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The unusual facial stereoselection in the hydride reduction of the Danishefsky pyranones (2,3,5,6-tetra-
hydro-4-pyranones) with L-Selectride (Li-sec-Bu3BH) has been explained based on the exterior frontier
orbital extension model (the EFOE model).
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Table 1
Diastereoselectivity of hydride reduction of cyclohexanones (1) and tetrahydropyr-
anones (2) with LiAlH4, NaBH4, and L-Selectride

Compds. R1 R2 LiAlH4 NaBH4 L-Selectride

ax eq ax eq ax eq

1b Me H 75 25a 73 27b 0.7 99.3b

1c H Me 85 15a 77 23b 5.5 94.5b

1d H t-Bu 83 17a 76 24b — —

2b Me H 77 23c — — 3 97c

2c H Me 95 5b 92.5 7.5b 30 70b

2d H t-Bu 94.5 5.5b 89.7 10.3b 24 76b
The origin of p-facial diastereoselection in nucleophilic car-
bonyl additions has been the subject of intense debate in recent
years.1 Attention has been focused mainly on various stabilization
mechanisms in the transition state.2,3 We have recently shown that
the transition state effects in the reduction of cyclohexanone (1),
such as the torsional strain effect and the antiperiplanar hypercon-
jugative stabilization effects, operate against the observed facial
stereoselection.4 To this end, we proposed the new theoretical
model, called ‘the exterior frontier orbital extension model, the
EFOE Model’,5 based on the simple assumption that the origin of
facial selection should be the p-facial difference in the reaction
driving force generated in the early stages according to the
Salem–Klopman equation.6 Herein, we show using the new model
that the facial diastereoselection of the hydride reduction of
2,3,5,6-tetrahydropyran-4-ones (hereafter called simply ‘4-pyra-
none’, 2) is dictated by the ground-state conformational and the
electronic properties of the substrates.

Two unique features on the stereochemistry of 2 in complex
metal hydride reductions have been intensively discussed to date.1

First, simple 4-pyranones (2) are more reactive and give more
equatorial alcohol via axial attack (ax-attack) than corresponding
cyclohexanones (1) (Table 1).7–9 This has been explained tradition-
ally by the Cieplak model,2 Anh’s hyperconjugation,3 or by the tor-
sional strain model.10 Second, unlike cyclohexanone or simple
4-pyranones, 2-methoxy-6-phenyl-2,3,5,6-tetrahydropyran-4-ones
(the Danishefsky pyranones, 3) undergo exclusive ax-attack upon
ll rights reserved.
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reduction with L-Selectride (Li-sec-Bu3BH), a sterically demanding
hydride reagent.11 Danishefsky rationalized the unusual result in
terms of the Cieplak model assuming the diminution in the elec-
tron-donating property of the C2–C3 and the C5–C6 bonds due to
the oxygen(s) at C2 and C6 positions.11 Recently, Gung has pointed
out that both experimental observations could be rationalized by
the ground-state conformational characteristics of these com-
pounds: the six-membered ring of 3 is more flattened than that
of cyclohexanone and the reactive conformation of 3 may be ther-
modynamically less stable 3-AC (Ph in axial position) rather than
3-EC (Ph in equatorial position).12

This Letter describes the theoretical evidence that the ground-
state conformational properties as well as the anisotropic exten-
sion of the frontier orbital (LUMO) over the carbonyl p-faces
a Ref. 7.
b Ref. 8.
c Ref. 9.



