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ABSTRACT

Unexpectedly, the pattern of the stereoselectivity in the ring-opening reactions of lithium oxetenoxides is not consistent with the bulkiness

of substituents, and both the bulkier  tert-butyl and silyl substituents favor inward rotation. With the aid of B3LYP calculations, the hyperconjugative
interaction between the breaking C -0 o and its anti-periplanar Z-Me (Z = Si or C) ¢* orbital is found to be responsible among the secondary
orbital interactions of the substituents and the oxetene moiety.

Ring opening of four-membered rings is of particular interest Shindo and co-workers developed highly stereoselective
in organic chemistry to control the stereoselectivity in the syntheses of multisubstituted alkenes using lithium ynolates
synthesis of multisubstituted alkeneBue to the efforts of ~ and found that the stereoselectivity was controlled by the
Houk et al., the stereoselectivity in the ring opening of stereoelectronic effects of the ring opening of lithium
substituted cyclobutenes can be explained by stereoelectronioxetenoxide® as intermediates (Scheme®?).

effects? Recent studies of the reaction of silyl- and stannyl-

cyclobutenes by Murakami and co-workers suggest that_
hyperconjugative interaction between-8b or Si—C ¢* and Scheme 1

the breaking C—GCs orbital is much more responsible for

this effect than in theert-butylcyclobutene ring opening?
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s opening are reactantlike rather than productlike by the

Table 1. Experimental Selectivities for Alkenet-8 optimal L?W'S structqre search. )
In a series of reactions, the energy differences of the two

entry 2 R R? R EZ transition statesTSE andTSZ, which give the E)- and @)-
1 2a Me t-Bu Me 19:81 isomers, respectively, are summarized in Tabl&@&Za is
2 2b Me t-Bu Bu 1:8

Cox e cMe " T I

Table 2. Relative Activation EnergiesNAE) and Gibbs Free
t-Bu group favors inward rotation over the Me group (Table Energies of Activation §AG*) at 298.15 K of TSZ Relative to
1, entries 1 and 2). This is different from the trend of the TSE in kJ/mol at the B3LYP/6-31G(d) Level
ring opening oftert-butylmethylcyclobutene, in which the entry 2 Rl R2 AAE* AAGH
t-Bu group favors outward rotatichNatural bond orbital
(NBO) theory? is useful to analyze the stereoelectronic
effects of conformations and organic reactidhk.has been
reported that the donating ability of the-®&l o orbital is
higher than the C€ and C-O ¢ orbitals because of its high-

1 2a Me t-Bu —-1.8 7.2
2 2c Me SiMesz —-13.8 -17.8

; 5 more stable thaiSEa by 1.8 and 7.2 kJ/mol in electronic
lying NBO energy:? Therefore, we employed the B3LYP 54 Gibbs free energies, respectively (entry 1), as expected.

hybrid functional® with the 6-31G(d) basis séfsfor the g |arger difference of Gibbs free energies than electronic
oxetene intermediate, the transition states (TSs) of the ring-gnergies is due to the difference of the vibrational entropies.

opening process, and the produétS:The normal coordina-  the preference for)-alkene formation in silyloxetenoxides
tion analyses were performed for stationary points; no o g larger than that foRa (entry 2).

imaginary frequency was confirmed at each stable structure, The TS structure¥SE andTSZ for substrate€a and2c

and one imaginary frequency was confirmed at each opti- gniry 4 and representative geometric parameters are shown

mized '_I'S struct_ure. The origin of '_[he _stereoelectron?c effe<_:ts in Figure 1 and Table 3, respectivéfjiNotably, in the more
of the ring-opening of oxetene derivatives was examined with

the aid of NBO analysié? The transition states of the ring _
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Table 3. Several Geometric Parameters TE and TSZ2

TS z-c6  z-Cc®  z-C°  Ol-C4-Z-CPHs
TSEa 1553 1543 1543 170
TSza ~ 1559 1541 1538 174
TSEc 1900  1.894  1.889 172
TSZc 1905 1895  1.888 174

aDistances are shown in A and dihedral angles in degreesCZor Si.

1.541 A, respectively. The '©-C*—C5—C®H; dihedral angle
of 174° indicates that the €©&-C°H; bond and the breaking
C#--O! bond are mutuallpnti-periplanar. INTSEa, the G—
H2 bond length of 1.102 A at the inwardid; group is longer ZMes

than the other two, 1.091 and 1.093 A. The—C® bond J

length of 1.553 A is somewhat longer than the others. These

results suggest that competition of the interaction with the Figure 3. Representative secondary interactions between NBOs
hyperconjugative &:-O! o bond between the &l; and the in TSs (2= C or Si).

t-Bu groups occurs. The¥&H?, C°—C8, and Si—C bonds

are stretched in all the transition states in Figure 1. .
i . . ' to the differences of 12.1 and 16.4 kJ/mol of théC>—C?3)
Second-order perturbation analysis of bonding NBOs and o* (C—Y) interaction &) and ther (C?—C9) <= o* (G~

antibonding NBOs was carried out for these transition states. . . . .
9 X) interaction (D), respectively. These differences are

The second-order interaction energy is expressed as follows. ;. . . . L
9y P attributed more to the differences of the interaction integrals

