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The relative magnitude of the -effect of silicon and the y-effect of tin was evaluated by intermolecular competition.
An acetal was allowed to react with a 1: 1 mixture of an allylsilane and a homoallylstannane in the presence of TMSOTf
(trimethylsilyl trifluoromethanesulfonate); the former was found to be more reactive than does the latter, indicating that
the 3-silyl group activates the carbon—carbon double bond more effectively than the y-stannyl group. This is consistent
with the results of molecular-orbital calculations which indicate that the HOMO level of the allylsilane is higher than that
of the homoallylstannane. The intermolecular competition between a homoallylstannane and a terminal alkene toward
electrophilic reactions with an acetal have revealed that the former is more reactive than the latter. This result indicates
that the stannyl group at the y-position definitely activates the carbon—carbon double bond toward electrophiles.

The electronic effects of group-14 elements, such as silicon
and tin, have received significant research interests.' These
studies have uncovered a rich variety of synthetic method-
logies based on organo group-14 element compounds. Al-
though the ability of group-14 elements to promote the for-
mation of a positive charge, such as a carbocation at the 3-
position is known as the 3-effect;>? the ability of group-14
elements to promote the formation of a positive charge at the
y-position (the y-effect) is also quite effective, and is utilized
in organic synthesis.** Extensive experimental and theoret-
ical studies on the origin of f-effects® and y-effects™’ of
group-14 elements have revealed that the interaction of the
C-M (M = Si, Ge, Sn) o orbital with a vacant p orbital of
the developing carbocation has proved to play a central role,
although inductive effects cannot be ignored. Studies on
the relative magnitude of these effects have been carried out
mainly based on solvolysis experiments; such studies indi-
cate that the magnitude of the effect increases in the order
Si< Ge < Sn, and that the S-effect is larger than the y-effect
if we employ the same group-14 element. We have been
interested in the relative magnitude of the f-effect and the
y-effect of different elements from the view point of product
selectivity.

Previously, we have reported that the y-elimination of tin
is faster than the f-elimination of silicon in intramolecu-
lar competition, and that cationic cyclopropanation of “tin
carbenoid” with alkenes can be achieved based on the y-
elimination of tin.*® We have also been interested in the
relative magnitude of the y-effect of tin and the f-effect
of silicon in cation-forming reactions, such as the addition
of electrophiles to carbon—carbon double bonds.' In order
to obtain insight into this issue, the intermolecular compe-
tition of an allylsilane and a homoallylstannane toward an

electrophilic reaction was conducted. If the former is more
reactive, the reaction leads to a predominant formation of
the allylated product, indicating that the f-effect of silicon
is stronger than the y-effect of tin. If the latter is more reac-
tive, the cyclopropylmethylated product is formed, indicating
that y-tin is more effective than f-silicon. In a preliminary
study we reported that the allylsilane is more reactive than
the homoallylstannane toward acetals, indicating that the §-
silyl group activates the carbon—carbon double bond more
effectively than the S-stannyl group (Scheme 1)."' We report
herein on the full details of this study.

