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Abstract: Ab initio MO calculations for the concerted 1,3-silyl migration in allylsilane at Hartifeeck and
multiconfigurational levels revealed the existence of two transition structures (TS), which lead to retention and inversion
of stereochemistry at the silicon. The two structures are pentacoordinate square pyramidal and trigonal bipyramidal
around the silicon atom, respectively. The energy barriers estimated at various levels of calculation, including those
with electron correlation effects, indicate that the retention transition structure is ca. 9 kcal/mol more stable than the
inversion transition structure, in contrast to the experimental results of Kwart et al. Introductionsyfséem, such

as a vinyl group, at the silicon stabilizes the inversion TS more than the retention TS. Similar transition structures
and energetics were obtained for 1,3-migration in allylgermane and allylstannane using effective core potentials for
Ge and Sn.

Introduction Scheme 1

Among the very large number of facile 1,3-silyl migrations

known to date, the migration of a silyl group from carbon to ;@ ”

carbon is of particular interest from a mechanistic viewpbint. b ® - e

Whereas 1,3-silyl migration if-keto silanes, a typical 1,3- = 8\':/8 B

silyl migration from carbon to heteroatom, is considered as an

intramolecular nucleophilic substitution and actually proceeds

with retention of configuration at silicohthe thermal 1,3-silyl Scheme 2

migration in allylic silanes has been shown by Kwart et al. to

proceed concertedly with inversion of configuration at the

migrating silicon? the activation enthalpy (ca. 48 kcal/mol) is 2. ‘

considerably lower than the SC dissociation energy. Fol- ~ <

lowing the Woodward-Hoffmann rules} Kwart et al. have 5;/
SP

. =

Bl

proposed the orbital diagram for the migration as shown in
Scheme 1. Their mechanism assumes implicitly the rather TBP
unusual trigonal bipyramidal (TBP) transition structure at the
pentacoordinate silicon, where the two axial positions are migration in allylsilane at HF/6-31G*, MP2/6-31G*, and DFT/
occupied by allylic carbons. Alternatively, the migration may 6-31G* levels. The T is a distorted TBP around the silicon
proceed with retention of configuration at the silicon by taking with the two allylic carbons at the equatorial positiouiifferent
a square pyramid (SP) structure around the silicon (Scheme 2)from the TS illustrated by Kwart et al., while the ESis a

We have investigated in detail the transition structures (TS) gistorted SP structure around silicon. Rather unexpectedly, the
and the stereochemistry of 1,3-silyl migration in allylsilane and TS is more stable than the TSat all levels of calculations
the related .migrati.or.l .in 1-butene, aIIy.Igermane, and allylstan- performed, in contrast to the experimental results by Kwart et
nane by using ab initio molecular orbital theory. al. Calculations of the effects of substituents at silicon on the
geometry and energy of the transition structures suggest that

HSM/\/ /A , \/\MHa both electronic and steric effects_may accpu_nt for the discrep-
i ancy between theory and experiment. Similar features were

8 M=C, Si, Ge, Sn obtained for the transition structures and energetics of 1,3-

TS migrations in allylgermane and allylstannane, calculated using

effective core potentials for Ge and Sn.
Two transition structures with a retention (& and an
inversion (TSy) configuration were optimized for 1,3-silyl

Methods
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Gaussian 90, Gaussian 92, and Gaussian 94 computer programs.

. LY H
Standard 6-31G* basis sets were used for all geometry optimization &
and pathway studies. In addition, to check the effects of additional HClo,,,  78.7°
polarization functions and diffusion functions, some of selected H C%sl

structures were optimized at 6-31G, 6-31G**, and 6+F&* levels.

