig. 6. (The
suffix “c” is used to discriminate the structures from those related
to s-trans conformer.) LM-3c is less stable by 7 kJ mol�1 than LM-3,
which is an energy difference between the s-cis and s-trans
conformers. (The reference energy is a sum of energies of the ger-
mene and s-trans conformer of acrolein throughout the work.)
TS-4c is the TS for the simultaneous formation of the GeeC and
CeO bonds, and it locates between LM-3c and LM-6. Obviously the
trans-cis conversion after cycloaddition does not exist. In the
reaction with the s-cis conformer, only the concerted process is
possible to occur, and therefore the LM’s and TS’s for the stepwise
addition are not characterized. The lower part of Fig. 6 shows the
unique structure found in the course of cycloaddition of the ger-
mene and s-cis acrolein to give the product having the Ge-O bond.
Similar to the normal addition, only the concerted process is
characterized. LM-6-inv is a common product between the step-
wise and concerted processes, and much stabilized compared to
the normal addition product, LM-6, probably due to the presence of
a polar Ge-O bond.

All energies calculated for the simplified and real models are
shown in Figs. 7(a)(b) and 8(a)(b). Energetic differences between the
Ge-C and Ge-O bond formation in the normal and inverse addition of
acrolein to the germene are discussed with the simplified models.
Then the energetic differences between the stepwise and concerted
reaction are compared using the real models. Fig. 7(a) shows three



Fig. 6. Optimized structures for LM-3c, TS-4c, LM-3c-inv, TS-4c-inv, and LM-6-inv with simplified models, which are the structures formed from the s-cis conformer of acrolein in
the concerted process. LM-3c and TS-4c may exist along the reaction path described by Scheme 1, and LM-3c-inv, TS-4c-inv are the counterparts of the formers. “inv” means the
inverse addition.
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normal addition reactions and one inverse addition reaction of the
germene with s-trans conformer of acrolein. The spin restricted
solution leads up to LM-5, but the spin polarized solution (polarized-
2) is necessary to represent the internal rotation to s-cis confomer. In
the spin polarized solution (polarized-1), this internal rotation can
occur before the O-C bond formation around TS-4(SP) and the
successive reaction coordinate directly leads to LM-6. This reaction
pathway is energetically the lowest.
The energies for TS’s and LM’s in the inverse addition reaction
correspond well to those in the normal addition reaction, and are
plotted on the same graph. The largest difference is seen at TS-4(SP)
and TS-4-inv(SP), and their relative energies are 56 and 73 kJ mol�1.
This is the reason why the product with the Ge-O bond is not
formed although LM-6-inv is more stable than LM-6 by 55 kJ mol�1.
The reaction from LM-6 to LM-7 is common to all routes and well
represented by the concerted mechanism.
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Fig. 7. Energy profile from LM-1 to LM-7 along the reaction path described by Schemes 1 and 2 with (a) simplified, and (b) real models. The energies from TS-3(SP) to TS-5(SP) are
unique parts for the s-trans conformation of acrolein. The sum of energies of LM-2 and isolated s-trans conformer of acrolein is taken as the reference, and all the energies plotted
are relative values for this reference. Spin restricted and spin polarized solutions are plotted as “restricted” and “polarized” on the same graph, and then the label on the abscissa is
a generic name. For example, “TS-4,4(SP)” represents “TS-4, or TS-4(SP), or “TS-4-inv(SP)”.
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Fig. 7(b) shows the energetics for three normal addition using the
real models. For a 1,3-silyl shift in LM-1 leading to LM-2, the latter is
destabilized by 118 kJ mol�1, and the activation energy of TS-1
measured from LM-1 is 166 kJ mol�1, the largest barrier on the reac-
tion coordinate. (The energy for LM-2 is zero since we adopted the
sumof energies of germene and s-trans acrolein as the zero of relative
energy.) In the addition reaction of s-trans acrolein to LM-2, LM-3 is
produced,whose energy is stabilizedby 23kJmol�1 compared to two
isolated molecules. The concerted and stepwise process for this
reaction shouldbe compared inmore detail. In the concertedprocess,
LM-3 is followed by TS-4, and then LM-5, which can not be identified
as a correct structure experimentally. In order to convert twoHatoms
located in a trans fashion on the sp2ehybridized carbon atoms in the
acrolein moiety of TS-5(SP) to a cis-fashion, the carbonecarbon
double bondmust be cleaved. This involves the radical scission of the
carbonecarbon double bond in TS-5(SP), and needs the highest
activation energy. On the other hand, the conformation change from
s-trans to s-cis is facile through TS-4(SP), and the stepwise process
directly leads to LM-6 with cis configuration. TS-6 is the TS for the
ring-opening reaction, and it proceedswith the energy below zero to
give LM-7. The final product, LM-7 is more stable than LM-5, arising
fromthe reaction of LM-1 and s-trans acrolein by 126kJmol�1. On the
basis of the results described above, the concerted route fromLM-3 to
LM-7 may be possible to proceed, but it is less realistic from the
viewpoint that trans-cis conversion in the acrolein moiety has the
highest energy on the reaction coordinate.