The intermolecular competition between the y-effect of
tin and the f-effect of silicon was examined using an elec-
trophilic reaction of a homoallylstannane and an allylsilane
with an acetal. Thus, benzaldehyde dimethyl acetal (1) was
allowed to react with a 1:1 mixture of tributylhomoallyl-
stannane (2) and allyltrimethylsilane (3) in dichloromethane
in the presence of TMSOTT (trimethylsilyl trifluoromethane-
sulfonate) (Eq. 1). The cyclopropylmethylated product (4),
the expected product derived from 1 and 2, was not detected,
and most of 2 was recovered unchanged. The allylated prod-
uct 5 was obtained in 87% yield.'2
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TMSOTH
OMe X (1.05 mol. amt.)
)\ + NSDBU;; + /\/SIMea
Ph™ “OMe CH,Cl,
1 2 3 -78°C,3h
OMe OMe
Ph)\/A M ph)\/\ + 2
4 (0%) 5 (87%) . (93%)
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This result indicates that 3 is much more reactive than 2
toward the oxonium ion (PhCH=0Me") generated from 1,
and suggests that the f-effect of silicon is stronger than the
y-effect of tin in intermolecular competition. In other words,
the [-silyl group activates the carbon—carbon double bond
more effectively toward the electrophilic reaction than the y-
stannyl group, if we assume that the rate-determining step is
the addition of PhCH = OMe" to the carbon—carbon double
bond. This can be explained in terms of the molecular-orbital
consideration (Fig. 1). In the case of allylsilane 3, the en-
ergy level of the i orbital of the carbon—carbon double bond
is increased by an interaction with the neighboring C-Si ¢
orbital (0— interaction).'¢ Therefore, the reactivity toward
electrophiles is increased in comparison with simple car-
bon—carbon double bonds. In the case of homoallylstannane
2, however, the energy level of the it orbital seems to be sim-
ilar to that for normal carbon—carbon double bonds, because
the interaction between the 7 orbital of the carbon—carbon
double bond and the C—Sn o orbital seems to be very weak
due to the flexibility of the conformation.®
This explanation is supported by the following facts. The
oxidation potential of 2 (Eq = 1.43 V vs. Ag/AgCl) is simi-
lar to that of tetrabutylstannane (Eq = 1.45 V vs. Ag/AgCl),
indicating that the interaction between the C-Sn ¢ orbital
and the  orbital of the carbon—carbon double bond is very
small, even if it exists. The oxidation potential of allyltri-
butylstannane (0.97 V) is, however, less positive than that
of tetrabutylstannane. In this case the effective interaction
between the C-Sn o orbital and the = orbital increases the
HOMO, which in turn favors electron transfer. Likewise, the
oxidation potential of 3 (1.53 V) is less positive than those of
tetramethylsilane (>2.5 V) and simple terminal alkenes (ca.
2.0 V), indicating the effective interaction between the C-Si
o orbital and the m orbital to increase the HOMO level."?
The next question is whether the reactivity of the car-
bon—carbon double bond of the homoallylstannane is the
same as those of simple terminal alkenes or not. Thus, we
examined the intermolecular competition between the homo-
allylstannane and normal terminal alkenes. A :1 mixture
of homoallylstannane (2) and 1-dodecene (6) was allowed to
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Fig. 1. o-m Interactions in allylsilane (A) and homoallyl-
stannane (B).
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react with 1 in the presence of TMSOT(. Although it required
a slightly higher temperature, the reaction of 1 and 2 took
place smoothly to give the cyclopropylmethylated product 4
in 60% yield.'* Most of 6 was recovered unchanged (Eq. 2).

TMSOTf
OMe PN (1.05 mol. amt.)
+ & SnBu; + ¢
Ph/k OMe 10H21 CH,Cl,
1 2 6 -50°C,3h
OMe
Ph/l\/A * 2 + 6

4 (60%) (33%) (89%)
2)

This result indicates that the homoallylstannane is defi-
nitely more reactive toward electrophiles than simple termi-
nal alkenes. Therefore, there seems to exist some interaction
between the C—Sn o orbital and the m orbital of the car-
bon—carbon double bond, as shown in Fig. 1, B, even if it is
not very strong.

Ab initio molecular-orbital calculations were carried out in
order to examine the HOMO level of the allylsilane, and that
of the homoallylstannane. As shown in Fig. 2, the HOMO
level of the allylsilane varies dramatically with the torsion
angle of C—C—C-Si, and becomes the maximum when the
torsion angle is about 90 degrees. The difference between
the maximum and the minimum is about 0.4 eV, indicating
that the orbital interaction between the 7t orbital of the car-
bon—carbon double bond and the carbon-silicon o orbital is
significant. The HOMO level of the homoallylstannane also
varies with the torsion angle of C—C—C—C, and becomes the
maximum when the torsion angle is about 75 degrees. How-
ever, the difference between the maximum and the minimum
is not as large as that for the allylsilane. This difference
indicates a smaller interaction of the m-orbital of the car-
bon-carbon double bond and the C—Sn o orbital. Since the
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Fig. 2. Variation of HOMO of allylsilane,
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energy match between the C—Sn o orbital with the m orbital
seems to be better than that between the C-Si o orbital with
the m orbital, the smaller interaction seems to be attributed
to an unfavorable spatial relationship between two orbitals.

