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Abstract: Two concerted pathways leading to retention and inversion of stereochemistry at the migrating
silicon center were found for the isomerization of formylmethylsilane to siloxyethene by ab initio molecular
orbital calculations. The activation energy for the retention pathway has been calculated at the MP2/6-
311++G(3df, 2p)/IMP2/6-31%+G** level to be 32 kcal/mol, which is ca. 30 kcal/mol smaller than that for

the inversion pathway. The predicted exclusive retention stereochemistry and the calculated activation energy
are in good agreement with the experimental results for a silylmethyl ketone with an optical active silyl group.
Remarkable differences in the retention transition structures between the 1,3-silyl migrations in formylmeth-
ylsilane and the 1,3-silyl migrations in allylsilane are revealed by detailed analysis of geometries, natural
bond orbitals, and the Laplacianvip) of the wave function. The retention 1,3-silyl migration in
formylmethylsilane is best described as an intramolecular nucleophilic substitution at silicon, while the
corresponding 1,3-silyl migration in allylsilane is as an electrocyclic sigmatropic rearrangement controlled by
subjacent orbital interactions. For related 1,3-migrations in==QYCH.MH3 (M = C, Si, Ge, Sn), théz,

values for the retention pathway are much lower than the inversion pathway and they decrease in the following
order: M= C > Si > Ge > Sn (as expected from the relative stability of the pentacoordinate structure
among the metals). A facile 1,3-migration from carbon to nitrogen in iminomethylsilane is predicted to occur
with retention stereochemistry via an intramolecular nucleophilic substitution, which is similar to that in
formylmethylsilane.

Introduction On the other hand, compared to carbon groups or hydragen,
1,3-silyl migrations are quite common because of their high

fAIthough a Ialrge number orf1con%ertedkthermalhl,_3-m|gLat|o_ns_ migratory aptitudes. Intramolecular thermal 1,3-migrations have
of a group-14 element group have been known, their mechanistiCheep, el established to occur concertedly in allylic sildnes

aspects are rather complicated. Following the Woodward 54 i sjlyimethyl ketoned. These migrations have been
H(_)ffm:_ann rules, suprafaua_l 1,3-m|g_rat|o_n with retention at the _ considered until quite recently to be distinguished mechanisti-
migrating center (s_uprafamal-retennqn) 1S sym_metry—forb@den, cally by the striking difference in the stereochemical outcome
antarafacial-retention and suprafacial-inversion processes arqnvestigated using an optical active silyl group: 1,3-silyl
allowed, though they are usually sterically disfavored. However, migrations in allylic silanésand silylmethyl ketondswere

th_e suprafacial-retention process, Which includes carbo_n as t&ound to occur with inversion and retention stereochemistry,
migrating center, has been observed in several sophisticate espectively

fsyster.n§.—4.This excgption of the Woodwafd—|offmann rules_ Recent theoretical studies by8usnd Yamabe et &l.have
is rationalized by invoking the so-called subjacent orbital revealed, however, that for thermal 1,3-silyl migration in

control3h¢ where the transition state is stabilized by the . .
interaciion between the next HOMO of allylsystem and);he CH,=CHCHSiH, the two concerted pathways which lead to
Yy retention and inversion at the silicon are both allowed with the

pertinent orbital at the migration center. retention pathway being lower in energyin our previous

T The Institute of Physical and Chemical Research (RIKEN). paper] the following points were n_Oted: (1) The activation
* Tohoku University. energy for the retention pathway is lower than that for the
(1) Woodward, R. B.; Hoffmann, RThe Conseration of Orbital
SymmetryAcademic Press: New York, 1970. (5) For reviews, see: (a) Brook, A. @cc. Chem. Re®974 7, 77. (b)
(2) Boyd, S. L.; Boyd, R. J.; Shi, Z.; Barclay, L. R. C.; Porter, N.JA Brook, A. G.; Bassindale, A. RRearrangements in Ground and Excited
Am. Chem. Sod 993 115 687. Statesde Mayo, P. Ed.; Academic Press: London, 1980; Vol. 2, Essay 9.
(3) (a) Berson, J. A.; Nelson, G. J. Am. Chem. S0d 967, 89, 5503. (6) (a) Kwart, H.; Slutsky, JJ. Am. Chem. Sod972 94, 2515. (b)
(b) Berson, J. A.; Nelson, G. L. Am. Chem. Sod97Q 92, 1096. (c) Slutsky, J.; Kwart, HJ. Am. Chem. Sod 973 95, 8678.
Berson, J. A.; Salem, L1. Am. Chem. S0d.972 94,8917. (d) Berson, J. (7) Brook, A. G.; MacRae, D. M.; Limburg, W. WI. Am. Chem. Soc.
A. Acc. Chem. Red972 5, 406. 1967 89, 5493.
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Scheme 1 migration in silylmethyl ketones may proceed via a concerted
pathway controlled by a subjacent orbital interaction (pathway