The adequacy of the single-reference calculations was tested by

performing the CISD/6-31G* calculations on ground state and transition Hax

structures of allylsilane. The analysis of the configuration interaction

(Cl) wave function indicated that the single HF reference provided an

appropriate description; only a doubly excited configuration had a HyCy 145.6°

coefficient larger than 0.03 (0.04) apart from the HF referéndéhe \

Hay and Wadt effective core potential was used for calculations of HCC\wS"—Heq
HCy

allylgermane and allylstannane at douBléasis sets (Lanl1DZ).
Transition structures were found by the eigenvector-following method.
Some optimizations were carried out with MP2(fc) and density
functional theory (DFT) methods. To study the effects of electron TSiny TSret
correlation, single-point energies were obtained using the MP2(fc),
CCSD, CISD, and MCSCF methods on the HF/6-31G*-optimized . . . ) ) = )

: . inversion (TSy) and retention (TS) of configuration at silicon using
geometry. The MCSCEF calculations were of the complete-actlve-spaceHF/6_3lG* calculations. The lower part shows the equatorial plane

(CASSCF) type with four electrons in four orbitals (i.e., the orbitals of TSn and the basal plane of &S Selected bond distances (A) for
which are composed mainly of three carbon 2p orbitals and one silicon TSm: C—Si, 2.262: G—Si, 2.252: G-C., 1.398. Selected bond

3p orbital). The calculations using density functional theory (DFT) istances (A) for T@: C—Si, 2.264; G—Si, 2.149; G-C,, 1.394.
were performed with the nonlocal exchange potential of Bewgether
with the nonlocal correlation function of Perdéw.

145.6°

Figure 1. Optimized transition structures for 1,3-silyl migrations with

Results and Discussion

Assessment of Distortion in Transition Structures from Ideal .
Pentacoordinated Structures. Holmes et al. have shown that the Geometry of CH;=CHCH:MH3 (M = C, Si, Ge, and Sn).
structure around a pentacoordinate atom is described as an intermediatd N€ structure and torsional potential function of allylsilane have
between the idealized TBP and ©P.The displacement of the  been investigated by Cartledge et al. using the 3-21G* basis
calculated transition structures from TBP to SP was therefore estimatedSet*'® Whereas our 6-31G* level calculations give slightly
in percentage according to the method of Holmes et al. The numbering better agreement with the experimental valife$ than the
schemes in TBP and SP used in the calculations are shown in Schemédrevious calculations at 3-21G* level, the structural features
2. Thus, ligands 1 and 5 were selected so thais the largest bond ~ are essentially the same. At the optimized structure, the
angle among tefi; values, representing anglesl—j. Dihedral angles dihedral angléd(CCCM) of 1-butene is indicative of the typical
were measured with unit bond distance. The dihedral ahgjevhich gauche structure (12pin the most preferred conformation,
is defined as the angle between normals of the two planés-# and while the corresponding dihedral angles for allylsilane, allylger-
5-2-4, was selected to be the smallest dihedral angle among nine mane, and allylstannane are significantly smaller than that for
dihedral angles. 1-butene and are in the order Si (2p$ Ge (108) > Sn (105)
(at Lanl1DZ level) due to the enhanced hyperconjugation which
(5) (a) Frisch, M. J.; Head-Gordon, M.; Trucks, G. W.; Foresman, J. B.; becomes more important in the inverse order.

Schlegel, H. B.; Raghavachari, K.; Robb, M.; Binkley, J. S.; Gonzalez, C.; s . .
Defrees, D. J.. Fox, D. J. Whiteside, R. A.. Seeger, R. A.: Melius, C. F.- Transition Structures. Two transition structures witlCs

Baker, J.; Martin, R. L.; Kahn, L. R.; Stewart, J. J. P.; Topiol, S.; Pople, J. Symmetry were optimized at RHF/6-31G* level for suprafacial
A. Gaussian 90Gaussian, Inc.: Pittsburgh, PA, 1990. (b) Frisch, M. J.;  1,3-silyl migration in allylsilane. One is the transition structure

Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W.; Wong, M. W.; Foresman, f ; : ; . .
3. B.: Johnson, B. G.; Schiegel, H. B.; Robb, M. A: Replogle, E. S with retention of configuration (T,§) and the other is that with

Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley, J. S.; Gonzalez, inversion of configuration (Ti&) at the migrating silicon. The
C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; Baker, J.; Stewart, J. J. P.; selected structural parameters are given in Figuté Each

Pople, J. AGaussian 92Gaussian, Inc.. Pittsburgh, PA, 1992. (c) Frisch, transition str re h ne imaainary fr n with th
M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson, B. G.; t.% Stf[O |St UC(;u ed' aSt. 0 et ag tﬁ y 1 gqu_lel Cy. tt' the
Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; Petersson, G. A.; Montgomery, vibrational mode directing towar € 1,5-sllyl migrauon.