The energy profile for the cycloaddition of the germene with s-
cis acrolein is shown in Fig. 8(a)(b). Fig. 8(a) shows the energetics
for the normal and inverse addition reaction with the simplified
models. The energy of LM-3c derived from s-cis acrolein is lower
than that of LM-3 from s-trans by 7 kJ mol�1, whereas s-cis acrolein
is unstable than s-trans acrolein by 7 kJ mol�1. This means that the
interactions between germene and acrolein are strengthened with
the s-cis conformation. TS-4c is the TS for the concerted cycload-
dition, and its energy is lower than those for TS-1, TS-4 and TS-4
(SP). Therefore, in the cycloaddition with s-cis acrolein, the highest
activation barrier shifts to the energy for TS-1, and the energy
profile becomes down hill after the formation of germene. The
energetics for the inverse addition is almost the same as that for the
normal addition except that LM-6-inv is more stable than LM-6.
This means that both products including the Ge-C and Ge-O bonds
are formed by the reactionwith the s-cis conformer of acrolein. This
point contradicts with the experimental results, and therefore we
assume that the concentration of the s-cis conformer of acrolein is
lower than that of the s-trans. The fact that a barrier of 39 kJ mol�1

is required for conversion of the s-trans conformer to s-cis may
support this assumption. The energetics for the normal addition
reactionwith the real models is shown in Fig. 8(b), and this reaction
profile is almost identical with that of the simplified models.

In conclusion, the thermolysis of acylpoly(silyl)germanes 1 and 2
with methyl vinyl ketone and acrolein at 120 �C proceeded to afford
the formal [2þ4]cycloadducts, arising fromadditionof thegermenes
produced thermally from acylpoly(silyl)germane to vinylketones. At
130 �C,however,1and2 reactedwithmethylvinylketone andacrolein
to afford the [2 þ 4] cycloadducts and the ring-opened acylgermane
derivatives, arising from a 1,3-silyl shift on the siloxy oxygen to the
ring oxygen, respectively. Similar reactions at 140 �C gave the
ring-opened acylgermanes as the main products.

The theoretical calculations based on the DFT methods charac-
terized the LM’s and TS’s locating on the reaction coordinate
starting from 1, through 5 to 9. Both the simplified and real models
gave almost the same energy profiles. The [2þ 4] cycloadditionwas



-300

-250

-200

-150

-100

-50

0

50

100a

b

LM-1 TS-1 LM-2 LM-3c TS-4c LM-6 TS-6 LM-7
Structures (simplified models)

R
el

at
iv

e 
en

er
gy

/k
J 

m
ol

-1

Normal
Inverted

-250

-200

-150

-100

-50

0

50

100

LM-1 TS-1 LM-2 LM-3c TS-4c LM-6 TS-6 LM-7

Structures (real models)

R
el

at
iv

e 
en

er
gy

/k
J 

m
ol

-1

Fig. 8. Energy profile from LM-1 to LM-7 along the reaction path described by Schemes 1 and 2 with (a) simplified, and (b) real models. The energies for LM-3c and TS-4c are unique
parts for the s-cis conformation and the normal addition of acrolein. For the s-cis conformation and the inverse addition, the energies for LM-3c-inv and TS-4c-inv are unique parts,
and they are also plotted on the corresponding label of the abscissa in (a).

