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Transition Structure for the [2,3]-Wittig Rearrangement and Analysis of Stereoselectivities
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Summary: The transition structures for Wittig rear-
rangements of allyl lithiomethyl ether and substituted
derivatives, located with ab initio molecular orbital cal-
culations, provide a new hypothesis to account for the
stereochemistries of these reactions.

The [2,3]-Wittig rearrangement reaction (eq 1) has
been widely used as a powerful strategy in organic syn-
thesis.’? There are two important types of stereoselec-
tivities. First, (E)-homoallyl alcohols are usually the major
products (eq 2). The E selectivity is very high when G
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is an alkenyl, alkynyl, or phenyl group.>* An exception
is that (Z)-homoallyl alcohols are the major products when
G is a SnR; group (eq 3), but the tin group is lost in this
process.® There is also diastereoselectivity with respect
to the chiral centers formed at the termini of the new C-C
bond. As shown in Scheme I, a Z substrate generally
exhibits syn selection, while an E substrate leads to anti
selectivity.’® However, the opposite sense of selectivity
is observed when G is a carbonyl group.*’

The reaction is considered to occur through a concerted
five-membered transition state with an envelope confor-
mation, and the stereoselectivity has been attributed to

(1) For reviews, see: Nakai, T.; Mikami, K. Chem. Rev. 1986, 86, 885.
Hoffmann, R. W. Angew, Chem., Int. Ed. Engl 1979, 18, 563. Schollkopf,
U. Angew. Chem., Int. Ed. Engl. 1970, 9, 763.

(2) For recent publications, see: (a) Marshall, J. A.; Lebreton, J.
Tetrahedron Lett. 1987, 3323. (b) Marshall, J. A.; Lebreton, J.; DeHoff,
B. S.; Jenson, T. M. Tetrahedron Lett. 1987, 28, 741, (c) Marshall, J. A.;
Jenson, T. M.; DeHoff, B. S. J. Org. Chem. 1986, 51, 4316. (d) Marshall,
d. A,; Lebreton, J. J. Am. Chem. Soc. 1988, 110, 2925. (e) Marshall, J.
A.; Robinson, E. D.; Lebreton, J. Tetrahedron Lett. 1988, 29, 3547. (f)
Nakai, E.-1.; Nakai, T. Tetrahedron Lett. 1988, 29, 5409. (g) Wittman,
M. D.; Kallmerton, J. J. Org. Chem. 1988, 53, 4631. (h) Rossano, L. T.;
Plata, D. J.; Kallmerton, J. J. Org. Chem. 1988, 53, 5189.

(3) (a) Nakai, T.; Mikami, K.; Taya, S.; Fujita, Y. J. Am. Chem. Soc.
1981, 103, 6492. (b) sayo, N.; Shirai, F.; Nakai, T. Chem. Lett. 1984, 255.
(c) Rautenstrauch, V. J. Chem. Soc., Chem. Commun. 1970, 4.

(4) Nakai, T.; Mikami, K.; Taya, S. Kimura, Y.; Mimara, T. Tetra-
hedron Lett. 1981, 22, 69.

(6) Still, W. C.; Mitra, A. J. Am. Chem. Soc. 1978, 100, 1927.

(6) Mikami, K.; Azzuma, K.; Nakai, T. Chem. Lett. 1983, 1379; Tet-
rahedron 1984, 40, 2303.

(7) (a) Mikami, K.; Kawamoto, K.; Nakai, T. Tetrahedron Lett. 1986,
27, 4899. (b) Uchikawa, M.; Katsuki, T.; Yamaguchi, M. Tetrahedron
Lett. 1986, 27, 4591. (c) Kuroda, S.; Sakaguchi, S.; Ikegami, S.; Hana-
moto, T.; Katsuki, T.; Yamaguchi, M. Chem. Lett. In press. (d) Tak-
ahashi, O.; Mikami, K.; Nakai, T. Chem. Lett. 1987, 69. (e) Bruchner,
R.; Priepke, H. Angew. Chem., Int. Engl. 1988, 27, 278. (f) Mikami, K.;
Takahashi, O.; Kasuga, T.; Nakai, T. Chem. Lett 1985, 1729.