J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, V. G.; Ortiz, J. V.; Intrinsic reaction coordinate (IRC) calculations have confirmed
E?]rensman,bl '&-: PCioslogslg, i: IStef;m(\J(V’ (I:BH B-:WNa\r}\?yakk?Afa,WA-: that these transition structures are responsible for the 1,3-silyl
allacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; Wong, M. W.; ; : 5 ; _ *
Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; Fox, D. J,; migration. Sy.mme.try bmke.n UHF calculations at th? 6-31G
Binkley, J. S.: Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-Gordon, M.; level gave the identical transition structures and energies to those

Gonzalez, C.; Pople, J. Asaussian 94Gaussian, Inc.: Pittsburgh, PA,  obtained by RHF calculations. Thus, the 1,3-silyl migration is

1995. ifi ) i i i
(6) (2) Nyulszi, L. Szieberth, D.: Veszpn, T. J. Org, Chem 1995 classified as a closed-shell reaction throughout the entire reaction

60, 1647. (b) A similar analysis of the Cl wave function for 1,3-methyl pathway.
migration of 1-butene shows relatively large contribution from the HOMO The optimized transition structures for the 1,3-silyl migration

LUMO doubly excited configuration (the coefficient of 0.14 for both — gqenend a little on the basis sets and the levels. The structures
transition states with retention and inversion of configuration), while the . * . . .
contribution from singly excited configurations is negligibly small (the —found at 6-31G** and 6-3tG* levels are essentially identical

coefficient of 0.04 only for the transition state with inversion which has to the 6-31G* structure, while the-€Si distances at the 6-31G
extremely higher activation barrier than the other transition states calculated eye| are longer by 0:10.2 A than those at the 6-31G* level.

in this paper). Thus, transition structures for the 1,3-methyl migration can . o . . . .
be considered as well-describable by a single determinant wave function. Introduction of polarization functions gives rise to shrinkage

(7) (@) Hay, P. J.; Wadt, W. R. Chem Phys 1985 82, 270. (b) Wadt, of the four-membered ring made of silicon and allyl carbons.
W. R.; Hay, P. JJ. Chem Phys 1985 82, 284. (c) Hay, P. J.; Wadt, W.
R. J. Chem Phys 1985 82, 299. (11) (a) Profeta, S., Jr.; Unwalla, R. J.; Cartledge, FIKOrg. Chem
(8) Becke, A. D.Phys Rev. 1988 A38 3098. 1986 51, 1884. (b) Frierson, M. R. Ph.D. Dissertation, University of
(9) Perdew, J. PPhys Rev. 1986 B33 8822. Georgia, 1984. (c) Beagley, B.; Foord, A.; Montran, R.; Rozsondal, B.
(10) (a) Holmes, R. R.; Deiters, J. A.Am Chem Soc 1977, 99, 3318. Mol. Struct 1977, 42, 117. (d) Hayashi, M.; Imachi, M.; Saito, MChem

(b) Holmes, R. R.; Day, R. O.; Harland, J. J.; Sau, A. C.; Holmes, J. M. Lett 1977 221.
Organometallics1984 3, 341. (12) Detailed geometrical parameters are given in Supporting Information.
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Transition structures optimized using MP2/6-31G* and DFT/ Table 1. Activation Energies ) for 1,3-Silyl Migrations with

6-31G* levels are very close to the HF/6-31G* structure. Inversion (T$») and Retention (T$) and the Energy Difference
. e . . (AEy) at Various Levels of Calculatién