A. Naka et al. / Journal of Organometallic Chemistry 695 (2010) 1663e16741672
examined with the spin restricted and spin polarized solutions. The
calculations indicated that the stepwise process is energetically
more favorable for the cycloaddition of the germene with s-trans
acrolein than that of the concerted process.With s-cis acrolein, only
the concerted process is operative, and it is energetically facile
reaction path for the formation of both products including the Ge-C
and Ge-O bond. Eventually, we conclude that cycloaddition of the
germene with acrolein proceeds through the stepwise process with
s-trans acrolein.

3. Experimental

3.1. General Procedure

All reactions of acylpolysilylgermanes were carried out in
a degassed sealed glass tube (1.0 cm � 15 cm). Yields of the
products were calculated on the basis of the isolated products.
NMR spectra were recorded on JNM-LA300 spectrometer and
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JNM-LA500 spectrometer. Lowe and higheresolution mass spectra
were measured on a JEOL Model JMSe700 instrument. Melting
point was measured with a YanacoeMPeS3 apparatus. Column
chromatography was performed by using Wakogel C-300 (WAKO).

3.2. Reaction of 1 with methyl vinyl ketone at 120 �C

A mixture of compound 1 (0.1290 g, 0.342 mmol) and 0.0750 g
(1.07 mmol) of methyl vinyl ketone was heated in a sealed tube at
120 �C for 12 h. Product 3 (0.0632 g, 41% isolated yield) and the
starting compound 1 (0.0420 g, 32%) were isolated by column
chromatography. For 3: Anal. Calcd for C18H42O2Si3Ge: C, 48.32; H,
9.46. Found: C, 48.24; H, 9.83. MS m/z 448 (Mþ); 1H NMR d (C6D6)
0.247 (s, 9H, Me3Si), 0.253 (s, 9H, Me3Si), 0.27 (s, 9H, Me3Si), 1.10 (s,
9H, t-Bu), 1.33 (dd, 1H, CH2, J ¼ 15.3 Hz, 8.6 Hz), 1.70 (br s, 3H, Me),
1.75 (br d, 1H, CH2, J ¼ 15.3 Hz), 4.68 (br d, 1H, olefinic proton,
J ¼ 8.6 Hz); 13C NMR d (C6D6) 0.7, 1.0, 2.5 (Me3Si), 4.3 (CH2Ge), 22.4
(Me), 26.8 (Me3C), 40.6 (CMe3), 96.7 (C]C), 113.2 (CO), 149.9 (C]
C); 29Si NMR d (C6D6) �8.5, �7.8, 7.4.

3.3. Reaction of 2 with methyl vinyl ketone at 120 �C

A mixture of compound 2 (0.1233 g, 0.271 mmol) and 0.0801 g
(1.14 mmol) of methyl vinyl ketone was heated in a sealed tube at
140 �C for 12 h. Product 4 (0.0609 g, 43% isolated yield) and the
starting compound 2 (0.0133 g, 11%) were isolated by column chro-
matography. For 4: Anal. Calcd for C24H48O2Si3Ge: C, 54.85; H, 9.21.
Found: C, 54.48; H, 9.01. Mp.123e125 �C;MSm/z 526 (Mþ); 1H NMR
d (C6D6) 0.27 (s, 9H,Me3Si), 0.28 (s, 9H,Me3Si), 0.30 (s, 9H,Me3Si),1.33
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(dd,1H, CH2, J¼ 14.9Hz, 8.4Hz),1.70e2.03 (m,19H, Ad,Me, CH2), 4.69
(d,1H, olefinicproton, J¼8.4Hz); 13CNMR d (C6D6)0.8,1.1, 2.6 (Me3Si),
4.0 (CH2Ge), 22.3 (Me), 29.1, 37.7, 39.0, 42.1 (Ad), 96.7 (CO),114.4 (C]
C), 149.8 (C]C); 29Si NMR d (C6D6) �8.5,�7.7, 7.6.

