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The formation of novel trimethylsilyl-substituted allenes, including silyl ketene acetals incorporating

an allenic moiety, by lithiation/silylation of ethyl 2-alkyl-1-trimethylsilylcycloprop-2-ene-1-carboxylate, is
described. The reaction involves formation of silyl ketene acetal 3 (3a) which upon aqueous work-up gives
diastereomeric allenes 4' (4'a) and 4” (4”a). Becke3LYP/6-311+G** calculations were also carried out

to provide geometries, energies and insights into the electronic structure of the proposed

reaction intermediates.

Introduction

Thermal and photochemical ring opening reactions of cyclo-
propene derivatives have attracted considerable attention from
both experimental and theoretical points of view.'™ This is
not surprising in view of their remarkable potential in organic
synthesis* and interest for better understanding of the effect
of various substituents on their mechanism.> Much less work
has been done on rearrangements of cyclopropenyl anions
or the corresponding organometallic equivalents, which are
known to occur well below ambient temperature.®” A typical
example is provided by the ring opening of 1,2-dilithiocyclo-
propene to 1,1-dilithioallene reported by Binger et al.® More
recently, we have shown that ethyl 1-trimethylsilylcycloprop-
2-ene-1-carboxylate undergoes regioselective addition of an
electrophile after ring opening upon lithiation with lithium
diisopropylamide (LDA) in THF-TMEDA (N,N,N',N'-tetra-
methylethylenediamine), yielding upon quenching with tri-
methylsilyl or trimethylgermyl chloride the corresponding
acetylene and/or allene derivatives.’

With the aim of gaining more information about the
mechanism and synthetic scope of this reaction we turned
our attention to more complex systems. In this paper we report
the results of an experimental investigation of the metallation
of several 2-alkyl derivatives of 1-trimethylsilylcycloprop-2-
ene-1-carboxylate combined with quantum mechanical
calculations on closely related model molecules and reaction
intermediates (Schemes 1 and 2). Our main objectives in this
study were to (a) elucidate the relative acidities of the vinylic
ring proton and the protons of the methylenic group of the
aliphatic chain attached to the vinylic position of the cyclo-
propene ring; (b) to explore the synthetic potential of this
reaction and (c) to get insight into the molecular and electronic
structure of the potential reaction intermediates and the key
factors influencing their stability.

Results and discussion

Thus, in a preliminary experiment, treatment of ethyl 2-butyl-
1-trimethylsilylcycloprop-2-ene-1-carboxylate (1) with 2.0
equivalents of LDA in THF-TMEDA at —60°C, followed
by addition of an excess of trimethylsilyl chloride (TMSCI)
at —30°C, warming the reaction to 0°C and aqueous work
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up afforded a mixture of three products in an 1 : 2 : 1 ratio
(Table 1, entry 1). The products were purified by vacuum dis-
tillation and subsequently subjected to column chromatogra-
phy which resulted in full separation of the corresponding
allenic diastercomers 4’ (4'a) and 4” (4a”) (see Experimental
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Scheme 2 Schematic representation of the optimised geometries of the model compounds.

section). On the other hand, all attempts to isolate the third
product, denoted hereafter as 3, under similar conditions
failed. Hence, its structure was proposed on the basis of
NMR analysis of the crude reaction mixture by subtracting
signals due to 4’ and 4” and subsequently verified by its iden-
tity with an independently prepared sample of this compound

Table 1 Products ratios and yields of lithiation/silylation of cyclo-
propenes 1 and 2

Starting Molar ratio Product(s)/
cyclopropene CP : LDA : product Yield
Entry (CP) Me;SiCl Work-up ratios” (%)
1 1 1:20:2 Aqueous 3,4,4" —, 23,16
1:2:1)
2 1 1:20:6 Non-aqueous 3 70
3 1 1:20:6 Aqueous 3,4,4" 10, 13, 17
(1:1:1.4)
4 1 1:11:6 Non-aqueous 1,2, 3 —, 12, 40
(1:1:4.6)
5 2 1:20:6 Non-aqueous 3 81

“ Monitored by GC analysis.