To classify these transition structures from the viewpoint of
pentacoordinate silicon chemistry, the deviation from idealized Ea
TBP structure (%SP) was estimated for,f8&nd TS, at the level TSet TS AEP
HF/6-31G* level according to Holmes et &l. The values of HF/6-31G 73.6 79.4 58
%SP of T&tand TSy are 88.8 and 14.5%, respectively. Thus, HF/6-31G* 64.0 75.1 11.1
the TSet has a SP structure displaced 11% toward TBP, while HF/6-31G** 63.9 75.2 11.3
TS has a TBP structure displaced 15% toward SP. In the ugglg%?*e* 2‘2‘-2 ég-% 121)-3
TSeer, One silyl hydrogen (i) occupies the apical position of DFET/6-31G* 8 531 83

the SP structure and the other four ligands are at the basal
positions. It should be noted that the TBP structure is different * Geometry was fully optimized at the indicated level. The energy
from that assumed by Kwart et &lIn the calculated TS, is given in kcal/mol.” AE, = Eq(inv) — E(ret).

two silyl hydrogens (k) occupy the axial position of TBP and Table 2. Activation Energies for 1,3-Silyl and 1,2-Silyl

the other silyl hydrogen (k) and two allylic terminal carbons  Migrations, the Energy Difference between Inversion and Retention
(Cy make an equatorial plane, whereas in the TS of Kwart et Transition StatesAE,), and Bond Dissociation Energy (BDE)
al. two terminal carbons occupy the axial positions and three Obtained by Single-Point Calculations at the HF/6-31G* Optimized

silyl hydrogens make an aquatorial plane. Summation of the Geometry:

three bond angles,:€Si—C; and two G—Si—Heg, Of TSy gives Ea

358.3, which indicates that the silicon atom is located es- level TSe? TSnP TSt AES BDE®

sentially in the equatorial plane; the angle of¢HSi—Hay in a1 on

the TS is 169.7, which is close o the 180ngle of the ideal  Hreesags o L T

TBP structure. MP4SDQ/6-31G* 57.2 66.4 66.0 9.2 7238
Similarly, two transition structures were found for 1,3- MP4SDTQ/6-31G* 513 600 627 8.7 755

migrations in allylgermane, allylstannane, and 1-bufén&or QCISDT/6-31G* °5.7 643 582 86 702

. - . ST4CCD/6-31G* 56.1 64.6 65.8 8.5 73.6

calcul_atlons of germyl a_nd stannyl migrations, Hay and Wadt HF/6-31+G(3df,2p) 61.6 744 567 128 458

effective core potential is used at doulildasis set. MP2/6-31-G(3df,2p) 48.4 57.9  64.7 96 83.1
In all TSy species, distances between the central atom (M) MCSCF/6-31G* 64.0 751 111

and the allylic central carbon (Cand between M and the allylic =~ MP2-MCSCF/6-31G*  54.2  59.8 5.6

terminal carbon (§ are similar (the difference between the a Given in kcal/mol.? Calculated using RHF wave functiorfCal-
C.—M and G—M distances is 0.0090.056 A depending on M culated using UHF wave function$AE, = E4(inv)—Eg(ret). ¢ Bond

and basis set); the angles ofNC.—C, and M—C.—H are 72~ dissociation energy i_s calculated as the energy difference 'between the
75° and 109-115, respectively. On the other hand, in &S totgl e_lmlarg)é_oflallyls!la_ne jmd the ?um of*the total energies of allyl
the G—M distance is distinctly shorter than the- distance and silyl racicals optimized at UHF/6-31G™.

(the difference between thec.€M and G—M distances is
0.064-0.612 A depending on M and basis set). Itis suggested
that there is significant contribution of the subjacent orbital
control for the stabilization of T, (vide infra). The TSetand
TSy for allylgermane and allylstannane are also ascribed to
partially distorted SP and TBP structures, respectively. In the
TSetand TSy for 1,3-methyl migration, the elongation of the .
Ci—M(C) bond amounts to );noregthan 50% of thegnormaJ(I: HF calculations.

single bond, and therefore, the assignment to the pentacoordinat(?n ilnra-[i?)glznzci tg;i'éa ;rﬂ%%:srno;;%ta?cgr; ‘z“s" I(fac\)/reli’i}ssl:zl le-
geometry is no longer substantial. 9 a P 9