3.4. Reaction of 1 with acrolein at 120 �C

A mixture of compound 1 (0.0998 g, 0.265 mmol) and 0.0962 g
(1.72 mmol) of acrolein was heated in a sealed tube at 140 �C for
12 h. Product 5 (0.0534 g, 47% isolated yield) and the starting
compound 1 (0.0225 g, 22%) were isolated by column chromatog-
raphy. For 5: Anal. Calcd for C17H40O2Si3Ge: C, 47.12; H, 9.30. Found:
C, 47.10; H, 9.22. MS m/z 434 (Mþ); 1H NMR d (C6D6) 0.24 (s, 9H,
Me3Si), 0.27 (s, 9H, Me3Si), 0.29 (s, 9H, Me3Si), 1.08 (s, 9H, t-Bu), 1.30
(dd, 1H, CH2, J ¼ 16.0 Hz, 7.3 Hz,), 1.71 (dt, 1H, CH2, J ¼ 16.0 Hz,
2.5 Hz), 4.76 (dt, 1H, olefinic proton, J¼ 7.3 Hz, 2.5 Hz), 6.02 (dd, 1H,
olefinic proton, J ¼ 7.3 Hz, 2.5 Hz); 13C NMR d (C6D6) 0.6, 1.1, 2.4
(Me3Si), 3.7 (CH2Ge), 26.7 (Me3C), 40.6 (CMe3), 101.8 (C]C), 112.8
(CO), 143.8 (C]C); 29Si NMR d (C6D6) �8.2, �7.7, 8.4.

3.5. Reaction of 2 with acrolein at 120 �C

A mixture of compound 2 (0.1093 g, 0.240 mmol) and 0.0746 g
(1.33 mmol) of acrolein was heated in a sealed tube at 140 �C for
12 h. Product 6 (0.0703 g, 57% isolated yield) and the starting
compound 2 (0.0080 g, 7% isolated yield) were isolated by column
chromatography. For 6: Anal. Calcd for C23H46O2Si3Ge: C, 54.01; H,
9.06. Found: C, 53.88; H, 9.01. Mp. 67e69 �C; MS m/z 512 (Mþ); 1H
NMR d (C6D6) 0.26 (s, 9H, Me3Si), 0.31 (s, 9H, Me3Si), 0.32 (s, 9H,
Me3Si), 1.29 (dd,1H, CH2, J¼ 16.0 Hz, 7.4 Hz), 1.69e2.03 (m,16H, Ad,
CH2), 4.77 (dt, 1H, olefinic proton, J ¼ 7.4 Hz, 2.2 Hz), 6.03 (dd, 1H,
olefinic proton, J ¼ 7.4 Hz, 2.9 Hz); 13C NMR d (C6D6) 0.7, 1.2, 2.5
(Me3Si), 3.5 (CH2Ge), 29.0, 37.7, 38.8, 42.1 (Ad), 101.9 (C]C), 114.0
(CO), 143.7 (C]C); 29Si NMR d (C6D6) �8.2, �7.6, 8.5.

3.6. Reaction of 1 with methyl vinyl ketone at 130 �C

A mixture of compound 1 (0.1040 g, 0.276 mmol) and 0.1176 g
(1.68 mmol) of methyl vinyl ketone was heated in a sealed tube at
130 �C for 12 h. Products 3 (0.0354 g, 29% isolated yield) and 7
(0.0227 g, 18% isolated yield) were isolated by column chroma-
tography. For 7: Exact Mass Calcd for C18H42O2Si3Ge ([Mþ])
448.1704, Found 448.1727. MS m/z 448 (Mþ); 1H NMR d (C6D6) 0.18
(s, 9H, Me3Si), 0.32 (s, 18H, Me3Si), 1.04 (s, 9H, t-Bu), 1.68 (s, 3H, Me),
2.28 (d, 2H, CH2, J ¼ 8.3 Hz), 4.69 (t, 1H, olefinic proton, J ¼ 8.3 Hz);
13C NMR d (C6D6) 0.9, 1.0 (Me3Si), 12.3 (CH2Ge), 22.8 (Me), 24.9
(Me3C), 49.4 (CMe3), 107.7, 144.4 (C]C), 244.9 (CO); 29Si NMR
d (C6D6) �6.6, 15.3. All spectral data for 3 were identical with those
of the authentic samples described above.