(vide infra, Table 1). Under identical conditions 1a gave a mix-
ture of 3a, 4'a and 4”a in a similar ratio.® Structures of allene
derivatives of 4 and 4” were established unambiguously
by spectroscopic analysis (see Experimental section). For
instance, their '"H NMR spectrum exhibits two strong signals
(at 0.05 and 0.10 ppm and 0.06 and 0.11 ppm for 4’ and 47,
respectively) each for nine hydrogens, as expected, for two
nonequivalent Me;Si groups. Another characteristic feature
is the triplet at ca. 4.8 ppm for the vinylic proton which was
proved to be the consequence of coupling (J = 6.8 Hz) with
the neighbouring CH, group which appears as the multiplet
at ca. 2.0 ppm. The *C NMR spectra showed a signal at ca.
208 ppm, ie. in the region characteristic for the strongly
deshielded central sp carbon of an allenic group. Similarly
their IR spectra showed a typical C=C=C stretching band at
1906/1936 and 1936 cm~ ! in 4 and 47, as well as the C=0
absorption at ca. 1730 cm™.

We next carried out the same reaction under somewhat
different conditions, i.e. by adding the starting cyclopropene
1 to a mixture of LDA in the presence of an excess of
TMSCI at —60°C in THF-TMEDA (Table 1, entry 2).
After ca. 10 minutes, GC analysis of the reaction mixture
revealed the presence only of 3 which was isolated as the
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sole product after non-aqueous work up in the very good
yield of 70%. Under identical reaction conditions and an
aqueous work-up (Table 1, entry 3) a mixture of 3, 4 and
4" in 10%, 13% and 17% isolated yields was obtained. These
results constitute firm evidence that silyl ketene acetal 3 (3a)
is an intermediate in the transformation of 1 (1a) into dia-
stereomeric allenes 4 (4a) and 4” (4”a). Finally, we per-
formed the same reaction using a 1 : 1.1 : 6 molar ratio
of 1 : LDA : TMSCIL. After ca. 5 min and non-aqueous
work up, the reaction led to a mixture of 2 (12%) and 3
(40%), along with the starting cyclopropene 1 (Table 1, entry
4). From this mixture, 2 was isolated by column chroma-
tography after fraction distillation of the reaction mixture
under low pressure, and its structure was verified by spectral
analysis (see Experimental section).

The above experimental results are accounted for by the
reaction pathway shown in Scheme 1.

It involves deprotonation of the unsubstituted ring position
in 1 and subsequent interception of the so formed intermedi-
ate (not shown in Scheme 1) with TMSCI leading to ethyl 2-
butyl-1,3-bis(trimethylsilyl)-cycloprop-2-ene-1-carboxylate (2).
Once formed, the latter compound is easily deprotonated
by LDA to give the allylic-type carbanion I1,° which subse-
quently undergoes ring-opening to its acyclic counterpart
12. As expected, reaction of the intermediate 12 with a second
equivalent of TMSCI occurs at the oxygen atom O7, which
possesses the largest concentration of negative charge within
a formally ambient enolate subunit (C3-C6-07). The attack
of TMSCI on C3 which would lead to the tris(trimethylsily-
lated) allene 5 can be excluded, since 5 was not observed
under our reaction conditions. Finally, hydrolysis of 3 (3a)
gives the corresponding enol which rearranges into the more
stable esters represented by 4 (4'a) and 4” (4”a), respectively.
Decomposition of 3 was also carried out in the presence of
deuterium oxide (D,0O), which afforded monodeuteriated
allenes 4'-d; and 4”-d;.'° The location of deuterium was
assigned on the basis of 3*C NMR analysis, which showed
triplets ('Jep = 19.9 Hz) in the proton decoupled spectrum
for the carbon atom labelled with deuterium, as well as
a small upfield (36.70 ppm) shift for the corresponding
resonance.
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Additional confirmation of involvement of 2 in the first step
of the reaction is adduced by treating 2 with LDA and
TMSCI (Table 1, entry 5) under identical conditions as
described for 1. This reaction after non-aqueous work up
afforded 3 as the sole product in a high isolated yield of
81%, thus providing additional support in favour of the
proposed mechanism.