Q=GR 1 .
Patha e c in Scheme 1).
R"ir'CHz In this paper, we report the results of the detailed ab initio
Concerted intramolecular nucleophilic molecular orbital calculations for the mechanisms of the 1,3-
substitution migrations of group-14 element groups in HE&Y)CH,MH 3 (M
Oxcpr r —CR'] ?—Q\n' = C, Si, Ge, and Sn) and HE(NH)CH,SiHg; effective core
leb?i_CHz _ | Pahb RRL"§E'—CH2 S ;‘;\?‘i CHp potentials were used for Ge and Sn. We show that the retention
R R R 1,3-silyl migration in formylmethylsilane is best described as
Stepwise reactions via a pélar cyclic an intramolecular nucleophilic substitution at silicon, while the
intermediate ) corresponding migration in allylsilane is as an electrocyclic
e | R Q_fn ¢ sigmatropic rearrangement controlled by subjacent orbital
N s Y interactions.
R
Electrocyc_lic reaction con;rulled by . TS H
subjacent orbital interaction 'r'z inv ('}K
O//C\ Ty . 0T XCH,
inversion pathway by~9 kcal/mol, (2) the energy of the ? ?
retention transition structure is lowered by significant subjacent SHa ——= TSiet HeSi

orbital interaction, that is, orbital interaction between 3p orbital 1a

on the migrating silicon and the occupied allyficorbital 3b:

In good accordance with the theoretical results, we have recentlyComputational Details

obtained the first experimental evidence for the retention o ) ) )

stereochemistry in the thermal 1,3-silyl migration in allylic Ab |_n|t|o molecular orbltal_calculatlons were performed using the

silanes and have demonstrated the significant dependence ogf‘l:‘;i'f‘ens gﬁ | ?ngﬁzemglrngrb?&sacveereNggfviogg'thip&ngfgdm

the stereochemical outcome' on the substlltulent.s at sifcon. software on an SGI O2 computer. The geometries of all stationary points

T_hese_rece_nt advancements in the_mech_anlsnc view of the_ 1.3 ere fully optimized at the MP2(full)/6-31i-+G** level of theory

silyl migration caused us to further investigate the mechanisms ang in some cases at the MP2(full)/6-31G* and HF/6-31G* levels. The

of the related 1,3-silyl migration in silylmethyl ketones theoreti-  stationary points were characterized by frequency analysis (minimum

cally. with O, transition state with 1 imaginary frequency). For transition
The first uncatalyzed thermal 1,3-silyl migration in silyl-  structures, the intrinsic reaction coordinate (IRC) calculations were used

methyl ketones giving the corresponding siloxyalkenes was to follow reaction pathways. The calculations for molecules containing

reported by Brook et al. in 1967. germanium and tin were performed using LanL2DZ basis set with
effective core potentials by Hay and Wedor Ge and Sn. Bond critical
R' 80-175° R points and ring critical points were obtained using Bader’s topological
o)\/Siﬂa Raslxo& ) one-electron density analysis with the MP2(fc)/6-3HG** wave

functions at the HF/6-31G* optimized geometpy.

Although much attention has been focused on the mechanistic  The displacements of the pentacoordinate transition structures from

comparison of the 1,3-migration in silylmethyl ketones and in the ideal TBP .(trigonal bipyramidal ggometry) toward the ideal SE
allylsilanes, the mechanism for 1,3-migration in silylmethyl (Square pyramidal geometry) were estimated (as a percentage), using

. . the method of Holmes et &f°
ketones has been controversidhree pathways in Scheme 1
have been taken into conS|d.erat|o'n. Brook et al. proposed @™ (13) Frish, M. J.; Truck, G. W.; Head-Gordon, M.; Gill, P. M. W.; Wong,
concerted four-center mechanism with synchronous_8bond- W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M. A.; Repolgle,
making and Si-C bond-breaking (pathway a in Scheme 1) on E S; Fomger’\sA, l\:l ARnd[ewFs, J-DA-;J Rggtf:havaCJhag, *; BJlnklsety, J. tSj
H H : - : HA onzalez, C.; Martin, R. L.; FOX, D. J.; belrees, J.; baker, J.; ewart, J.
Fhe basis of Fhe exclusive retention pf the.conflgl.J.ratlon at s.|I|con P.; Pople, J. AGAUSSIAN 94Gaussian Inc.: Pittsburgh, PA, 1994.
in the reaction pr_oducts and relatlve_ly insensitive substituent = (14 (a) Hay, P. J.; Wadt, W. R. Chem. Phys1985 82, 270. (b) Wadt,
and solvent polarity effects on the migration rat@Although W. R.; Hay, P. JJ. Chem. Physl1985 82, 284. (c) Hay, P. J.; Wadt, W.
il iafi am i i R.J. Chem. Phys1985 82, 299.
]Ehe pO$SIbIIIt)é of a fglly as;oua?ve ImeChamsm w(;\_/olvmg_lt_he (15) (a) Bader, R. F. WAtoms in Molecules. A Quantum Theo@xford
.Ormat'on. and pseudorotation of polar perjtacoor 'n?‘te SIICON yniversity Press: Oxford, 1990. (b) Kraka, E.; Cremer, Chemical
intermediates was addressed (pathway b in Scherfftiyas Implication of Local Features of the Electron Density Distribution. In
ruled out!! On the other hand, Kwart and Barné#&elaimed Theoretical Models of Chemical Bonding Part Rlaksic, Z. B., Ed.:
. P 1 Springer: Berlin, 1990. (c) Bader, R. F. W.; Popelier, P. L. A.; Keith, T.
that since the kinetic data reported by Brook etlaland A Angew. Chem., Int. Ed. Engl994 33, 620.
others® were accumulated at temperatures close to the iso-  (16) (a) Holmes, R. R.; Deiters, J. A. Am. Chem. S0d977, 99, 3318.
kinetic temperature, the substituent effects might not have (b) Holmes, R. R.; Day, R. O.; Harland, J. J.; Sau, A. C.; Holmes, J. M.
meaningful mechanistic information. They concluded that Organometallics1984 3, 341. (c) Among five ligands (15) on a
. . . . pentacoordinate metal (M), ligands 1 and 5 were selected s@thit the
pathway b in Scheme 1 IS operating, on the basis Oflthe solventjargest bond angle among 1y's, representing angles-M—j. Dihedral
effects on the rates, kinetic isotope effettsnd the different angles were measured with unit bond distance. The dihedral &nglehich
stereochemical outcome between the 1,3-silyl migrations in 2 9=Tpel 28 (1 B0e 2o B angle among nine dihecral
allylsilane$ and in silylmethyl ketone$Our recent theoretical 5 gies’ 9 9