It is important to note, however, that there is a definite
effect of y-Sn, because the HOMO level at about 75 degrees,
although this conformer is not energetically most favorable,
is higher than the HOMO of simple alkenes, such as 1-butene,
the energy of which does not significantly vary with the
torsion angle. In a conformation where the HOMO level of
the homoallylstannane becomes the maximum, the percaudal
interaction between the C—Sn ¢ orbital and the m-orbital of
the carbon—carbon double bond can be attained effectively, as
demonstrated in Fig. 3, B. The back lobe of the C—Sn ¢ orbital
interacts with the p orbital of the carbon—carbon double bond
in an anti-bonding fashion. When the torsion angle is around
0 and 180 degrees, such an interaction cannot be attained,
because two orbitals are perpendicular to each other and
the HOMO is localized to the carbon—carbon double bond
(Fig. 3, A and B).

Therefore, the results of the molecular-orbital calculations
are consistent with the experimental results, although it is
rather difficult to know from which conformer the reaction
takes place.

The intermolecular competition revealed that the §-silyl
group activates the carbon—carbon double bond toward elec-
trophiles more effectively than the y-stannyl group. The y-
stannyl group, however, definitely activates the carbon—car-
bon double bond in comparison with alkyl groups, although
the magnitude of the y-effect of tin is much smaller than
the f-effect of silicon. The ab initio molecular-orbital cal-
culations indicate that the C-Si o orbital at the § position
interacts with the neighboring  orbital of the carbon—carbon
double bond more effectively than the C-Sn o orbital at y
position. But the calculations also indicate that there is a
definite interaction between the C—Sn ¢ orbital and the =
orbital, which is consistent with the experimental fact that
the homoallylstannane is more reactive than simple terminal
alkenes. The present work provides significant information
about the relative magnitude of the f-effect of silicon and
the y-effect of tin, which serve as an effective base to design
reactions of organo group-14 element compounds.
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Fig. 3. HOMO of the conformers of homoallylstannane
(MP2/LANL2DZ).
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Experimental

General Remarks. Glass-support precoated (Merk silica
gel 60 F254, 0.25 mm) plates were employed for analytical TLC.
Flash chromatography was carried out using Wako-Gel C-300 or
Kanto 60N. Gas-phase chromatography (GPC) was performed on a
Shimadzu gas chromatograph equipped with a 2 mx3 mm column
packed with Silicone OV-1 (2%) on Chromosorb WAW DMCS (3
mmx 2 m) or acapillary column (OV-1, 25 m). Proton NMR spectra
were determined on a Varian Gemini 2000 spectrometer (300 MHz).
Carbon NMR spectra were determined on a Varian Gemini 2000
spectrometer (75 MHz). Infrared (IR) spectra were determined
on a Shimadzu FTIR-8200 spectrophotometer. Mass spectra were
obtained on a JEOL IMS-300 spectrometer. Preparative GPC was
carried out with Japan Analytical Industry LC-908 (JAIGEL-1H,
2H).

Competition between Allylsilane and Homoallylstannane.
To a solution of benzaldehyde dimethyl acetal (30.5 mg, 0.200
mmol), allyltrimethylsilane (22.2 mg, 0.194 mmol) and 3-butenyl-
tributylstannane (68.5 mg, 0.198 mmol) in CH,Cl1>(0.60 mL) was
added TMSOTT (37.0 puL, 0.204 mmol) at —78 °C. The reaction
mixture was stirred at the same temperature for 3.0 h. The reaction
was quenched by the addition of EtsN (50 pL). The mixture was
passed through a silica-gel short column to remove insoluble ma-
terials. After removal of the solvent, the products were analyzed.
The yields of each compound were determined by 'H NMR analysis
of the crude mixture using 1,1,2,2,-tetrachloroethane as an internal
standard. The allylated product 5 was identified by a comparison
of its spectrum data with an authentic sample.