Computational studies

With our experimental knowledge about the described reac-
tion, we turned to theoretical calculations in order to eluci-
date the pertinent factors contributing to the stability of the
proposed reaction intermediates. Optimizations were carried
out for the model compounds shown in Scheme 2 at the
B3LYP/6-3114+G** level of theory, which is well documen-
ted to provide reliable descriptions of organolithium com-
pounds related to those under study here.!' It should be
noted that in all of the model compounds methyl groups
at the silicon atom were replaced by hydrogen atoms. Simi-
larly the ethyl and the n-butyl groups were replaced by
hydrogen atom(s) and methyl group(s), respectively. For
the sake of clarity we have adopted the following conven-
tion: the model compounds which correspond to the neutrals
1 and 2 are identified by the number of the corresponding
neutral followed by M (1M and 2M, respectively). The
anions derived from 1M are named by the number of the
corresponding model compound followed by A, if deproto-
nation takes place at the position C2 and by A’ if deproto-
nation takes place at the C4 atom. A similar convention is
adopted for model compounds related to the reaction inter-
mediates I1 and I2 in Scheme 1; ie. they are identified by
the name of a given intermediate followed by A for the
anions and Li for the lithium salts (I1A, I1Li, ezc.). The
optimized geometries of all model compounds considered
in this study are shown in Scheme 2, whereas the selected
structural parameters are given in Table 2. Among a variety
of conformations of the studied model molecules considered
here, only the most stable ones are shown and will be dis-
cussed in some detail. The total energies and ZPVEs of

Table 2 Selected structural parameters of model compounds 1M and 2M their anions IMA, IMA/, I1A, 12A and Li-salts I1Li and I12Li calculated
at B3LYP/6-3114+G** level. Bond lengths are given in A and angles in °“

Molecule

Bond or angle 1M 1IMA 1IMA’/ 2M 1A I1Li 2A I2Li
C1-C2 1.280 1.303 1.391 1.289 1.381 1.363 1.329 1.319
C1-C3 1.542 1.506 1.516 1.520 1.519 1.531 - -
C2-C3 1.536 1.737 1.571 1.573 1.564 1.594 1.452 1.459
C1-C4 1.473 1.485 1.344 1.473 1.346 1.356 1.315 1.326
C3-Cé6 1.500 1.466 1.502 1.497 1.502 1.472 1.433 1.392
C6-07 1.208 1.224 1.221 1.208 1.218 1.236 1.236 1.274
C3-Si5 1.898 1.860 1.870 1.896 1.879 1.891 1.841 1.866
C2-Si9 — — — 1.849 1.812 1.831 1.893 1.915
C1-Li — — — — 2.098 — 2.298
C2-Li — — — — 2.171 — 3.097
C4-Li — — — — 2.475 — 2.216
O7-Li — — — — 1.901 — 1.719
C1-C2-C3 65.7 57.3 61.2 63.2 61.8 61.8 129.8 130.5
C2-C3-C1 49.2 46.7 53.5 49.2 532 51.7 — —
C3-C1-C2 65.2 76.0 65.3 67.5 65.1 66.6 — —
C4-C1-C2 154.5 149.2 156.3 152.3 156.4 152.5 178.8 175.3
C1-C3-Cé6 114.6 119.7 119.1 114.8 117.7 114.5 — —
C6-08-H 107.5 105.1 101.2 107.5 102.8 108.1 110.1 107.0
C3-C6-07 126.7 125.2 124.3 126.7 124.1 125.3 123.0 128.8
C6-O7-Li — — — — — 105.2 — 135.9

“ For numbering of atoms see Scheme 2.
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the latter are summarized in Table 3, whereas Table 4 shows
results of natural bond orbital (NBO) analysis.

Like the cyclopropene 1, the model molecule 1M possesses
two alternative deprotonation sites, the vinylic atom (C2)
and the CH, group of the alkyl chain attached to the ring,
denoted here as C4. Experimental data discussed above indi-
cate that first deprotonation in 1 takes place at the vinylic posi-
tion leading to 2. Interestingly, our computational results for
1M predict that the deprotonation energy of protons attached
to the C4 carbon atom (leading to the anion 1IMA') is 6.5 kcal
mol~! higher than that of the vinylic proton at the C2 position
(resulting in the anion 1MA (360.2 kcal mol~! vs. 353.7 keal
mol ™), being thus in disagreement with the exclusive forma-
tion of 2 observed experimentally. This in turn suggests that
the relative acidities of vinylic and allylic positions in 1 are
drastically different in condensed media, presumably due to
the diminished importance of delocalization.'? Similar results
were found earlier for e.g. deprotonation of propyne, which
is deprotonated exclusively at the acetylenic carbon in the
liquid phase, but a roughly 1 : 1 mixture of acetylenic and
propargylic (allenic) anions are obtained upon reaction with
hydroxide in the gas phase.!> Another interesting question
concerns the effect of lithium counterions on the stability
ordering of these anions. Therefore, we optimized also the
structures of the lithium salts of both ions (not shown in
Scheme 2). It turned out that lithiation slightly reduces the dif-
ference in stabilities of the anionic species (by 0.6 kcal mol ™),
but does not influence their stability ordering. Concomitantly,
we tentatively conclude that formation of silylated product 2
under experimental conditions is driven by different solvation
and aggregation effects of reaction intermediates.!'®!1¢