results on the 1,3-silyl migration in allylsilane suggest that the

(10) Zhang, L. C.; Kabuto, C.; Kira, Ml. Am. Chem. S0d.999 121,

1
2925. . ’ <
(11) (a) Brook, A. G.; MacRae, D. M.; Bassindale, A.ROrganomet. SM—3 M—3
Chem.1975 86, 185. (b) Larson, G. L.; Fernandez, Y. V. Organomet. l 5/
Chem.1975 86, 193. 5 4

(12) Kwart, H.; Barnette, W. EJ. Am. Chem. Sod.977, 99, 614. Tep sp
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Figure 1. Optimized structures of formylmethylsilangg synperipla- H/zc Hbs
nar, 1b anticlinal) and siloxyethene2@a synperiplanar 2b anticlinal). HE2 /
Total energy is shown in a.u. for each structure. The relative energy \ S'\
(R.E.) is given relative to the energy fdb. The structure and the o i-|b§'=P
energy are obtained at the MP2(full)/6-313G** level. Selected bond ) o » ] o
lengths (A): 1a C2—0 1.217, G—C? 1.506, and €&-Si 1.893;1b: Figure 2. Optimized transition structures for the isomerization of
C2—0 1.217, @—C2 1.506, and &-Si 1.893:2a: C2—0 1.361, G— formylmethylsilane with inversion (T,g, (a)) and retention (T.&, (b))
C21.314, and G-Si 1.679:2b: C2—0 1.367, C—C21.337, and G-Si of configuration at the MP2(full)/6-3Ht+G** level. An equatorial
1.674. plane of TSy and a basal plane of Tgare shown on the right side of

the figures schematically. Selected bond lengths (A) fap,TE£2—0

Results and Discussion 1.293, G—C21.402, G—Si 2.299, and ©Si 1.934; Tq: C>—0 1.286,

_ _ _ C!-C?1.392, G—Si 2.238, and ©:Si 1.935.

Geometry. Geometrical parameters of all stationary points ] o
for the 1,3-silyl migration in formylmethylsilane at various Structures were obtained also at the HF/6-31G level, it is evident
theoretical levels are listed in Table S1 as Supporting Informa- that d-functions are not essential for the formation of the
tion. The MP2/6-311-+G** level of calculations is used for  transition structures, while previous semiempirical MO calcula-
structural discussion throughout the paper unless otherwiselions suggested the indispensable participation of the d-orbitals.
noted!” Since the structures calculated at the 6-31G* levels are Pentacoordinate silicomtermediatesas suggested by Kwart
in agreement with those calculated at the 6-83G** levels and Barnetté? were not found, which is indicative of the
within errors of 0.01 A in bond lengths® in bond angles, and concerted nature of the migration; the IRC (intrinsic reaction
5° in dihedral angles, the results at the 6-31G* level were used coordinate) calculations confirm that both {JiSand TS
to compare the geometrical characteristics of the transition statesconnectla and2a (vide infra).

with those reported previouslyor the 1,3-silyl migration in The C—C? and C—-O bond lengths of the transition
allylsilane. structures are intermediate between the corresponding bond
(a) Optimized Structures of Formylmethylsilane and lengths of reactarit and produc®. While the average value of