0022-3263/90/1955-1421802.50/0

Scheme I

>3
T

TS1

\ G= alkcnyl
phenyl

TIS2 anti

XXX

syn TS4

E )
G = carbonyl

(\ Ts

0, Me TS3

\ G = alkenyl

G alkynyl
(Z) phenyl

steric interactions.2® In this communication we report out
initial study of the transition structure of the reaction and
offer a new explanation for the stereoselectivities.

A concerted transition structure could not be located
without inclusion of the lithium cation. As shown below,
without a cation present, a five-membered intermediate
forms, resulting from the addition of the carbanion to the
double bond. As given in eq 4, the intermediate is con-
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321G 0.0 -27.5 -35.6
6-31+G/3-21G 0.0 -20.8 -49.0
MP2/6-31+G//3-21G 0.0 -26.3 -53.5

siderably more stable than the starting anion at all levels
of calculations. Although the potential surface for the two
steps was not explored, a concerted transition structure
is unlikely to be located for the rearrangement. The
transition structure for the reaction in eq 5, including the

A
¢

Li
3-21G 0.0 41.8 -40.8
6-31+G 0.0 443 -48.7
MP2/6-31+G//6-31+4G 0.0 16.2 -51.6

lithium cation, was located at both the 3-21G and 6-31+G
basis set levels with Pople’s GAUSSIAN 86 program.’¢ A
harmonic vibrational frequency calculation gives one im-
aginary frequency (726i em™) for the 3-21G transition
structure. The reaction is quite exothermic. At the best
computational level employed, MP2/6-31+G, the product
is more stable than the reactant by about 52 kcal/mol.
The activation energy is high at the Hartree-Fock level,
but drops to a more reasonable level with MP2 correlation
energy corrections.
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r(A) 3-21G 6-31+G <(®) 3-21G 6-31+G
1-2 1.436 1.374 1-2-4 115.3 114.8
1-3 2.198 2.393 2-1-3 91.9 92.5
2-4 1.615 1.884 1-3-5 93.9 89.3
3-5 1.368 1.374 2-4-5 104.0 98.5
4-5 1.438 1.400 3-5-4 1115 117.4
1-13 2,195 2.215 1-2-13 89.0 90.9
2-13 1.686 1.716 2-1-13 50.2 50.8
6-8 2,650  2.782 3-1-2-4 2.9 1.5
6-5 2,986  2.989 3-5-4-12 1441 155.1
6-12 3.225 3.235 2-1-3-5 24.0 250
7-8 3.104 3.144 1-2-4-5 28.8 27.8
7-9 2.384 2,378 E (au) -236.41114  -237.63420

Figure 1. Two views of the 6-31+G transition structure and
selected geometrical parameters of the 3-21G and 6-31+G tran-
sition structures of [2,3]-Wittig rearrangement of allyl lithiomethyl
ether.

Both the transition structures have the envelope con-
formation. The structure shown in Figure 1 is from the
6-31+G calculation. The partially formed C,---C; and
0,---C, bonds are almost eclipsed with each other. This
conformation has been most frequently assumed in ana-
lyzing the stereoselectivity and is somewhat different from
the one proposed recently by Mikami and Nakai.!! The
envelope flap carbon (C;) is considerably pyramidal and
H;, is out of the C¢—Cs-C, plant by 25°. This geometry
facilitates the overlap between the central p orbital and
the partially formed bonds. The lithium cation coordinates
nearly antiperiplanar to the C;—C, and O,~C, partial bonds.
This is similar to the situation in the reactant, except that
the lithium is shifted closer to the oxygen atom in the
transition structure.

The transition structure is very unsymmetrical. The
partially formed C,-C; bond length is 2.38 A, which is
longer than the forming C-C bond lengths (~2.2 A) found
in other pericyclic transition structures.!> The partially
broken O,~C, bond, however, is only 1.89 &, which is longer
than a normal C-O bond by about 0.45 A. This “early”
transition structure is partially the result of the large ex-
othermicity of the reaction. The C4-C;—C, fragment is
geometrically similar to the allyl anion, but the C;~C5-C,
angle is only 117° while the allyl anion has an angle of
about 130°.13 This small angle is probably caused by the
constraint of a five-membered ring transition structure and
the partial negative charge.