A few comments on the geometries of the carbanions 1IMA
and IMA’ (Scheme 2, Table 2) also are warranted. Deprotona-
tion of 1M at the vinylic positions of the cyclopropene ring
leading to carbanion 1MA induces hybridization change at
the deprotonation site leading to a dramatic decrease in s-char-
acter of the C2-C3 bond, which in turn assumes a highly
pronounced p-character (Table 4). As a consequence, the
C1-C2-C3 angle becomes smaller by 8.4° (Table 2). The lone
pair produced by deprotonation has a high s character (58.9%)
as expected. Redistribution of atomic charges is also of inter-
est. Somewhat surprisingly, the formal atomic charge at the
anionic center C2 is decreased by only 0.1 |e| implying that
the excess electron is distributed all over the molecule. The lar-
gest gain in the electron density (—0.28 |e|) is obtained at the
C1 atom which was positively charged in the neutral molecule,
thus being the most electropositive before deprotonation. The
rest of the anionic electron is distributed over the C3 atom and
the carboxylic group. The most striking structural characteris-
tic is elongated C2-C3 bond, which becomes very long parti-
cularly for the three membered ring (1.737 A).M Taking into
account that the carbon-carbon bond is elongated in going
from e.g. cyclopropane to propane followed by a strain relief,
one is tempted to conclude that the same takes place in this

Table 3 Total energies of the model compounds 1M - I2Li calculated
on the B3LYP/6-3114+G** level of theory

Molecules E? (au.) ZPVE? (a.u.)
M —635.23326 0.11371
1MA —634.66961 0.10063
1IMA’ —634.68067 0.09969
2M —925.95009 0.12936
1A —925.40477 0.11577
I1Li —932.92149 0.11960
12A —925.42209 0.11581
I2Li —932.95020 0.11974

“ Total enegies are corrected for ZPV energies. * Not scaled.
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Table 4 Natural bond orbital® atomic charges, hybridizations and
bond orders for 1IM-I12Li. Mayer’s bond orders are given in paren-
theses”

NBO
Atomic s-Characters NBO b.o.
Molecules Atoms charges Bonds (%) (Mayer. b.o.)*