Siloxyethene.Two conformers were found for formylmethyl- ~ C'—C?is 1.424 (C-Cy) and the average value of €0 is 1.289
silane (Lla and 1b) and siloxyethene2a and2b), as shown in A (C—Oay), the C—C? bond of TS, (1.402 A) is shorter than
Figure 1. Ananticlinal formyimethylsilane {b) with an OCCSi ~ C—Cavand the ¢—0 bond (1.302 A) is longer than-Ea..
dihedral angle of 95%is 1.36 kcal/mol more stable than a The inversion pathway thus proceeds via a somewhat later
synperiplanarformylmethylsilane {a) with an OCCSi angle transition state. On the other hand, the-© (1.286 A) and

of 0°. This is probably due to the effective hyperconjugation C'—C? bonds (1.392 A) of Tg; are shorter than €0., and
between the &0 s orbital and the &Si o orbital in 1b. In C—Cav. Therefore, it cannot be determined whethefiSearly

the siloxyethene, theynperiplanarconformatior2a (JC—C— or late, but the results suggest that the major contribution to
O-Si = 0°) is only 0.72 kcal/mol more stable than that of the the Si-O bond formation at T& comes from the oxygen lone-
anticlinal conformation2b (OCCOSi angle= 148.7). The pair electrons and not from the<® = electrons. The E-Si

energy difference betweelb and2ais only 4 kcal/mol, which ~ @nd O-Si bonds in TGy (TSe) are 21 (18) and 16% (17%)
indicates that the reaction is nearly thermoneutral and that thelonger than €&-Si bond of 1a and the O-Si bond of 2a,
mechanism is not driven by thermodynamics. respectively. - -

(b) Transition Structures. Two transition structures were When the transition structures are classified as the penta-
obtained for the 1,3-silyl migration between formylmethylsilane coordinate silicon structuré, TSy, is assigned to be TBP
and siloxyethene (at all levels of calculations used). Although (trigonal bipyramidal) and T is assigned to be SP (square
the two transition structures (kgand TS, in Figure 2) are  Pyramidal). Using Holmes meth&tthe % SP values for T§
both four-centered cyclic structures, &iSstructures lead to ~ a@nd TSecare estimated to be 36.6 and 66.7%, respectively (at
retention, and T, structures lead to inversion of the config- HF/6-31G*). The correspondence is similar to that in allylsilane.
uration at the migrating silicon atom. Since the two transition However, the degree of distortion from the ideal TBP or SP is
much larger in formylmethylsilane than in allylsilane (%SP

(17) The MP2 results give slightly longer bond lengths than the HF ; ; 0/)8 ;
calculations. See: Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A. value for TS, is 14.5 and for T3 is 88.8%)" The equatorial

Ab Initio Molecular Orbital Theory Wiley: New York, 1986; pp 194 plane of the TBP structure in Tp is formed py oxygen, an
197. oxaallyl carbon, and one silyl hydrogendfi(Figure 2a); the
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sum of the three bond angles of-€Si—0, Cl—Si—Heq and
O—Si—Heq is 36C. The other two silyl hydrogens in T
occupy the axial positions () with an Hy—Si—Hax angle of
169.8. Although electronegative atoms such as oxygen are
known to favor the axial position in the TBP structdfethe
oxaallyl oxygen in T, cannot occupy the axial position due
to the steric reason. Two silyl hydrogens, the oxaallyl carbon,

and oxygen make the basal plane of the distorted SP structure Reactant H

in TSet (Figure 2b); as expected, the-Sily, bond length of
1.488 A is somewnhat longer than the lengths of other tweHSi
bonds (1.469 and 1.480 A). The silyl group in &Sfor
formylmethylsilane is rotated around the forn@laxis by about
30° from that in TS for allylsilane, suggesting that the structure
around silicon in Tg; for formylmethylsilane is regarded also
as a distorted TBP, where one basal hydrogeg (il Figure
2b) and oxygen atom occupy the axial positions.

While the G—Si—0 angle in TS, (66.8) is similar to that
in TSt (65.C°), the angle strain in Ti% is much larger than
that in TSet because the ideal angle for TBP is 22dhd the
ideal angle for SP is 90 The difference in the angle strain
may be in part the reason for the lower activation energy of the
retention pathway than that of the inversion pathway.

Significant differences between the transition structures of
formylmethylsilane and those of allylsilane are observed in the
puckering angles of the four-membered rings. At the HF/6-31G*
geometry, the StO—C1—C? dihedral angle of T, and TS
are 139.3 and 1472%or formylmethylsilane, while the corre-
sponding SiC®—C1—C? angles for allylsilane are 103.4 and
94.2, respectively. As previoushypointed out, the retention
transition structure in allylsilane is stabilized by subjacent orbital
control. For T&: of formylmethylsilane, however, such subja-
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Figure 3. Schematic representation of the structural change along the
intrinsic reaction coordinate.