Bernardi et al. have reported that there is a transition state point ca_lculations at the H_F/6-3lG*-_optimized geometry. A”
for a 1 2-methylnmigration in 1-buterid. We have therefore of the single-point calculations at various levels of perturbation
. ! ; . AR . . theories of Moller-Plesset (MP2, MP3, MP4D, MP4DQ,
investigated a possible 1,2-migration in allylsilane, which may MP4SDQ, MP4SDTQ), configuration interactions (QCISD
compete with 1,3-migrations. Actually, a transition structure QCISDT), and coupled’ cluster (CCD, ST4CCD) give simila,r
for the 1,2-silyl migration (Tg) in allylsilane was found at results for, theE, values of TS (51 3—58’ 3 keal/mol) and TS,
the UHF/6-31G* level; the TS leads to an open-shell biradical (60.0-67.2 kczllmol) as well ésAE .(8 5-9.2 kcal/imol)
intermediate. Whereas the configuration at silicon of the ’ : A ) |

- . . . . . Single-point calculations using a much larger basis set (HF/6-
optimized TS, is retention, the structure is ultimately different ) - :
from TSe; the two G—Si distances in TS are different from 31+G(3df,2p)) confirm that the larger set of polarization gives

. . no serious effects on the, values andAE;, AE; values at the
_el_ach gtgg;f (K.Zd_fr(i]an(g 2.§t309 A)’dWh'le the):c arg the sarrlle In theHF/6-31+G(3df,2p) basis set are only slightly larger than those
Seet (2. )- e struclure and energy o 1b&re very close at the 6-31G* basis set (th&E, differences are 1.7 and 0.7
to those of the biradical intermediate.

o . ; kcal/mol at the HF and MP2 levels, respectively). In contrast
Activation Energy. First, the basis set and level dependence (, ihe experimental results by Kwart et &lthe various
on thg activation energie&{ values) for 1,3-silyl mlg.ratlo.n in calculations suggest that the retention pathway is preferred to
allylsilane are compared. The results are summarized in Tablei,q inversion pathway for 1,3-silyl migration in allylsilane.
1. Increasing the polarization functions or adding extra diffusion
functions to the 6-31G* basis set exerts no significant effects
on the E; values, while the basis set without polarization
functions (6-31G) increases tl# values for both Tg: and

TSh. The energy difference\E,) between the two transition
states is much smaller at the 6-31G level compared with those
at the higher level of calculations; the inclusion of the
polarization functions is essential to obtain reliaBlevalues.
Optimization by DFT and MP2 methods at the 6-31G* level
gives slightly lowerE, values than the corresponding simple

As another mechanism for 1,3-silyl migration in allylsilane,
a dissociatiorrrecombination sequence of the allylic carbon
silicon bond should be considered. The bond dissociation
energy (BDE) of the silicorcarbon bond was calculated using

(13) Bernardi, F.; Olivucci, M.; Robb, M. A.; Tonachini, G.Am Chem unrestricted open-shell wave functions for allyl and silyl radicals,
Soc 1992 114, 5805. and the values are included in Table 2. The BDE values of the




Stereochemistry of 1,3-Migration in Allylsilane

Table 3. Comparison of Activation Energies for 1,3-Migrations in
CH,=CHCHMH3 (M = C, Si, Ge, and SA)

C Si Ge Sn
6-31G* 6-31G* LanlilDZ LanllDZ LanllDzZ
Eq(ret) 133.6 64.0 79.6 72.9 55.4
E4(inv) 116.9 75.1 84.6 775 62.3
AESL =17.7 11.1 5.0 4.6 6.7

a Geometry was fully optimized at the indicated level. The energy
is given in kcal/mol? AE, = E4(inv)—Ej(ret).

MP?2 calculation are in good accord with the expected BDE,
indicating that the incorporation of the electron correlation
effects is necessary for the calculation of BDE, as pointed out
by Boyd et al*> Basis set superposition errors (BSSE) for BDE
of allylsilane are evaluated to be only 2 kcal/mol by performing
counterpoise calculations at the RHF/6-31G* Ie\feSince the
BDE for the silicor-carbon bond is much higher than the
activation energies for both Tgand TS, the dissociatior
recombination mechanism would not compete with the two
concerted pathways.