1M Cl 0.07  Cl-C2 37.9-37.8 1.931 (1.941)
C2 -0.15  CI-C3 20.5-19.0 0.883 (0.885)
C3 —-0.63 C2-C3 21.8-18.3 0.894 (0.920)
C4 —-0.73  Cl-C4 41.3-26.8 1.048 (0.950)
Co 080  C3-C6 28.4-39.3 0.997 (0.971)
o7 —-0.62 C6-O7 33.8-41.3 1.739 (1.829)
1IMA Cl -0.21  Cl1-C2 38.9-35.7 1.929 (1.924)
C2 -0.25 CI-C3 229-27.0 0.912 (0.880)
c3 -0.74 C2-C3 5496 0.695 (0.693)
C4 -0.70  Cl-C4 38.1-28.8 1.020 (0.954)
C6 0.78  C3-C6 30.0-41.1 1.104 (1.067)
o7 —-0.67 C6-0O7 32.0-40.0 1.635 (1.696)
IMA’ Cl 0.01 Cl1-C2 343-32.1 1.248 (1.153)
C2 -0.58 CI-C3 20.3-21.5 0.901 (0.857)
c3 —-0.68 C2-C3 23.9-18.9 0.881 (0.911)
C4 —0.62 Cl-C4 452-379 1.728 (1.787)
Co 081  C3-C6 27.0-38.7 0.999 (0.982)
o7 —-0.67 C6-0O7 33.2-41.0 1.658 (1.716)
2M Cl 0.10 Cl1-C2 37.5-37.1 1.888 (1.772)
C2 -0.39 CI1-C3 21.7-20.7 0.900 (0.896)
C3 -0.61 C2-C3 19.0-16.6 0.858 (0.875)
C4 —-0.72  CIl-C4 40.5-26.9 1.045 (0.950)
Co 080 C3-C6 28.4-394 1.003 (0.978)
o7 —0.62 C6-O7 33.841.3 1.743 (1.818)
A Cl 0.03 Cl-C2 34.5-31.5 1.258 (1.101)
C2 —-0.81 CI-C3 20.0-21.0 0.890 (0.856)
C3 -0.63 C2-C3 21.7-194 0.884 (0.897)
C4 —0.63 Cl-C4 45.1-375 1.708 (1.769)
Co 081  C3-C6 27.3-39.0 1.003 (0.981)
o7 —-0.65 C6-0O7 33.141.0 1.673 (1.730)
ILi Cl -0.04 CI-C2 35.1-33.0 1.342 (1.134)
C2 —-0.80 CI-C3 19.8-20.5 0.869 (0.868)
c3 -0.62 C2-C3 17.6-17.3 0.832 (0.845)
C4 —0.69 CIl-C4 44.8-358 1.638 (1.565)
Co 083  C3-C6 27.9-40.8 1.066 (1.032)
o7 —-0.75  C6-0O7 31.7-40.0 1.562 (1.444)
12A Cl —0.07 CI-C2 49.8-354 1.716 (1.681)
C2 -047 CI1-C3 - -
C3 —-0.81  C2-C3 38.2-34.6 1.185 (1.126)
C4 —-0.56 CIl-C4 49.9-38.4 1.930 (1.910)
Co 0.75 C3-C6 31.4-423 1.255 (1.235)
o7 —-0.70  C6-O7 32.2-40.0 1.548 (1.602)
12Li Cl -0.01 Cl-C2 50.3-35.7 1.787 (1.778)
C2 —-044 CI1-C3 - -
Cc3 -0.73  C2-C3 38.2-33.1 1.150 (1.114)
C4 -0.70  Cl-C4 49.6-37.3 1.863 (1.657)
Co 0.74  C3-C6 32.1-43.9 1.411 (1.452)
o7 —-091  C6-0O7 30.5-40.2 1.312 (1.201)

“ All NBO calculations were performed using B3LYP/6-31+G*//
B3LYP/6-311+G** method. ” For numbering of atoms see Scheme
2. ¢ Mayer’s bond orders were calculated using HF/6-31 G*//
B3LYP/6-3114+G** level of theory.

compound too. Deprotonation of the methyl group in 1M
resulting in formation of anion 1MA’, gives rise to a pro-
nounced contraction of the C1-C4 bond (by 0.129 A) and its
strengthening by an increase in the double bond character.
In contrast, the C1=C2 double bond is stretched (0.111 A)
and weakened compared to 1M (Table 2). Nevertheless, it is
an interesting hyperconjugative interplay between the n-double
bond of the allylic fragment and the C2-H bond. The latter is a
consequence of the large out-of-plane twist angle (ca. 70°) of
the vinylic hydrogen at the C2 center calculated from the plane
of the cyclopropenyl ring (Table 2).
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Replacement of the vinylic proton in 1M with the SiH;
group leading to the molecule 2M enhances acidity of the
methylenic protons by an additional 3 kcal mol~!. The so
formed anion I1A (which closely resembles the anionic part
of intermediate I1 in Scheme 1) is, however, found to be less
stable by ca. 10.9 kcal mol ™! than its rearranged counterpart
I2A (modelling anionic fragment of intermediate 12). Lithia-
tion of I1A and I2A, leading to lithium salts I1Li and I2Li,
respectively, enlarges this difference by an additional 7.1 kcal
mol~! (Table 3).

The optimized geometry of the lithiated species, consistent
with previously published data,'> demonstrates that the
lithium atom is coordinated not only to the carbanionic cen-
ter(s), but also to the carbonyl-type oxygen atom of the car-
boxylic group at the C3 position. For instance, position of
the lithium atom in the geometry obtained for I1Li shows
complexation to the oxygen atom O7 and the carbon atoms
C1 and C2 (Table 2), with the O7 being in closest proximity
to the lithium cation. Interestingly, the complexation pattern
to the carbon atoms does not appear to follow neither the
charges calculated by NBO method (Table 4) nor the HOMO
coefficients in the free anion. Both the molecular orbital coeffi-
cients of the HOMO and the charges of the carbons C1, C2
and C4 suggest that coordination should be at carbons C2
and C4. This discrepancy seems to be a consequence of steric
effects caused by the presence of the bulky SiH; and COOH
substituents at the C3 atom and the orientation of the COOH
group relative to the plane of the cyclopropene ring (see
Scheme 2).