Table 1. Relative Energieef TS and TS, for 1,3-Silyl
Migration in Formylmethylsilane

level TSw TSeet
MP2/6-31G* 65.79 35.44
MP2/6-31H+G**b 66.31 37.15
MP2/6-31G* 65.92 35.55
MP2/6-311+G(3df,2p}y 60.56 31.83
MP2/6-31H+G(3df,2py+ZPE 60.65 31.82

aRelative to 1a, in kcal/mol.® Full optimization.c Single point
calculation at the HF/6-31G* geometrySingle point calculation at
the MP2(full)/6-31H#+G** geometry.® Zero point energy (ZPE) is
the results at the MP2(full)/6-33#1+G** level.

activation energy for the retention pathwds(fet) = 30—40
kcal/mol) is much lower than that for the inversion pathway
(E4(inv) = 60—70 kcal/mol); this clearly shows that the

cent orbital interaction cannot be expected to contribute since inversion pathway cannot compete with the retention pathway.

the ring structure is relatively flat.
IRC Calculations. The IRC calculations confirm that both
TSt and TSy connectla to 2ain Figure 11° The structural

This is in agreement with the experimental results for a
silylmethyl ketone with an optical active silyl group. The
experimental activation energies 80 kcal/mol! are repro-

changes along the IRC of the retention pathway suggest thatduced well by the calculations at the MP2/6-31£G(3df,2p)

oxygen attacks the axial site of the silicon center and that
oxaallyl carbon leaves directly from an equatorial site without

level. It is interesting to note th&(ret) for formylmethylsilane
(36 kcal/mol) is much lower than that for allylsilane (54 kcal/

pseudorotation around the silicon center (retention path in Figure mol), while Eq(inv) values for both allylsilane and formyl-
3). On the other hand, in the inversion pathway, pseudorotation methylsilane are similar (63 and 66 kcal/mol, respectively, at

is involved during formation of Ti§, via the initial axial attack
of the oxaallyl oxygen on silicon (inversion path in Figure 3),
with the oxaallyl carbon leaving from an equatorial position.
Although elimination of an axial ligand from a pentacoordinate
silicon intermediate is usually favored over the elimination of
an equatorial ligané®20several reactions are known theoreti-
cally to proceed via the elimination of an equatorial lig&hd.
Activation Energies. The activation energie€f) for TSt
and TS, calculated at various levels are listed in Table 1. The
(18) (a) Holmes, R. RChem. Re. 199Q 90, 17. (b) Ugi, |.; Marquarding,
D.; Klusacek, H.; Gillespie, PAcc. Chem. Re 1971, 4, 288.
(19) Although IRC calculations using simple internal coordinates and

mass-weighted internal coordinates, (dynamically defined as a minimum
energy trajectory that goes infinitely and slowly from a transition state to

either the reactant or the product), generally provide the same products

MP2/6-31G*//HF/6-31G* level). These results suggest that the
transition structures and the mechanisms for 1,3-migrations in
allylsilane and formylmethylsilane for the retention pathways
are very different, while those for the inversion pathways are
similar.

HOMOs of the Transition Structures. The HOMOs of TSy
and TS for formylmethylsilane are compared with those for
allylsilane in Figure 4. The HOMO and the next HOMO of
TSy for allylsilane are close in energy; HOMO is constructed
by the bonding interaction between allylic antisymmettic
orbital and 3p orbital at silicon while next HOMO is constructed
by the antibonding interaction between the lowest symmetric
allyl = orbital and an orbital of T-shaped Silfhoiety (see also
Figure 3 in our previous pap®r The HOMOs of TSy for

and reactants, the two calculations sometimes give different results becausformylmethylsilane are significantly modified due to the effects

of branching of the reaction pathway. The mass-weighted internal coordi-
nates give reactarda (synperiplanay and produc®a (synperiplanay from

both TS, and TS for formylmethylsilane, while simple internal coordi-
nates give reactaritb (anticlinal) from TSy, This discrepancy indicates
that there is a divergence point betwderand1b in the inversion pathway.

A similar divergence has been pointed out in the case of 1,3-silyl migration
in allylsilane? See also: Ayala, P. Y.; Schlegel, H. B.Chem. Phys1997,

107, 375.

(20) Corriu, R. J. P.; Guerin, C.; Moreau, J. J. he Chemistry of
Organic CompoundsPatai, S., Rappoport, Z., Eds.; Wiley: Chichester,
U.K., 1989; pp 305-370.

(21) Omoto, K.; Sawada, Y.; Fujimoto, H. Am. Chem. Sod996 118
1750.

of the electronegative oxygen, but the essential feature is
understood by the interaction between oxaattybrbitals and
pertinent orbitals of Sikimoiety; flattening of the cyclobutane
ring of TS,y and the lowering of the second lowest altybrbital

due to the electron-withdrawing effects of oxygen make the
contribution of the 3p orbital at silicon to the HOMOs less
important. On the other hand, the HOMO of §Sor formyl-
methylsilane is very different from that for allylsilaf€which

is composed of the allylic antisymmetricorbital and a pseudo

7 orbital of two Si-H orbitals. In the HOMO of T&; for
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(a) Formylmethylsilane

HOMO
TSinv

Figure 4. Schematic representation of the HOMO and HOMO-1 of
TS (left) and HOMO of TS (right) for 1,3-silyl migration in
formylmethylsilane (a) and in allylsilane (b). Orbital energies is in a.u.
at HF/6-31G*; (a)—0.35064 (HOMO),-0.40188 (HOMO-1) for T&,,
—0.35307 (HOMO) for Tg; (b) —0.33860 (HOMO), —0.34405
(HOMO-1) for TS,y, —0.27301 (HOMO) for TG