3.7. Reaction of 2 with methyl vinyl ketone at 130 �C

A mixture of compound 2 (0.1283 g, 0.282 mmol) and 0.0725 g
(1.03 mmol) of methyl vinyl ketone was heated in a sealed tube at
130 �C for 12 h. Products 4 (0.0346 g, 23% isolated yield) and 8
(0.0332g, 22%)were isolatedbycolumnchromatography. For8: Exact
Mass Calcd for C24H48O2Si3Ge ([Mþ]) 526.2179, Found 526.2164. MS
m/z526 (Mþ); 1HNMR d (C6D6)0.18 (s, 9H,Me3Si), 0.36 (s,18H,Me3Si),
1.58e1.63 (m, 6H, Ad),1.69 (s, 3H,Me),1.83e1.84 (m, 6H, Ad),1.94 (br
s, 3H, Ad), 2.33 (d, 2H, CH2, J ¼ 8.3 Hz), 4.75 (t, 1H, olefinic proton,
J¼ 8.3 Hz); 13C NMR d (C6D6) 0.9,1.1 (Me3Si),12.3 (CH2Ge), 22.8 (Me),
28.6, 37.1, 37.5, 52.0 (Ad), 108.0, 144.3 (C]C), 245.3 (CO); 29Si NMR
d (C6D6)�6.7,15.3. All spectral data for 4were identical with those of
the authentic samples described above.

3.8. Reaction of 1 with acrolein at 130 �C

A mixture of compound 1 (0.1059 g, 0.281 mmol) and 0.0336 g
(0.599 mmol) of acrolein was heated in a sealed tube at 130 �C for
12 h. Products 5 (0.0217 g, 18% isolated yield) and 9 (0.0276 g, 23%)
were isolated by column chromatography. For 9: Exact Mass Calcd
for C17H40O2Si3Ge ([Mþ]) 434.1551, Found 434.1552. MS m/z 434
(Mþ); 1H NMR d (C6D6) 0.10 (s, 9H, Me3Si), 0.32 (s, 18H, Me3Si), 1.03
(s, 9H, t-Bu), 2.42 (dd, 2H, CH2, J ¼ 8.6 Hz, 1.6 Hz), 4.79 (dt, 1H,
olefinic proton, J ¼ 8.6 Hz, 5.8 Hz), 6.01 (dt, 1H, olefinic proton,
J¼ 5.8 Hz, 1.6 Hz); 13C NMR d (C6D6)�0.5, 1.0 (Me3Si), 10.6 (CH2Ge),
25.0 (Me3C), 49.4 (CMe3), 110.1, 136.0 (C]C), 244.8 (CO); 29Si NMR
d (C6D6) �6.4, 19.7. All spectral data for 5 were identical with those
of the authentic samples described above.

3.9. Reaction of 2 with acrolein at 130 �C

A mixture of compound 2 (0.1052 g, 0.231 mmol) and 0.0582 g
(1.04 mmol) of acrolein was heated in a sealed tube at 130 �C for
12 h. Product 6 (0.0264 g, 22% isolated yield) and 10 (0.0382 g, 32%
isolated yield) were isolated by column chromatography. For 10:
Exact Mass Calcd for C23H46O2Si3Ge ([Mþ]) 512.2022, Found
512.2026. MS m/z 512 (Mþ); 1H NMR d (C6D6) 0.10 (s, 9H, Me3Si),
0.36 (s, 18H, Me3Si), 1.58e1.61 (m, 6H, Ad), 1.82e1.84 (m, 6H, Ad),
1.92 (br s, 3H, Ad), 2.47 (dd, 2H, CH2, J ¼ 8.6 Hz, 1.3 Hz), 4.84 (dt, 1H,
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olefinic proton, J ¼ 8.6 Hz, 5.9 Hz), 6.03 (dt, 1H, ring proton,
J¼ 5.9 Hz, 1.3 Hz); 13C NMR d (C6D6) �0.5, 1.2 (Me3Si), 10.6 (CH2Ge),
28.5, 37.1, 37.5, 52.0 (Ad), 110.4, 135.9 (C]C), 245.1 (CO); 29Si NMR
d (C6D6) �6.5, 19.6. All spectral data for 6 were identical with those
of the authentic samples described above.

3.10. Reaction of 1 with methyl vinyl ketone at 140 �C

A mixture of compound 1 (0.1100 g, 0.292 mmol) and 0.0520 g
(0.742 mmol) of methyl vinyl ketone was heated in a sealed tube at
140 �C for 12 h. Product 7 (0.1210 g, 41% isolated yield) was isolated
by column chromatography. All spectral data for 7 were identical
with those of the authentic sample described above.