Similarly, in the geometry obtained for I2Li, the lithium
atom is closest to the oxygen atom O7 (1.719 A), whereas
the distance from the lithium atom to carbon atoms of the alle-
nyl subunit are in the range of 1.901-2.475 A. It is interesting
to note that likewise in I1Li, the strength of complexation of
the lithium to the carbon atoms do not correlate either with
the negative charges of the carbon atoms forming the allenyl
subunit or the symmetry of the corresponding HOMO orbital
(Table 4). In other words, the distance between lithium and the
C1 and C4 atoms is smaller than the separation between Li and
C2 (Table 2), which in turn is more negatively charged than
C1. The most plausible reason behind this seemingly counter-
intuitive result lies in the geometrical features of the calculated
structures, which appear to be the result of an interplay of elec-
trostatic and conjugative interactions.'® As a consequence the
carboxylic group rotates by 180° relative to its position in the
free anion and the C6-O7-Li angle widens by almost 30° rela-
tive to the corresponding angle in the free anion.

Generally, the structures of the anionic part in the Li-salts
I1Li and I2Li are similar to those of the corresponding free
anions I1A and I2A, with some notable exceptions. The most
remarkable difference concerns a change in orientation of the
COOH group which occurs in a way to maximize the electro-
static attractions between the formal anionic center C4 and the
O7 atom with the lithium counterion. The differences in bond
distances for most of the bonds are within 0.02 A (Table 2). An
exception is provided by the bond C3-C6 which shortens by
ca. 0.03 A and 0.04 A in I1Li and I2Li relative to the corre-
sponding anions, respectively, indicating a sizeable conjugative
interaction of the p-lone pair at the O7 atom with the n*-orbi-
tal of the C3-C6 bond. This is corroborated by elongation of
the C6-0O7 bond in both of the lithiated compounds relative
to the free anions (Table 2). Analysis based on the calculated
NBO bond orders fully supports this view (Table 4).

Finally it is worth noting that the lithium atom in both
structures has nearly one unit of the positive charge obtained
by NBO analysis (Table 4), indicating that the O-Li bond is
essentially completely ionic. The electrostatic charge localizing
effect of the lithium atom is also responsible for the greater
negative charges at the O7 and the C4 atoms in the lithiated
species compared to the corresponding free anions.
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Conclusions

In this paper we have described the synthesis of novel tri-
methylsilyl-substituted allenes 4'(4'a) and 4”(4”a), starting
from easily available new ethyl 2-alkyl-1-trimethylsilylcyclo-
prop-2-ene carboxylates (1, 1a and 2). The silyl ketene acetals
incorporating an allenic moiety 3 (3a) described in this work
might have vast potential in various organic synthetic applica-
tions.!” The mechanism of reaction, based on experimental
and computational results, is also discussed, and clearly shows
that the reaction proceeds through allenic type intermediates.
The calculations provide evidence that the latter species are
ca. 10-20 kcal mol~" more stable than their cyclic counter-
parts.

Experimental

Trimethylsilyl diazoacetate was synthesized according to a pre-
viously reported procedure.'® n-Butyllithium 1.6 M solution
in hexane, diisopropylamine and TMEDA, deuterium oxide
(D»,O) was purchased from Aldrich. Diisopropylamine and
TMEDA were dried before use by refluxing over sodium. Sol-
vents were dried by distillation under argon or nitrogen from
the appropriate drying agent.!” TLC was done on Merck silica
gel plates (25 DC-Alufolien Kiesegel 60F-254). Column chro-
matography was performed on Aldrich silica gel 60 (63-200
um) with petroleum ether—Et,O mixtures as eluent. Infrared
spectra (IR, in cm™") were recorded on a Perkin-Elmer 297
or Perkin-Elmer FT 2000 spectrometer. 'H and '*C NMR
spectra were recorded on a Varian Gemini 300 spectrometer.
Chemical shifts are reported in parts per million (6/ppm)
downfield from tetramethylsilane using the residual solvent
signal as an internal standard. High resolution mass spectra
(HRMS) were obtained at EXTREL FTMS 2001 DD spectro-
meter. GC analysis was carried out on Varian 3300 gas chro-
matograph. All reactions involving air sensitive reagents
were performed under argon in oven-dried glassware by syr-
inge/septum cap technique. Photochemical reactions were car-
ried out in Rayonet Chamber RPR-100 photochemical reactor
with 16 PRP-3500A lamps.