[#|Flo*0 and rather that of the NBO energiess — ¢,
E @_ Z@IFIO*ﬁ between the €EMe and C-tBu bonds. The opposite trend
oo € — €4 of the energetic differenceAE of the TSs is seen in the
0(C?—C8 < ¢*(C—X) interaction (B) and ther(C?>—C?3)
< ¢*(C—=Y) interaction (C). Theo(C*—0"') < ¢*(Z—Me,
Z = C) interaction G) in TSZa is more stable by 7.7 kJ/
mol than that inTSEa. The magnitude of the*(C*—0?!) «
o (Z—Me) interaction () is larger (Table 4), but these results
suggest that the C—Me bond in th&u group acts as both
an electron donor and an electron acceptor. The preference
of interactionl in TSEa over that inTSZa is opposite to
the actualAAE*. The preference of the (C2—H?) bond<
o* (C*=0?Y) interaction ) in TSZa is as large as 12.0 kJ/
mol.
The NBO analysis was also performed for the ring-opening
reaction of the silyl oxetenoxidec (X = SiMes, Y = CHg).
The largest and the second largest energy preferences of
TSZc over TSEc are the interaction oh(OY) < o* (Z—
Me) (H) and theo (C*-0OY < o* (Z—Me, Z = Si) (G)
interactions of 14.5 and 9.7 kJ/mol, respectively. The larger
secondary interaction energies féiin 2cthan in2a suggest
that the acceptor ability of the SIC bond is higher than
that of the C-C bond. The interaction energies fon TSEc
andTSZc are smaller than those IMISEaandTSZa (Table
4). As Houk and Murakami proposed in the cyclobutene ring-
opening, the interaction of vacant Si orbitals and the breaking
O!-C* o orbital in the silyloxetenoxide ring opening is
responsiblé:* Both Boys and the natural localized MO
analysig® give essentially the same conclusi§iThe energy
D E F of the interactionB in TSZc of 6.3 kJ/mol is larger than
that in TSZa of 1.8 kJ/mol, also resulting in a much larger
preference of (Z)-alkene formation froft, because of its

Notice thato/o* and F refer to filled/vacant NBO and
Fock matrixes, respectively, and thatande,- refer to the
NBO energies of the bonding/lone pair and those of
antibonding/Rydberg, respectively.

A representation of the orbital interactions is shown in
Figures 2 and 3, and the second-order perturbation energie
are shown in Table 4. In the case of the reactio@afX =
t-Bu, Y = CHj), the higher stability offSZa is due partly

Figure 2. Representative secondary interactions between NBOs
in TSs. (X/Y = CHjz, SiMe;). “In” refers to the inward position
and “out” to the outward position.

(19) Reed, A. E.; Weinhold, Rl. Chem. Phys1985,83, 1736—1740.
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Table 4. Second-Order Interaction Energies between NBOs of the Transition States in&J/mol

TSs X Y z A B C D E F G H 1 J
TSEa Me tBu C 0.8 16.4 255 141 0.8 6.0 51 <0.4 26.8 8.1
TSZa tBu Me C 12.9 1.8 13.8 30.5 5.2 <0.4 12.8 15 22.8 20.1
AE 121 —14.6 —-11.7 16.4 4.4 ~ —5.6 7.7 ~1.1 —4.0 12.0
TSEc Me SiMe3 Si 0.7 16.1 25.2 7.3 <0.4 <0.4 5.2 28.7 10.1 0.9
TSZc SiMes Me Si 12.6 6.3 12.7 14.5 9.0 <0.4 14.9 43.2 6.9 8.6
AE 11.9 -9.8 —125 7.2 ~8.6 ~0 9.7a4 145 —3.2 7.7

aTransition state underlined is the more stablelf8E and TSZ. AE refers to the energy difference betweE&Z and TSE.

lower e, — ¢, (lower acceptor ability of a €C bond than (Z = C or Si) and the interaction between the-Q ¢ and

a C—Si bond) and largeidg|F|o*] The difference between its anti-periplanar Z—Mes* orbital (Figure 3) are found to
the o (C3—CH3) <> o* (C*-Y) interaction €) and theo be the most important contributionsmong the many
(C3—CHjy) < o* (C*—X) interaction (F) is also responsible. secondary orbital interactions on the basis of the semiquan-
The preference of the (C*—H?) bond < o* (C4-0%) titative NBO analysis.

interaction (J) in TSZcis as large as 7.7 kJ/mol.
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In summary, the stereoselectivities of the formationE)f (
or (Z2)-alkenes by the reaction of aliphatic ketones with
lithium ynolates are in agreement with the energy preferences
of the ring opening of the lithium oxetenoxide intermediates.
The order of the outward preferences of sitylt-Bu < Me
in the transition state do not agree with the size of the
substituentsEven in the ring opening of the alkyloxeten-
oxides, as well as in the silyl analogue case, the interaction
between a lone pair orbital of O and the-Kle o* orbital OL048499F
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nates of stationary points, three-dimensional structures of the
reactants, products of the ring opening 2 and 2¢, and
transition states of the ring opening 2& and 2c with two
Me,O molecules, in addition to the TSs of ring opening of
4-tert-butyl-1,4-dimethylcyclobut-1-ene. This material is
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