Activation energies for various 1,3-migrations optimized at
the HF/6-31G* and Lanl1DZ are summarized in Table 3. The
Ea values for both Tg; and TS,y in allylmetallic compounds
(M = Si, Ge, and Sn) decrease in the order 0FSGe > Sn
at the same Lanl1DZ level. Th&E, values for the migration
in allylgermane and allylstannane are comparable to the
corresponding value for allylsilane; the 1,3-migration with
retention is favored over that with inversion. However, since
the E, values for allylgermane and allylstannane are higher than
the BDE of Ge-C and Sra-C bonds!* concerted 1,3-migrations
in these allylic metals may compete with the dissociation
between the bonds.

For the 1,3-methyl migration in 1-butene, tkg value for
TSn is lower than that for TG, which means that the
Woodward-Hoffmann-allowed inversion pathway is preferred
over the retention pathway. However, since Eealues for
the 1,3-methyl migration in 1-butene are much higher than the
C—C bond dissociation enerd{ the concerted 1,3-migration
would not be able to compete with the homolytie-C fission.

J. Am. Chem. Soc., Vol. 119, No. 8, 1951

——CH

Tsinv

Figure 2. Schematic representation of the HOMOs ofJ&nd TSy
for 1,3-silyl migration in allylsilane.

Tsret

Hax g ° A
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Si(inv) TSiny TS;et Si(ret)

Figure 3. Orbital interaction diagram for the frontier orbitals of &S
and TS, for 1,3-silyl migration in allylsilane. The frontier orbitals
are constructed by interaction among threerbitals @1, ¢2, and¢s)
of the allyl radical and three frontier orbitalg,( 6., and 0s) of the
silyl radicals. The symmetry notatiorS and A refer to the plane
bisecting allyl CCC plane.

hand, the HOMO for T&; is composed of, and a pseuda
orbital of two Si—H orbitals without significant contribution
from a 3pr orbital on silicon.

The orbital sequences in the transition states are analyzed by

There are a number of experimental and theoretical studies ofusing the orbital interaction diagram shown in Figure 3. The
the concerted [1,3]-sigmatropic migrations in rather sophisticated frontier orbitals in the transition structures are constructed by

systems reportetf 20

Orbital Interactions in Transition States. We wish herein
to analyze the molecular orbitals more in detail. The HOMOs
for TSt and TSy are shown schematically in Figure 2. The
HOMOs for the two transition structures are quite different from
each other. Thus, the HOMO for fgis comprised of the
antisymmetric allybr orbital (¢2) and a 3pr orbital on silicon,
as predicted by the WoodwardHoffmann rules. On the other

(14) The BDE values of EM in MMe, are reported to be 85.6, 74.4,
59.5, and 51.9 kcal/mol for M= C, Si, Ge, and Sn, respectively
(Comprehensie Organometallic Chemistrywilkinson, G., Stone, F. G.
A., Abel, E. W., Eds.; Pergamon Press: Oxford, 1982; Vol. 1, p 5.

(15) Boyd, S. L.; Boyd, R. J.; Barclay, L. R. @.Am Chem Soc 199Q
112 5724.

(16) Boys, S. F.; Bernaldi, AViol. Phys 197Q 19, 553.

(17) Boyd, S. L.; Boyd, R. J.; Shi, Z.; Barclay, L. R. C.; Porter, N. A.
J. Am Chem Soc 1993 115 687.

(18) (a) Berson, J. A.; Nelson, G. I. Am Chem Soc 1967, 89, 5503.
(b) Berson, J. A.; Nelson, G. L1. Am Chem Soc 197Q 92, 1096. (c)
Berson, J. A.; Salem, L1. Am Chem Soc 1972 94, 8917. (d) Berson, J.
A. Acc. Chem Res 1972 5, 406.

(19) (a) Baldwin, J. E.; Belfield, K. DJ. Am Chem Soc 1988 110,
296. (b) Klarner, F.-G.; Drewes, R.; Hasselmann,JDAm Chem Soc
1988 110, 297.