HOMO
TSret

Table 2. Calculated Properties of Stationary Points for 1,3-Silyl
Migration in Formylmethylsilane Calculated at the MP2(full)/
6-311++G** Level

la 2a TSy TSeet
dipole moment (Debye) 3.25 0.73 2.04 2.68
gSe 1.08 1.38 1.32 1.21
gSiHP 0.44 0.65 0.51 0.49

aPartial charges at the migrating atom Si obtained by natural
population analysi® Sum of partial charges in the migrating group
obtained by natural population analysis.

formylmethylsilane, the oxygen’s lone-pair orbital (which is a
m-type but perpendicular to theco orbital) is incorporated
significantly. As shown in a previous section, the structure of
TSt for formylmethylsilane is mainly SP but has a significant
TBP character as analyzed by the Holmes’ metldeétom this
view, the HOMO of T&: looks very similar to the HOMO
(nonbonding orbital) of a TBP silicate having oxygen and silyl
hydrogen at the axial positions.

Natural Bond Orbital Analysis of the Total Density in
Transition Structures. The IRC calculations confirm the
concerted nature of the 1,3-silyl migration in formylmethylsilane
and rule out the polar mechanism via a zwitterionic intermediate
proposed by Kwart et &2 However, since Kwart et al. observed
significant lowering of the activation energy in the 1,3-silyl
migration of a silylmethyl ketone in polar solvents, it is of
interest to study the polarity of the transition states. The dipole
moments and charge distribution of all the stationary points in
the 1,3-silyl migration in formylmethylsilane are listed in Table
2. The dipole moments of T& and TS, are intermediate
betweenla and 2a in Figure 1, and the polarity during the
migration fromla (3.25 D) to the transition states (2.04 and
2.68 D) is reduced. NPA (natural population analysis) charges
of the migrating center (qSi) and group (qgjhhcrease along
the reaction pathways frorha to the transition structures but

J. Am. Chem. Soc., Vol. 121, No. 37, 188091

Table 3. Hybridization at O and €in TS, and TS for the
1,3-Migration in Formylmethylsilarfe

atom bonding TS TSeet

(0] 0O—C?(0) sp-8 sp0
O—C?(n) px (99.55%)
O-Si p- (89.91%) sp°
lone pair (s type) sp sp-4
lone pair (p type) p (88.29%)

Cl Cl_CZ (O') spZ.l Sp’Z.Z
C'—C? () P-(93.69%)
Cl_H sp2.1 Sp2.3
C'—H spH spe
lone pair (p type) p (89.81%)

2 The results of natural bond orbital calculation at the MP2(full)/6-
311++G** level of calculation.

the extent is very small. Although the reason remains open, these
results may not be compatible with the observed solvent effects
in the 1,3-migration in the silylmethyl ketone.

The above analysis shows that the retention migration in
formylmethylsilane is not compatible with the electrocyclic
sigmatropic rearrangement controlled by subjacent orbital
interactions found for the retention migration in allylsildite.
The lone-pair electrons of the oxygen are suggested to play a
significant role in the transition state. To elucidate the charac-
teristics of the retention transition structure for 1,3-silyl migra-
tion of formylmethylsilane, a natural bond orbital analysis
(NBO)? of TS,etwas performed where the occupancy threshold
for the NBO search was taken to be 1.90 for.e[ ut was
lowered to 1.70 in T&,; four heavy atoms (C, C, O, Si) were
located close to the—y plane. There are eight doubly occupied
(more than 1.999) core orbitals, 10 bonding orbitals, and two
lone pairs for both T, and TSe.?® In TSy, one lone-pair
orbital is an sp-type (occupancy of 1.971; 43% s character and
57% p character) and the other is a p-type oxygen (occupancy
of 1.841; 88% p-character). While in kSone lone-pair orbital
is an sp-type (occupancy of 1.973; 42% s character and 58% p
character) and the other is a p-type carbon (occupancy of 1.402;
90% p-character). The p-type carbon lone pair is in the direction
pointing to the silicon center. As shown in Table 3, the
hybridization on O and Eindicates that the gfhybrids (double
bonds) exists on &-C? in TSy, and on G-C? in TS These
results are compatible with the characteristics of the transition
states drawn from their geometries and from the IRC analysis
(Figure 3).

Topological Comparison of TSe; between Formylmeth-
ylsilane and Allylsilane. Theoretical calculations of the 1,3-
silyl migrations in allylsilane and in formylmethylsilane indicate
that both migrations proceed concertedly via a four-membered
cyclic transition structures, preferably with retention of config-
uration at the migrating silicon atom. However, the above
theoretical results suggest also that the electronic and geometric
properties of the retention transition structures in the two
reactions are quite different in character. To gain further insight
into the electronic differences between the two retention
transition states, Bader’s topological anali&sigas carried out.