3.11. Reaction of 2 with methyl vinyl ketone at 140 �C

A mixture of compound 2 (0.1260 g, 0.277 mmol) and 0.1191 g
(1.70 mmol) of methyl vinyl ketone was heated in a sealed tube at
140 �C for 12 h. Products 4 (0.0051 g, 4% isolated yield) and 8
(0.0420 g, 29% isolated yield) were isolated by column chroma-
tography. All spectral data for 4 and 8 were identical with those of
the authentic samples described above.

3.12. Reaction of 1 with acrolein at 140 �C

A mixture of compound 1 (0.1035 g, 0.274 mmol) and 0.0659 g
(1.18 mmol) of acrolein was heated in a sealed tube at 140 �C for
12 h. Products 5 (0.0059 g, 5% isolated yield) and 9 (0.0281 g, 24%
isolated yield) were isolated by column chromatography. All spec-
tral data for 5 and 9 were identical with those of the authentic
samples described above.

3.13. Reaction of 2 with acrolein at 140 �C

A mixture of compound 2 (0.1071 g, 0.235 mmol) and 0.0504 g
(0.899 mmol) of acrolein was heated in a sealed tube at 140 �C for
12 h. Product 6 (0.0113 g, 11% isolated yield) and 10 (0.0404 g, 34%
isolated yield) were isolated by column chromatography. All spec-
tral data for 6 and 10 were identical with those of the authentic
samples described above.

3.14. Reaction of 3 at 140 �C

Compound 3 (0.0816 g, 0.182 mmol) in a sealed glass tube was
heated at 140 �C for 12 h. Product 7 (0.0353 g, 43% isolated yield)
was isolated by column chromatography. All spectral data for 7
were identical with those of the authentic sample described above.

3.15. Reaction of 7 with 2,3-dimethyl-1,3-butadiene at 140 �C

A mixture of compound 7 (0.0779 g, 0.174 mmol) and 0.0787 g
(0.958 mmol) of 2,3-dimethyl-1,3-butadiene was heated in a sealed
tube at 140 �C for 12 h. Products 11 and 12 (0.0849 g, 92% isolated
yield) were isolated by column chromatography. The ratio of 11 and
12 was calculated to be 1:1 by the 1H NMR spectrometric analysis.
For 11 and 12: Exact Mass Calcd for C24H52O2Si3Ge ([Mþ]) 530.2492,
Found 530.2515. MS m/z 530 (Mþ); 1H NMR d (C6D6) 0.18 (s, 9H,
Me3Si), 0.20 (s, 9H, Me3Si), 0.23 (s, 9H, Me3Si), 0.25 (s, 9H, Me3Si),
0.28 (s, 9H, Me3Si), 0.29 (s, 9H, Me3Si), 1.05 (s, 9H, t-Bu), 1.12 (s, 9H,
t-Bu), 1.53 (d, 1H, CH2, J ¼ 16.0 Hz), 1.63 (s, 3H, Me), 1.70 (s, 3H, Me),
1.76 (s, 3H, Me), 1.79 (s, 6H, Me), 1.81 (s, 3H, Me), 1.88e2.17 (m, 9H,
CH2), 2.30 (d, 1H, CH2, J¼ 17.1 Hz), 2.42 (d, 1H, CH2, J¼ 17.1 Hz), 4.47
(t, 1H, olefinic proton, J ¼ 8.2 Hz), 4.68 (t, 1H, olefinic proton,
J ¼ 8.2 Hz); 13C NMR d (C6D6) 0.3, 1.0 (2C), 2.3, 3.1 (2C) (Me3Si), 13.4
(2C), 18.0, 18.7 (CH2Ge), 19.5, 19.6, 21.9, 22.6, 22.9, 23.8 (Me), 27.6,
29.4 (Me3C), 39.5, 40.6 (CMe3), 43.6 (2C) (CH2), 85.1, 86.9 (CO),
105.0, 106.9 (HC ¼ C), 125.1, 128.2, 131.1, 131.2, 144.4, 145.2 (C]C);
29Si NMR d (C6D6) 1.0, 3.9, 4.2, 14.6.
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