(20) (a) Newman-Evans, R. H.; Carpenter, BJKAM Chem Soc 1984
106, 7994. (b) Newman-Evans, R. H.; Simon, R. J.; Carpenter, Bl.K.
Org. Chem 199Q 55, 695. (c) Carpenter, B. K. Am Chem Soc 1995
117, 6336.

interaction among three orbitals ¢1, ¢2, andgs) of allyl radical

and three frontier orbital9(, 6,, andfs) of silyl radicals. Since

the geometry of the silyl moiety is different in the two transition
structures, the orbitals are calculated for the two different
structures of silyl radicals, Si(ret) and Si(inv), at ROHF/6-31G*
level; these structures are the same as those of the silyl moieties
in the TS and TS, respectively. The frontier orbital
sequences in Tigand TS,y are quite well reconstructed by the
orbital interaction between allyl radicalsystem and imaginary
silyl radical frontier orbitals. The symmetry notatioBandA

refer to the plane bisecting the allyl CCC plane. Although in
the TS, the MO interaction between the low-lying LUM®4)

and the SOMO of allyd, orbital lowers the energy significantly

as predicted by the WoodwardHoffmann rules, the major
stabilization in Tt is caused by the MO interaction between
¢1 andé', in addition to the interaction between and6's. As
shown in a previous section, the-€Si distance in the T&is
significantly shorter than the ;€Si distance; although the
structure around silicon has been designated as pentacoordinated
SP, the silicon may be regarded more accurately as hexacoor-
dinated. When Si and Care brought into closer proximity,
the MO interaction betweeg; and 0'; will be strengthened.
The reason for the loweE, of TSt may be ascribed to the
importance of this interaction, which should be regarded as a
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Table 4. Substituent Effects on the Structure and Energy for 1,3-Silyl Migration Calculated at the HF/6-31G* Level

configuration Si% structure substituent position %SP Es’ OESd
inversion SiH TBP 14.5 75.1 0
SiHF TBP equatorial 13.9 64.3 -10.8
TBP axial 15.0 71.8 -3.3
TBP axial 15.4 76.4 1.3
SiHR, TBP axial, equatorial 15.2 70.7 —4.4
SiHMe TBP equatorial 125 75.7 0.6
TBP axial 14.1 80.5 5.4
TBP axial 13.0 82.6 7.5
SiHy(CH=CH,) TBP equatorial 711 —4.0
retention SiH SP 88.8 64.0 0
SiHF TBP® axial 53.8 54.3 —-9.7
SiHR, TBP® axial, equatorial 42.8 59.9 —4.1
SP basal 88.8 55.4 —8.6
SiF; SP two basal, one apical 50.4 61.3 2.7
SiH,Me SP basal 85.7 64.0 0
SP apical 79.9 65.8 1.8
SiHx(CH=CHy,) SP apical 64.3 0.3

aGeometry was full optimized. %SP is calculated by the method of Holmes et’alSee the Methods sectiohGiven in kcal/mol.d 5E, is
defined as the substituent effects on the activation energy for the inversion or the retension patBwayEs(SiXs)—Ea(SiHs). € In this TBP
structure, two allyl carbons occupy the axial and equatorial positions.

type of subjacent orbital control, suggested by Berson for the kcal/mol), while little effects are exerted on thgfor TSe: by

1,3-carbon migratiofgc.d
Substituent Effects. As discussed above, the present theo-

the substitution at the apical position (0.3 kcal/mol). Significant
lowering of theAE, is achieved by the vinyl substitution. These

retical study has shown that the retention pathway is preferred Vinyl substituent effects are enhanced by incorporating electron

to the inversion pathway for 1,3-silyl migration in allylsilane.
In order to elucidate the origin of the discrepancy between

correlation; the activation energy for £8s 54.3 and 57.6 kcal/
mol at MP2/6-31G* and MP3/6-31G* calculations, respectively,

theoretical and experimental results, we investigated the sub-&t the HF/6-31G*-optimized geometry, while those forinS

stituent effects on the activation energy for 1,3-silyl migration
in allylsilane in detail. Fluorine and the methyl group were

selected as representatives of electron-withdrawing and -donat
ing substituents, respectively. As initial structures for the search
for the transition structures, one of the three hydrogens were

simply replaced by substituents; three structures fog, Tehd
two structures for Tg;were considered. The results at the HF/
6-31G* level are shown in Table 4.