Based on the calculated transition structure, it is clear
why (E)-alkenes are the favored products. Hgy and H,, are
at axial positions, and the Hy—H;, distance is only 2.53 A.
This distance is smaller than the 1,3-diaxial hydrogen
distance in cyclohexane, which is ~2.6 A. Replacement
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of Hy, by an alkyl group is expected to introduce significant
steric destabilization, while replacement of H;; by an alkyl
group should not introduce steric hindrance.

The preference here is different from that of the free
crotyl anion (where the methyl group favors the syn pos-
ition).!4 The syn preference in the crotyl ion is believed
to be the result of electrostatic interactions. Since the
methyl group is an electron-donor, the methyl hydrogens
are partially positive A syn methyl is stabilized by the
negative charge on the allyl fragment. In the present case,
the C4—C5—C, fragment is only partially negative, and the
electrostatic effect is not important in determining the
relative stability of syn and anti substitutions.

The general trend in diastereoselectivity at the forming
bond indicates that the substituent, G, at C; generally
perfers the exo position (H; in Figure 1). According to the
calculated transition structure, this exo position is more
sterically crowded compared to the endo position. Hy, the
exo hydrogen, is 3.1 and 2.4 A from Hg and H,, respectively.
Hg, the endo hydrogen, is 2.8 and 3.0 A away from Hg and
C;, respectively. Thus, the H;~H, interaction should be
quite large. It was proposed previously that an endo G
group has severe steric interactions with H;,.!2 However,
the Hg—H;, distance in the transition is 8.2 A, and steric
interactions involving groups at these positions seem not
to be important.

In Diels—Alder reactions, substituents often prefer the
endo position. Many explanations have been invoked,
including that the endo position is favored by steric ef-
fects,'51% “secondary orbital interactions”, or electrostatic
interactions.!” In the present case, a negative charge
develops at C, in the transition structure, and the elec-
trostatic effects should be much greater than in the neutral
Diels—Alder reactions. An endo w-acceptor, or positively
charged substituent, should stabilize the transition
structure. On the other hand, an endo 7-donor, or negative
charged substituent, should destabilize the transition
structure.

For qualitative evaluation of the orientational prefer-
ences of G, 3-21G single point calculations were carried out
by replacing Hg or H; with a standard substituent. The
results are given in Table . When G is CCH, little steric
interaction is expected for either endo or exo positions.
Nevertheless, the exo position is favored by about 0.9
kcal/mol. This can be attributed to the electron-rich
character of the group. Cyano is a weak electron-deficient
w-acceptor, but the calculations still gave a 0.5 kcal /mol
preference for the exo position. This result could be
somewhat problematical since previous calculations on the
reactions of butadiene and cyclopentadiene with substi-
tuted ethylenes give a systematic incorrect exo preference
for cyano group compared to experiments.!®* The formyl
group, a good w-acceptor, was arranged in the syn con-
formation with respect to the C,~O, bond. The calcula-
tions gave a 2.8 kcal/mol preference for the endo position.
This is similar to the endo preference calculated for the
Diels—Alder reaction of butadiene with acrolein, where the
formyl group favors the endo position by 0.3-0.4 kcal/
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Table I. Relative Energies (kcal/mol) of Endo and Exo
Substitutions Estimated by Single Point Calculations on
the 3-21G Transition Structure with a Standard
Substituent Replacing Hg or H;

H H._
H \I. : - H
| 0
Gexfgc,xo
G E.q(endo) E,(ex0)
C=CH 0.9 0.0
C=N 0.5 0.0
CHO 0.0 2.8
SiH, 0.0 0.0
CH, 1.5 0.0
Scheme II
SiR
OSiR, &-—o/ 3
K\ base /\< L
OSiR v :
O\ o HOY' NG G&H
G (Z) erythro

mol.1® The electronic interactions between the Li cation
and the carbonyl oxygen of the formyl group could con-
tribute somewhat to this endo preference, since the Li-Q
distance is 2.91 A in the endo structure while it is 3.1 A
in the exo structure. However, the inherent endo prefer-
ence of the group is clear.