Figure 1. Transition state structures of LiMe3BH reduction of cyclohexanone (1a) (B3LYP/6-31+G(d,p)). Bond lengths are in Å.
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should be responsible for the unique facial diastereoselection ob-
served for 2 and 3. Geometry optimization of the axial and equato-
rial transition states for the reduction of 1a, 2a, and 2e with
LiMe3BH was performed at the B3LYP/6-31+G(d,p) level,13 and cal-
culated energy differences between the equatorial and axial transi-
tion states (DHTS = Heq � Hax; Heq and Hax are energies of equatorial
and axial transition state, respectively14) are �0.34, 0.18, and
1.96 kJ mol�1 for 1a, 2a, and 2e, respectively. These energy differ-
ences indicate predominant eq-attack for 1a, but ax-attack for 2a
and 2e. Figures 1 and 2 show the transition state (TS) structures
of 1a and 2a, respectively. The incipient bond distances between
attacking hydride and carbonyl carbon of 2a (1.422 Å for the axial
TS (ax-TS) and 1.539 Å for the equatorial TS (eq-TS)) are longer
than corresponding distances of 1a (1.371 Å for the ax-TS and
1.468 Å for the eq-TS), which is consistent with more reactivity
of pyranones than cyclohexanones. Figure 3a depicts a plot of the
percent elongation of the antiperiplanar bonds (PEB)15 against
these energy differences. Two notable features are seen. First, the
values of PEB for the ax-TS are negative, suggesting that the anti-
periplanar bonds shorten rather than they elongate in the ax-TS,
no matter whether ax or eq preference. Second, contrary to the
previous proposal,9 the antiperiplanar stabilization effects for the
ax-TS decrease slightly and those for eq-TS increase as DHTS (i.e.,
the axial preference of product ratio) increase (1a?2a?2e). The
decrements in the vicinal antiperiplanar bond population due to
the antiperiplanar effects (DBP)16 calculated with natural bond
orbital (NBO) analysis17 show the trends consonant with these re-
sults (Fig. 3b). These theoretical findings clearly suggest that the
Figure 2. Transition state structures of LiMe3BH reduction of 4-tetra
transition effects should not be responsible for the observed
unusual facial stereoselections for 2.
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Quantitative analysis based on the EFOE model5 for 1 and 2 was
therefore performed.18 The EFOE model defines two quantities—
the p-plane-divided accessible space (PDAS) as the first term (the
steric effects) and the p-plane-divided frontier orbital electron
density (the EFOE density) as the third term (donor–accepter
two-electron stabilizing orbital interactions) of the Salem–Klop-
man equation.6 The results collected in Table 2 show some signif-
icant features. First, both the axial face (ax-face) and the equatorial
face (eq-face) of parent 4-pyranone (2a) are sterically more relaxed
(ax-PDAS = 22.0 au3 and eq-PDAS = 47.6 au3) than those of 1a (ax-
PDAS = 20.4 au3 and eq-PDAS = 46.7 au3) owing to ring-flattening
of the former.12c This trend is also observed for other pyranones
(2b–d) and the corresponding cyclohexanones (1b–d), respec-
tively. Second, the LUMO levels for 2 are uniformly lower than
those of 1. Analogously, the EFOE densities over the ax-face of 2
hydropyranone (2a) (B3LYP/6-31+G(d,p)). Bond lengths are in Å.
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Figure 3. A plot of the antiperiplanar effects ((a) percent elongation of antiperiplanar bond (PEB)15 and (b) NBO bond population (DBP)16) against the relative transition state
energies (DHTS = Heq � Hax). Filled and open squares denote the ax-TS and the eq-TS, respectively.
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are slightly higher (1.18%, 1.13%, 1.16%, and 1.14% for 2a, 2b, 2c,
and 2d, respectively) than those of corresponding 1 (1.17%,
1.08%, 1.13%, and 1.09% for 1a, 1b, 1c and 1d, respectively). The
ax-attack preferences of 2 are a little higher than that of 1.7,9 The
trends exhibited by EFOE density, PDAS and the LUMO level are en-
tirely consistent with ax-attack preference as well as enhanced
Table 2
The EFOE analysis of the LUMO (p�C@O) of cyclohexanones and substituted 2,3,5,6-
tetrahydropyran-4-ones (2)a

Compds. R1 R2 EFOE density (%) PDAS (au3) LiAlH4

ax eq ax eq ax:eq

1a H H 1.17 0.32 20.4 46.7 88.5:11.5b,c

1b Me H 1.08 0.38 15.4 48.5 75:25b

1c H Me 1.13 0.34 19.4 47.5 85:15b

1d H t-Bu 1.09 0.36 18.2 47.6 83:17b

2a H H 1.18 0.33 22.0 47.6 —
2b Me H 1.13 0.38 16.5 50.3 77:23d

2c H Me 1.16 0.34 21.1 48.2 95:5e

2d H t-Bu 1.14 0.35 20.4 47.6 94.5:5.5e

2e H OMe 1.23 0.31 25.9 44.0 96:4f

a B3LYP/6-31G(d)//B3LYP/6-31+G(d,p). LUMO corresponds to p�C@O.
b Ref. 7.
c Data of 4-tert-Bu-cyclohexanone.
d Ref. 9.
e Ref. 8.
f NaBH4. Data of 2-methoxy-6-pheynl-2,3,5,6,-tetrahydro-4-pyranone. Ref. 11.
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rate of hydride reduction of 2 compared with that of 1. Hence,
the EFOE model can give reasonable explanation based on the con-
formational and the frontier orbital properties of the ground state
of 2.

