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The exterior frontier orbital extension model (the EFOE
Model) strongly suggested that reversal of m-facial
diastereoselection in nucleophilic additions of 1,3-diheteran-5-
ones (heteroatom = O or S) may originate from the unique
ground-state conformation and the m-facial difference in the
LUMO extension around the carbonyl carbon rather than from
transition state effects.

The unique reversal of face selection in nucleophilic carbonyl
additions of 2-phenyl-1,3-dioxan-5-one (1a) and 2-phenyl-1,3-
dithian-5-one (2a) has been the subject of active debate since early
1980.! Jochims et al. reported LiAIH, reduction of 1a.? The
product ratio of the equatorial and axial alcohol was 94 : 6,
indicating slightly higher axial selectivity than 4--
butylcyclohexanone (ax : eq = 92 : 8).% Surprisingly the Grignard
reaction of 1a afforded almost exclusive equatorial alcohol via
axial attack (ax-attack) (96-98%) even when bulky reagents,
such as i-PrMgl or ~-BuMgl, were employed. Jochims interpreted
these unusual results in terms of reduced steric hindrance in the
axial face of 1a owing to the lack of two axial hydrogens at the 3-
and S-positions in the 6-membered ring. Interestingly, their
subsequent studies using the sulfur analog 2a indicated complete
stereochemical reversal in nucleophilic additions of 2a with
LiAlH, and Grignard reagents (85-93%).*
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Wu and Houk reported MM2 force field calculations of the
parent compounds (1b and 2b). They proposed the torsional
strain to be responsible for the observed stereochemistry.® Cieplak
interpreted these results according to his assumption of the order
for the electron-donating abilities of the amfi-periplanar bonds
(C-S > C-H > C-C > C-0).5 Wu and Houk disclosed criticism
against Cieplak's hypothesis to propose again the torsional strain
mode] combined with strong emphasis on the electrostatic solvent
interaction.” Herein we show theoretical evidence which strongly
supports our previous conclusions on the facial diastereoselection
of cyclohexanone reduction.!!

The transition states for the reduction of 1b and 2b with
LiAIH, were calculated at the B3LYP/6-31+G(d) level.® Relative
ZPVE(zero point vibrational energy)-corrected total electronic
energies between the axial transition state (ax-TS) and the
equatorial one (eq-TS) for 1b and 2b were 2.44 and —2.06 kcal
mol~!, respectively, in agreement with the experimental

stereoselectivity for 1a and 2a. The difference in the total
electronic energy of the bare 6-membered ring moiety (distorted
1,3-diheteran-2-one moiety) between ax-TS and eg-TS was found
to be 5.89 kcal mol~! for 1b and 4.06 kcal mol~! for 2b (MP2/6-
31+G(d)), indicating that the torsional strain is greater in eq-TS
than in ax-TS in both cases. Substantially greater deformation of
the 6-membered ring in eq-TS of 2b (4.06 kcal mol™!) is
surprising because this is not consistent with the observed facial
stereoselection of 2a.* This clearly indicates that no logical basis
can be found to single out the torsional strain of the substrate
ketone moiety alone to discuss nt-facial diastereoselection.

Theoretical evidence against the Cieplak model® has been
obtained by natural bond orbital (NBO) analysis.” The LiAIH,
transition states of 1b show significant difference in percent
elongation!© of the anti-periplanar bonds vicinal to the incipient
bond (C4-H4ax/C6-Hobax for ax-TS or C4-03/C6-01 for eqg-TS)
due to the anri-periplanar hyperconjugative stabilization effect
(hereafter called "the AP effect”) between the ax-TS (+0.11%)
and eq-TS (+0.62%) relative to the ground-state 1b optimized at
the same level. The relative magnitude of these AP effects is
clearly inconsistent with the observed facial selection for 1a.* In
consonant with these results, the difference in NBO bond
population (ABP)® for the anti-periplanar bonds between the
transition state and the ground state was —0.0068 ¢ (electrons) for
ax-TS and —0.0081 e for eq-TS. The greater ABP for the latter is
again consistent with the greater AP effect in eg-TS.
Consequently, the Cieplak model cannot be employed to explain
the observed facial stereoselection for 1. The same arguments can
be made for the sulfur analogs (2). The percent elongation!® of
the vicinal anti-periplanar bonds (C4-H4ax/C6-H6ax for ax-TS or
C4-S3/C6-S1 for eq-TS) for ax-TS and eg-TS for 2b were
+0.25% and —0.11%, respectively. The values of ABP for the
anti-periplanar bonds, calculated for the LiAlH, transition states
of 2b, were —~0.0188 ¢ for ax-TS and —0.0002 e for eg-TS.
Hence, the AP effects are apparently operating against the
observed stereoselectivities both in 1b and 2b as observed in the
case of cyclohexanone reduction.!! We emphasize here again that
the AP effects are regarded as a major internal energy relaxation
mechanism that operates against the direction of the bond
formation process.