Substitution of a fluorine atom at the equatorial position for

TSnv shows the largest stabilization and the smallest %SP.

However, the fluorine substituent stabilizes thef 8qually
and theAE; (10.0 kcal/mol) is not influenced by the substitution.
Substitution of two fluorine atoms for the F,Ggives only one
inversion transition structure. From an initial (L§SP geom-

are 58.0 and 61.9 kcal/mol. In the most stable geometry, the
vinyl substituent is arranged to gain the highestonjugation
‘with the Si 3p orbital which has the major contribution in the
TSihv. Substitution by phenyl and naphthyl groups at silicon in
the experimental study may therefore account in part for the
difference in stereochemical outcome between the 1,3-silyl
migrations in a model allylsilane and the experimental allylic
silanes.

Finally, the experimentally observed stereochemistry may
originate from the steric effects due to bulky substituents at
silicon; these substituents will elongate the distances between
the silyl group and the allyl part at the transition structures.
Since, as discussed above, the S stabilized by subjacent
orbital control through significant overlap between a silicon 3p
orbital and a 2 orbital of the central carbon, the destabilization

etry) substituted by two fluorine atoms at the apical and a basal by bulky substituents in the Tgwill be larger than that in the

position, a highly distorted TBP transition state (%SHR3) is

obtained, where the two fluorine atoms occupy the axial and
equatorial positions and two allylic carbons the other axial and
equatorial positions. The largest stabilization is found when

the two fluorine atoms are substituted at the basal positions of

the TSet. The AE, for the allyldifluorosilane amounts to 15.3
kcal/mol. Only one retention transition state is optimized for
allyltrifluorosilane; optimizations starting from both the ;{{,S

and TSet reached the same transition structure. On the other

hand, substitution of a methyl group at the equatorial position
of the TS, shows no significant effects on thg, while the
substitution at the axial positions destabilizes the,TSThe
methyl substitution for Tg; shows little effects on th&,, and
therefore, the methyl substitution does not affectAli (11.7
kcal/mol).

TSnv, Which may also reverse the relative stability betweepTS
and TSw.

Conclusion

Present calculations show that the thermal 1,3-silyl migration
in allylsilane may occur via two transition states with different
stereochemical configurations at silicon, where the transition
state with inversion of configuration (.9 has a trigonal
bipyramidal (TBP) structure and that with retention of config-
uration (TSe) has a square pyramidal (SP) structure. In the
TS, the distance between the allylic central carbon and the
silicon is shorter than those between the allylic terminal carbons
and the silicon. Both Tig and TS have closed-shell electronic
configurations. The structure of the T3 completely different
from the transition structure for 1,2-silyl migration, which has

Since aromatic groups are substituted in the allylsilanes an open-shell electronic configuration.

investigated by Kwart et af.we have investigated the effects
of a vinyl substituent as a typical system. Vinyl substitution
at the equatorial position in T3 (TBP) and the apical position
in TSet (SP) are examined. As shown in Table 4, thefor
the TSy is significantly lowered by the vinyl substitutior-@.0

The activation energie&{ values) calculated by incorporating
electron correlation effects are in good agreement with the
experimental activation energies. Rather unexpectedlyizthe
for the TSe: is smaller than that for T,Q, in contrast to the
experimental situation.
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Analysis of the orbital interaction in the transition states electronic stabilization of the T§ by & substituents as well as
showed that the major stabilization of the§3s caused by the destabilization of the T&by sterically bulky substituents.
the MO interaction between the low-lying LUM®@4) and the The present theory suggests that a concerted 1,3-silyl migra-
allyl ¢, orbital, as predicted by the Woodwartioffmann rules, tion with retention of configuration will be realized by the choice
while the major stabilization in T,§ is caused by a subjacent of appropriate substituents at silicon.
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