As shown in Table 4, one ring critical point was surrounded by

(22) (a) Carpenter, J. E.; Weinhold, ¥. Mol. Struct (THEOCHEM)
1988 169, 41. (b) Foster, J. P.; Weinhold, F.Am. Chem. So0498Q 102,
7211. (c) Reed, A. E.; Weinhold, B. Chem. Phys1985 83, 1736. (d)
Reed, A. E.; Weinhold, FJ. Chem. Physl983 78, 4066 (e) Reed, A. E.;
Weinstock, R. B.; Weinhold, Rl. Chem. Phys1985 83, 735. (f) Reed, A.
E.; Curtiss, L. A.; Weinhold, FChem. Re. 1988 88, 899.

(23) No bonding interaction was found betweehadd Si in TS, for
formylmethylsilane. Although Ti& is assigned to be a strongly distorted
TBP structure, it may be regarded as a tetracoordinate structure around the
silicon center.
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Table 4. Electron Density £), Laplacian §¥?p) and Ellipticity (€) at Bond and Ring Critical Points around Pentacoordinated Silicon gf iiS
Formylmethylsilane and in Allylsilarfe

TSet TSet
(formylmethylsilane) (allylsilane)
critical point o VZp € ) VZp €
(3,—1p apical Hy—Si 0.122 0.289 0.023 0.122 0.288 0.033
basal Hs—Si 0.120 0.276 0.019 0.118 0.258 0.013
0.118 0.266 0.017
C'-sip 0.056 3.97x 1074 0.509
O-SiP 0.074 0.28 0.046
othef C?—Ssip 0.061 0.067 7.113
(3,+1) Si—0—-C?-Ct¢ 0.049

2 Units of p = e/al and V?p = e/au® MP2(fc)/6-311-+G** wave functions were used at the HF/6-31G* geometriccording to the topological
analysis of the density, a chemical bond is characterized by-d}3bond” critical point of the LaplacianW?p) between the bonding nuclei; a site
of nucleophilic attack or a characteristic structure of a ring is often characterized by-&) (3ing” critical point.*> The terminal and central
carbons in formylmethylsilane and allylsilane are denoted ‘aarnd C, respectively.

Table 5. Relative Energigsfor the 1,3-MH; Migration in
HC(E=O)CHMH; (M = C, Si, Ge, and Sn) and in

Iminomethylsilane

allylsilane is assigned to an electrocyclic sigmatropic rearrange-

ment controlled by subjacent orbital interactions.

compd level TSny TSet
1 HF/6-31G* 74.24 42.99
3 HF/6-31G* 125.21 119.64
1 LanL2DZ* 84.60 52.09
4 LanL2DZ* 75.97 46.58
5 LanL2DZ° 56.33 29.76
6 HF/6-31G* 39.09

2 Relative to theanticlinal isomer of the reactant, in kcal/mdlFull
geometry optimizationt Dunning/Fuzinaga full doublé-on first row,
Los Alamos effective core potential plus douldlen Ge and Sn.

a four-membered ring (SiO—C2—C%) but there was no bond
critical point between Si andn TS of formylmethylsilane?*
The ring critical point S-O—C?—Cl is almost in the plane of
O—Si—C! but slightly displaced from the SiO—C! plane

toward C. Two bond critical points are found betwee# &hd
Si and between O and Si of the [ESn formylmethylsilane.

In the TS of allylsilane, there is a bond critical point between
Si and C. The high ellipticity at the bond critical point g&
Si), which indicates a rather unsymmetric distribution of the
electron density around the?€Si bond at this point, can be

related to the significant orbital interaction between the subjacentTSfe"

bonding z-orbital of the allyl moiety and the Si 3p orbital.
Although only four bond critical points are found around silicon
in the TS, of allylsilane, the bond critical point of & Si may
represent the bonding between the silicon and three allylic

carbons.

When the LaplacianW?p) at a bond critical point is positive,
the bonding is characterized as a closed-shell interaction (ionic
and hydrogen bonds). When th&p value is negative, the
bonding is characterized as a shared interaction (covalent
bond)!%2 By using this criterion, all the bonding interactions
listed in Table 4 are dominated by a closed-shell interaction.

Related 1,3-Metal Migrations. Similar theoretical calcula-
tions are extended to related 1,3-migrations of other group-14
element groups in HE£O)CH,MH3; (M = C (3), Ge @), and
Sn 6)) (eq 3), and the results are compared with those for
formylmethylsilanes. For this purpose, calculationsiot, and
5 were performed using the LanL2DZ le¥thnd a comparison
between3 and 1 was performed at the HF/6-31G* level.

i\ *ﬂ
N
04(;\ Hy —— ?/C\CHQ 3)
MH3 HaM
M= C(@3),Si),
Ge (4), Sn (5)

Activation energies for these 1,3-migrations are shown in
Table 5. We found in our previous study of the 1,3-methyl
migration in 1-buten&that E, for the inversion pathway was
lower than that for the retention pathway, which is in line with
the prediction of the WoodwareHoffmann symmetry rules.