The results of EFOE analysis18 of the three conformers of Dani-
shefsky pyranones (3) (3-EC, 3-TB, and 3-AC; Eq. 1) along with the
experimental data are collected in Table 3.11 Preferential axial at-
tack of the borohydride reagents (LiBH4, Li-sec-Bu3BH) at 3b and
3c is consistent not only with the relative magnitude of the EFOE
densities over the two carbonyl faces of the most stable 3b-EC
and 3c-EC, but also with the steric environment around the
carbonyl carbon of these ketones, each of which possesses greater
ax-PDAS value (21.7 au3 for 3b-EC, 16.0 au3 for 3c-EC) than eq-
PDAS (15.3 au3 for 3b-EC, 15.4 au3 for 3c-EC). The EFOE data of
the other conformers 3b-TB, 3b-AC, 3c-TB, and 3c-AC can account
for the observed facial stereoselection as well. However, since
they are all much less stable by more than 10 kJ mol�1 than 3-
EC, their contribution to the observed stereoselection may not be
significant.

The behavior of 3a cannot be readily understood. In agreement
with Gung’s conclusions drawn from MM2 force field calcula-
tions,12c our ab initio calculation at the B3LYP/6-31+G(d,p) level
has shown that the stability order of the three conformers in the
gas phase is EC > TB > AC. Gung postulated 3a-AC conformer as
the most reactive one in solution.12b The data of the EFOE analysis
(Table 3) for all the three conformers are completely consistent
with the observed facial stereoselection with sterically demanding
O

O
Ph

OMe
O

ck

ck

ax attack

eq attack

3-AC

R2

R1 (1)



Table 3
The EFOE analysisa of the LUMO (p�C@O) of the Danishefsky pyranones (3)

Compds. EFOE density (%) PDAS (au3) Rel. E (kJ mol�1)b L-Selectride (NaBH4)

ax eq ax eq Gas phase In THFc ax:eqd

3a-EC 1.03 0.32 24.3 45.2 0.0 0.0 80:20
3a-AC 0.21 0.49 41.1 5.8 17.5 18.5 (96:4)
3a-TB 0.43 0.38 35.1 23.8 9.0 7.8

3b-EC 0.96 0.34 21.7 15.3 0.0 0.0 100:0
3b-AC 0.24 0.27 39.7 3.5 14.8 15.2 (100:0)
3b-TB 0.41 0.55 36.6 10.9 11.8 10.1

3c-EC 0.93 0.38 16.0 15.4 0.0 0.0 93:7
3c-AC 0.26 0.25 15.5 3.5 20.9 19.6 (97:3)
3c-TB 0.61 0.51 14.9 13.2 20.5 19.0

a B3LYP/6-31G(d)//B3LYP/6-31+G(d,p). LUMO corresponds to p�C@O.
b Relative total electronic energy (ZPE corrected) with respect to the EC conformer.
c Calculated by CPCM method.
d Ref. 11.
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L-Selectride. The ax-face of the EC form is much less sterically hin-
dered (ax-PDAS = 24.3 au3) than cyclohexanone (1) or alkyl substi-
tuted pyranone 2b–d (ax-PDAS = 20.4, 16.5, 21.1, and 20.4 au3,
respectively), whereas the eq-face of the EC is more hindered
(eq-PDAS = 45.2 au3) than those of others (eq-PDAS = 46.7, 50.3,
48.2, and 47.6 au3, respectively). There will be enough space for
L-Selectride to access both sides of the carbonyl faces of the EC
form of 3a, while there is a significant difference in the EFOE
densities between at the ax- and the eq-face (1.03% and 0.32%,
respectively). Although the ax-faces of the other two conformers
(AC and TB) are much less hindered (ax-PDAS = 41.1 au3 for and
35.1 au3, respectively) than that of 1, their contribution to the ob-
served stereoselection may not be significant since they are much
less stable by 17.5 and 9.0 kJ mol�1, respectively, than EC. As
shown in Table 3, only marginal solvent effects for conformer pop-
ulations were observed by CPCM method calculation.

In summary, ‘the unusual’ behavior of the Danishefsky pyranon-
es (3) with L-Selectride can be understood basically by the signifi-
cant steric relaxation at the ax-faces in the EC conformers owing to
the electron-withdrawing property of the methoxy substituent at
C2 position. Their EFOE data agree completely with the experimen-
tal stereoselectivity. It is strongly suggested that the antiperiplanar
effects operate against the observed facial stereoselection.
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