The above theoretical results strongly suggests that the facial
differences in the transition state effects do not necessarily agree
with observed stereoselectivities. Accordingly we propose here
again! 12 that the ground state conformational and electronic
properties may be responsible for the unique stercochemical
reversal observed for 1a and 2a. Table 1 shows the analysis
based on our new theoretical model for m-facial stereoselection;
“"the exterior frontier orbital extension model” (the EFOE model)!3
using the m~_* orbitals of the three model compounds for each
1,3-diheteran-5-one series along with experimental
stereoselectivities including the recent results of 1¢.!4 Both the
EFOE density (n-plane-divided exterior frontier orbital electron
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Table 1.EFOE Analysis of 1 and 2 and Observed Stereoselectivity 2

EFOE Density /% ® PDAS /fau3¢  §/9¢ Obs. /%
Compd. Compd
ax eq ax eq Reagent ax:egq
f  LiAlH :
1a ¢ 1.279 0.245 67.6 265 40.7 la ?1 94:6
1af RMgl 96~98 : 4~2
1b 1.739 0.243 712 262 404 le e LiAH 89: 11
[ 4 :
1c 1.750 0.241 70.2 26.2  40.2 lce NaBH, 97:3
2a ¢ 0.299 0.882 179 554 -17.1 | 2af LiAlH, 15:85
2b 0.277 0.834 184 546 —205| 2af RMgI® 7~11:93~89
2¢ 0.278 0.854 19.0 54.1 -142

8 Calculated at the HF/6-31G(d) level using the EFOE prog'ram1 3 after structure optimization with Gaussian
9415 3¢ the same level. ® n-Plane-divided exterior frontier orbital electron density.® -plane-divided accessible
space.d Orbital distortion index.! 2 Positive sign indicates distortion toward the axial direction.  LUMO+2. f

Ref. 2 and 4. & Ref. 14. 'R = Me, i-Pr, +-Bu.

density)!? and the PDAS value (m-plane-divided accessible
space)!?  predict correctly the experimentally observed
stereochemical reversal of compounds 1a and 2a. In particular,
the m-facial differences in the PDAS values between these
substrates are significant, clearly indicating that the steric
environment around the carbonyl carbons of these ketones (1 and
2) is opposite with each other. This is quite surprising because the
two heteroatoms belonging to the same family in the periodic table
exhibit exactly the opposite conformational property around the
carbonyl.

Figure 1 depicts the side views of the conformations and the
LUMOs of 1b and 2b optimized at the HF/6-31G(d) level. It is
seen that the conformation of 1b around the carbonyl is nearly
planar (torsion angle along O=C5-C6-01; 1= 158.5") compared
with cyclohexanone (torsion angle along O=C1-C2-C3; 1 =
131.4%). The ring-flattening causes the enormous steric relaxation
at the axial face (PDAS in the axial region = ~ 70 au®). In
contrast, the geometry of 2b around the carbonyl is significantly
puckered (torsion angle along O=C5-C6-S1; T= 115.9%), which
leads to considerable increase in the PDAS values at the equatorial
face (~ 55 au®). The PDAS values for the ax-face of 2 (~ 18 au?),
which lack the axial hydrogens at the 1- and 3-positions, are
nearly the same as the axial PDAS of cyclohexanone (19.4 aud).
The LUMO of 1b is more expanded into the ax-face than in the
equatorial region, where significant out-of-phase (antibonding)
contribution at H4ax and H6ax is observed with negligible
contribution from the lone-pair orbitals in the ax-face. In sharp
contrast, the LUMO of 2b shows significant antibonding

Figure 1. Side views of the LUMOs of 1b, and 2b.

contribution of the lone-pair orbital in the ax-face with nearly zero
contribution at H4ax or H6ax in the eg-face.

The EFOE data are consistent with the experimental facial
stereoselectivity of sterically demanding Grignard reagents, such
as i-PrMgl, which shows nearly the same selectivity as hydride
reduction. It is evident from Table 1 that these theoretical results
should not be affected by the substituent at C2 (Ph, H, or #Bu) in
1,3-diheteran-5-ones. It is therefore concluded that marked
conformational differences should be responsible for the reversal
of facial stereoselection in these cases. Full details of its origin
will be reported in due course.
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