Ethyl 2-butyl-1-trimethylsilylcycloprop-2-ene-1-carboxylate
(1)20

Ethyl (trimethylsilyl)diazoacetate (1.86 g, 0.01 mol) and 1-hex-
yne (50.5 ml, 0.44 mol) were placed in a Pyrex photolysis tube
and the mixture was degassed with argon at 0 °C for one hour.
The mixture was irradiated using 16 lamps (4. = 350 nm)
for 7 hours. The unreacted 1-hexyne was recovered by distilla-
tion under reduced pressure (10 mmHg/25°C). The residue
was filtered through a short column of Florisil R (60-100
mesh) (petroleum ether—Et,O 30 : 1 as eluents) to afford 1.87
g of pure 1 (78%). '"H NMR (CDCls), d: 0.00 (s, 9H), 0.88—
0.93 (t, 3H, J = 7.2 Hz), 1.20-1.25 (t, 3H, J = 7.1 Hz), 1.35-
1.42 (m, 2H), 1.50-1.57 (m, 2H), 2.44-2.49 (t, 2H, J=17.1
Hz), 4.04-4.12 (dq, 2H, J; =7.1 Hz, J =32 Hz, J, =72
Hz, J = 3.3 Hz), 6.27 (s, 1H); *C NMR (CDCly), 6: —1.47
(q), 13.60 (q), 14.18 (q), 19.70 (s), 22.16 (t), 25.17 (t), 29.00
(t), 59.86 (t), 94.46 (d), 116.36 (s), 178.19 (s); IR (KBr), v:
1704/1717 (C=0), 1806 (C=C); HRMS (EI) m/z calc. for
C13H,40,Si (M) 240.1540, found. 240.1505.

Synthesis of 3, 4 and 4. General procedure

LDA was prepared by adding 1.6 M of BuLi (2.51 mL, 4.0
mmol) to a mixture of dry diisopropylamine (0.56 mL, 4.0
mmol) and dry TMEDA (0.27 mL) in 2 mL dry THF at
0°C under argon. Cyclopropene 1 (485 mg, 1.95 mmol)
and TMSCI (1.55 mL, 12 mmol) were added quickly to the
freshly prepared solution of LDA at —60°C under argon.
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The reaction mixture was stirred for about 10 minutes at
the same temperature and allowed to warm up to 0°C (ca. 10
minutes).

1-Ethoxy-1-trimethylsiloxy-2,3-bis(trimethylsilyl)octa-1,3,4-
triene (3)

The solvent was removed from the reaction mixture with a
rotary evaporator and the resulting mixture was filtrated with
suction through a Celite pad and washed with dry hexane. The
hexane was removed by evaporation and the residue was
distilled under reduced pressure (40-50°C/10~°> mmHg) to
give pure 3 (527 mg, 70.4%).

'"H NMR (CDCl;), 6: 0.07 (18H, s), 0.20 (9H, s), 0.90-0.95
(t, 3H, J = 7.4 Hz), 1.21-1.26 (t, 3H, J = 7.0 Hz), 1.35-1.47
(2H, m), 1.94-2.01 (2H, q, J, = 7.3 Hz, J, = 7.4 Hz), 3.72-
3.82 (2H, m), 4.61-4.66 (1H, t, J =74 Hz); *C NMR
(CDCly), 6: —0.71 (q), 0.02 (q), 0.11 (q), 13.68 (q), 14.54 (q),
23.64 (t), 30.68 (1), 63.68 (t), 83.46 (d), 90.49 (s), 95.39 (s),
155.36 (s), 205.74 (s); IR (KBr), v: 1616 (C=C), 1929
(C:C:C), HRMS (EI) m/z calc. for C19H4()Ozsi3 (M+)
384.2331, found 384.2320.