When the substituents SiH; and CH; were calculated,
they were arranged in the staggered conformation with

(19) Loncharich, R. J.; Brown, F. K.; Houk, K. N. J. Org. Chem. 1989,
54, 1129.

respect to the C;—C; bond. While SiH, gives no preference,
CH; gives an exo preference of 1.5 kcal/mol. While there
is no obvious steric reason for this, we can rationalize it
by electrostatic arguments. Overall, methyl is negatively
charged and SiH; is positively charged, according to
Mulliken population analyses. Therefore, electronically
SiH; should be favorable for the endo position.

Although optimizations and higher level basis sets are
necessary to give a more accurate account of the steric and
electronic effects, these initial simple calculations do
suggest that while there is a general exo preference for G,
good w-acceptors like the carbonyl group and electropo-
sitive groups like SiR; tend to favor the endo position. By
applying these qualitative features, we can explain not only
the general trends of the stereoselectivities but also the
exception that carbonyl substituents lead to opposite sense
of stereoselectivity. We also explain the exceptional anti
selectivity for Z-siloxy allylic system observed by Nakai
et al.X (Scheme II) by the electrostatic argument. Namely,
G tends to avoid a syn orientation to OSiR; because the
lone pairs on O cause a significant destabilizing interaction
with G.

Further studies on quantitative aspects of the steric and
electronic effects of various substituents and molecular
modeling of stereoselectivities have been undertaken® and
will be reported in the near future.
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Summary: The enantioselective synthesis of the spiroe-
nones 3, 4 from (S)-glycidol-O-benzyl ether and lithiated
furan derivatives is described. After conjugate addition
of lithium dimethyl cuprate or lithium divinyl cuprate and
conversion of the resulting saturated ketones to their re-
spective iodides 7 and 8, fragmentation of these halides
leads to the formation of acyclic aldol-containing carbon
skeletons.

The plethora of natural products that arise from the
polyacetate biosynthetic pathways has in recent years
stimulated many elegant and efficient synthetic methods?®
for the construction of complex 1,3-dioxygenated carbon
frameworks. While 1,3-diols can be used directly or after
suitable blocking in further synthetic work, aldol systems

(1) No reprints of this paper are available.

(2) For a review of synthetic methodology in the context of the aldol
reaction, see: (a) Heathcock, C. H. In Asymmetric Synthesis; Morrison,
J.D., Ed.; Academic Press: New York, 1984; Vol. 3, p 111. (b) Evans,
D. A;; Nelson, J. V.; Taber, T. R. Top. Stereochem. 1982, 13, 1. (¢) Braun,
M. Angew. Chem., Int. Ed. Engl. 1987, 26, 24.

0022-3263/90/1955-1423802.50/0

are seldom used as intermediates in extended synthetic
plans due to their susceptibility to dehydration and/or
reverse reaction. In addition to the aldol unit’s intrinsic
value for the synthesis of molecules like erythromycin and
FK-506, recent work?® on directed reduction procedures
that form 1,3-diols of predetermined stereochemistry make
an aldol unit an attractive intermediate for the synthesis
of complex polyoxygenated compounds. For this to be
feasible it is necessary that the aldol unit be masked during
the intermediate synthetic operations.

One such masked system is the A%-isoxazoline grouping?
which has been used in many successful syntheses® but in

(3) For anti diols, see inter alia: Evans, D. A.; Chapman, K. T.; Car-
reira, E. M. J. Am. Chem. Soc. 1988, 110, 3560. For syn diols, see, inter
alia: Nakata, T.; Tani, Y.; Hatozaki, M.; Oishi, T. Chem. Pharm. Bull.
1984, 32, 1411.
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thesis; VCH: New York, 1988. (b) Curran, D. P. Advances in Cyclo-
addition; Curran, D. P., Ed.; JAI Press: New York, 1988; Vol. 1, p 129,
(c) Kozikowski, A, P. Acc. Chem. Res. 1984, 17, 410.
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