In contrast, for3, the E, value for TS,y is higher than that for

The concerted 1,3-methyl migration in propanal is

predicted to proceed via an intramolecular nucleophilic displace-
ment with retention of stereochemistry. This pathway is not
realistic becaus&, for the C-C bond dissociation is much

lower 25

For both the inversion and the retention pathways of the 1,3-

metal migrations, theE, values decrease in the following
order: 1 (M = Si) > 4 (M = Ge) > 5 (M = Sn), as expected
from the relative stability of the pentacoordinate structure among
the metals. In contrast to the 1,3-migrations in allylgermane
and allylstannane, the activation energies of the retention
pathways for4 and 5 are much lower than the dissociation
energies of the GeC and the SrC bonds, respectiveRp.

The clear difference in the Laplacians between the retention tperefore the concerted migration is expected to predominate

transition structures for allylsilane and formylmethylsilane can

over the competitive C-metal bond dissociation.

be interpreted as the mechanistic difference between the two As shown in Table 5, theoretical calculations predict that a

migrations; the retention 1,3-silyl migration in formylmethyl-
silane is best described as an intramolecular nucleophilic
substitution at silicon, while the corresponding migration in

(24) A (3,-1) critical point means that two curvatures of the Laplacian
of p are negatived is a maximum at this point) along two axes in the
corresponding plane and a curvature is positigés(a minimum at this
point) along the third axis which is perpendicular to the plane. A-{3,
critical point means that two curvatures of the Laplaciap afe positive
(p is a minimum at this point) along two axes in the corresponding plane
and a curvature is negative (s @ maximum at this point) along the third

axis which is perpendicular to the plane.

facile 1,3-migration from carbon to nitrogen in iminomethyl-
silane6 occurs with retention stereochemistry via an intramo-
lecular nucleophilic substitution, which is similar to that in
formylmethylsilane. The calculated activation energy for the
retention migration ir6 is similar to that for the corresponding
migration in formylmethylsiland.. The transition structure for

(25) The BDE values of MC in MMe, are reported to be 85.6, 74.4,
59.5, 51.9 kcal/mol for M= C, Si, Ge, and Sn, respectivelzomprehensie
Organometallic ChemistryWilkinson, G., Stone, F. G. A., Abel, E. W.,

Eds.; Pergamon Press: Oxford, 1982; Vol. 1, p 5.
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the inversion pathway was not found for the migratioréjra Table 6. Comparison of T Structures for 1,3-Si Migrations in
search starting from the structure with inversion of configuration Allylsilane and Formylmethylsilarfe
leads to the transition state with retention of configuration. allylsilane formylmethylsilane
K H geometry around SP (88.8) SP (66.7)
Si (%SPY
HN4C\ Ho ——— HN/C%CHZ (4) cyclobutanering  bent (94.2) flat (147°)
SiH H Sli ('puc'kering anglé) _ _
3 s orbital interaction subjacent orbital3-center-4- electron bond
6 control
. HOMO allyl NBMO TBP NBMO
Concluding Remarks E./(kcal/mol) ~50 ~30
In this theoretical study, we have found that the concerted C”t'Cﬁ“ point bolndt i _”tng ecul eophil
i B : ; H ; mechanism electrocyclic Intramolecular nucieopnilic
1,3-silyl migration in formylmethylsilane occurs exclusively reaction substitution

with retention of configuration at the silicon atom. The
calculated activation energy as well as the retention stereo- _*Atthe HF/6-31G* level” %SP is in parenthese3Dihedral angle
chemistry is in good agreement with the experimental results Si~C*(0r 0)~C'~C?is shown in parentheses.

for silylmethyl ketones. Although the 1,3-silyl migrations in both o ) .
allylsilane and formylmethylsilane proceed concertedly (without _ FOr related 1,3-migrations in CH(O)GMH3 (M = C, Si,
formation of intermediates) via the four-membered cyclic G€ Sh), théeavalues for the retention pathway are much lower
transition structures with retention stereochemistry around than the inversion pathway and they decrease in the following
silicon, there are essential differences between the transition®'der: M= C> Si > Ge> Sn (as expected from the relative
structures (as indicated by the detailed analysis of the geom_stablllty of the penta_coor(_jlnat_e structure among the metals). In
etries, NBO, and the Laplacian of the electron density, shown contrast to_ the 1,3-rr_1|gra_t|ons_|n allylgermane and allylstannane,
in Table 6). The retention transition state of 1,3-silyl migration the retention 1,3-migrations in formylmethylgermane and the
in formylmethylsilane is characterized by significant distortion tin analogue are expected to predominate over the competitive
from an ideal square pyramidal structure around silicon, a C-metal bond dissociation.

relatively flat four-membered ring, a HOMO which approxi-
mates to the nonbonding MO of a pentacoordinate silicate, an
a ring critical point. On the other hand, the corresponding
transition state for allylsilane has a near square pyramidal
structure, a seriously bent four-membered ring, a bond critical
point between €and Si, and a HOMO which resembles the
nonbonding MO of allylz system. The activation energy for
formylmethylsilane is much lower than that for allylsilane. The
1,3-silyl migration with retention in formylmethylsilane is best
described asan intramolecular nucleophilic substitution at
silicon, while the corresponding migration in allylsilane is
assigned to bean electrocyclic sigmatropic rearrangement
controlled by subjacent orbital interactiorfas reported in the
previous paper. JA9911263
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