Competition between Homoallylstannane and 1-Dodecene.
The reaction was performed by the addition of TMSOTf (37.0 uL,
0.204 mmol) to a solution of benzaldehyde dimethyl acetal (30.5
mg, 0.200 mmol), 1-dodecene (48 pL, 0.198 mmol) and 3-buten-
yltributylstannane (68.5 mg, 0.198 mmol) in CH>Cl, (0.60 mL) at
—52°C. The cyclopropylmethylated product 4 was identified by a
comparison of its spectral data with an authentic sample prepared
by the reaction of benzaldehyde dimethyl acetal and 3-butenyltri-
butylstannane.

2-Cyclopropyl-1-methoxy-1-phenylethane (4). To a solution
of benzaldehyde dimethylacetal (75 uL, 0.50 mmol) and 3-buten-
yltributylstannane (219.5 mg, 0.64 mmol) in CH,Cl> (1.8 mL) was
added TMSOTf (100 pL, 0.55 mmol) at —40 °C. The reaction
mixture was stirred at the same temperature for 3.0 h. The reaction
was quenched by the addition of sat. aq NaHCQ3. The mixture was
warmed to room temperature. The organic materials were extracted
with ether, and the organic phase was washed with brine, and dried
over MgSO;. After removal of the solvent, the residue was purified
via flash chromatography to obtain the title compound (73.1 mg,
83%). TLC Ry 0.27 (hexane/EtOAc = 20/1), 'HNMR (300 MHz,
CDCl3) 6 = —0.02 (ddd, J = 14.4, 9.0, 5.1 Hz, 1 H), 0.06 (ddd,
J=144,9.6,54Hz, 1 H), 0.30—0.50 (m, 2 H), 0.60—0.70 (m, 1
H), 1.47 (ddd, /=13.8,6.9,6.9 Hz, 1 H), 1.77 (ddd, J = 13.8, 6.9,
6.9 Hz, 1 H), 3.23 (s, 3 H), 4.18 (t, J = 6.9 Hz, 1 H), 7.20—7.40
(m, 5 H); "CNMR (75 MHz, CDCl;) & =4.26, 7.56, 43.10, 56.53,
84.44, 126.89, 127.51, 128.35, 142.47; IR (neat) 1455, 1102, 700
cm™'. Anal. Found: C, 81.33; H, 9.10%. Caled for Cj2H;40: C,
81.77; H, 9.15%.

Molecular Orbital Calculations.  The ab initio calculations
were carried out using the GAUSSIAN 98 program (G98W)'"* at
the MP2/LLANL2DZ level.

The total energies of the conformers of homoallylstannane are
given in Table 1.
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Table 1. Conformational Energy of Homoallylstannane
(MP2/LANL2DZ)

Torsion angle Relative energy

degrees kcal mol ™’
0 0.765
30 1.523
60 2.068
70 1.791
75 1.578
80 1.333
90 0.814
118 0
120 0.004
150 1.036
180 2.205

Reotating Disk Electrode Voltammetry. Inorder to determine
the oxidation potentials, rotating-disk electrode voltammetry was
carried out with a Hokuto HA-301 and a Nikko Keisoku RRDE- |
using a glassy carbon working electrode, a platinum-wire counter
electrode, and a Ag/AgCl (saturated aq KCI) reference electrode
in 0.1 M LiClO4/CH;CN (1 M = 1 mol dm™") at 1000 rpm. The
sweep rate was 10 mV s,

This work was supported by a Grant-in-Aid for Scientific
Research from the Ministry of Education, Science, Sports
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