Diastereoisomers of ethyl 2,3-bis(trimethylsilyl)octa-3,4-
dienoate (4’ and 4")

Cold water was added to the reaction mixture, and organics
were extracted with Et,O. The organic phase was washed with
1 M aqueous of HCI, saturated brine and aqueous Na,S,0;.
The crude reaction products were purified by fractional distil-
lation at 0.05 and 10~> mmHg/40-50°C to obtain a mixture of
diastereoisomers 4’ and 4” and pure 3 (74.9 mg, 10%), respec-
tively. The mixture of diastereoisomers was separated by
column chromatography (petroleum ether-Et,O =12 : 1)
yielding 4’ (79.1 mg, 13%) and 4” (103.5 mg, 17%). Spectro-
scopic data of 4: 'H NMR (CDCls), 8: 0.05 (s, 9H), 0.10 (s,
9H), 0.91-0.96 (t, 3H, J = 7.4 Hz), 1.21-1.26 (t, 3H, J = 7.2
Hz), 1.41-1.49(m, 2H), 1.98-2.04 (m, 2H), 2.47 (s, 1H), 4.06—
4.13 (q, 2H, J, =69 Hz, J, =7.2 Hz), 4.83-4.88 (t, 1H,
J = 6.8 Hz); *C NMR (CDCl5), o: —1.80 (q), —1.74 (q),
13.74 (q), 14.21 (q), 22.62 (t), 30.41 (t), 37.27 (d), 59.86 (t),
86.68 (d), 90.99 (s), 173.50 (s), 208.64 (s); IR (KBr), v: 1728
(C=0), 1906/1936 (C=C=C); HRMS (EI) m/z calc. for
Ci6H3,058i,(M™) 312.1935, found 312.1951. Spectroscopic
data for 4”: '"H NMR (CDCls), 6: 0.06 (s, 9H), 0.11 (s, 9H),
0.91-0.95 (t, 3H, J = 7.4 Hz), 1.21-1.26 (t, 3H, J = 7.4 Hz),
1.36-1.46 (m, 2H), 1.95-2.02 (m, 2H), 2.50 (s, 1H), 4.06-4.13
(q, 2H, J, =69 Hz, J,=72 Hz), 492-497 (t, 1H,
J = 6.8); 3C NMR (CDCly), é: —1.86 (q), —1.61 (q), 13.86
(q), 14.33 (q), 23.08 (1), 30.95 (t), 37.03 (d), 59.98 (t), 86.23
(d), 90.61 (s), 173.51 (s), 207.87 (s); IR(KBr), v: 1730 (C=0),
1936 (C=C=C); HRMS (EI) m/z calc. for C;sH3,0,Si,(M™)
312.1935, found 312.1901.

Ethyl 2-butyl-1,3-bis(trimethylsilyl)cycloprop-2-ene-1-
carboxylate (2)

Compound 2 was obtained from cyclopropene 1 (800 mg, 3.3
mmol), LDA (3.7 mmol) and TMSCI (2.5 mL, 19.8 mmol)
as described for compound 3. This reaction, after non-aqueous
work-up, afforded a mixture of 2 and 3, along with the starting
cyclopropene 1. The crude reaction mixture was purified by
fractional distillation at 0.05 and 10™> mmHg/40-50°C to
afford a mixture of 1 and 2 and pure 3 (507 mg, 40%), respec-
tively. The mixture of 1 and 2 was separated by column chro-
matography (petroleum ether—Et,O = 12 : 1) to give 2 (123.6
mg, 10%).

Spectroscopic data for 2: 'H NMR (CDCls), 8: 0.01 (s, 9H),
0.19 (s, 9H), 0.91-0.95 (t, 3H, J = 7.2 Hz), 1.19-1.24 (t, 3H,
J =17.02 Hz), 1.37-1.45 (m, 2H), 1.54-1.61 (m, 2H), 2.46-

View Online

2.52 (m, 2H), 4.02-4.09 (q, 2H, J, = 7.0 Hz, J, = 7.1 Hz);
13C NMR (CDCl), 6: —1.1 (q), 1.0 (q), 13.69 (q), 14.26 (q),
19.58 (s), 22.23 (t), 26.70 (t), 29.35 (1), 59.46 (1), 103.66 (s),
128.64 (s), 178.16 (s); IR (KBr), v: 1704 (C=0), 1834 (C=C);
HRMS (EI) m/z calc. for C;6H3,0,Si, (M™) 312.1935, found
312.1960.

Computational studies. All computations were carried out
using Gaussian94' or Gaussian98>* program packages on
LINUX-based PCs. Structures were optimized with density
functional method using Becke3LYP hybrid functional®***
and the 6-3114+G**? basis set. DFT calculations on a variety
of organolithium compounds have recently been shown to
reproduce accurately experimental data.®® All stationary
points were characterized to be minima by calculation of their
vibrational frequencies. The reported energies (Table 3) are
corrected for ZPV energies. Natural charges, s-characters
and bond orders were calculated by using the natural bond
orbital (NBO) method.?’
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