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ABSTRACT: To obtain further evidence for the im-
portance of the ground state conformational and
orbital properties in p-facial diastereoselection of 1,3-
diheteran-5-ones (heteroatom � O, S, Se), 2-phenyl-
1,3-diselenan-5-one (3a) has been synthesized, and its
p-facial diastereoselection upon hydride reduction has
been examined. The experimental data of p-facial ster-
eoselection of 3a has been successfully rationalized by
the exterior frontier orbital extension model (the EFOE
model). Intrinsic reaction coordinate (IRC) and nat-
ural bond orbital (NBO) analyses of transition states
of LiAlH4 reduction of this ketone have strongly indi-
cated that the transition state effects (the torsional
strain of the carbonyl moieties and the antiperiplanar
effects involving the incipient bond proposed by the
conventional theoretical models for p-facial diaster-
eoselection; the Felkin-Anh model and the Cieplak
model) are not responsible for facial selection. � 2001
John Wiley & Sons, Inc. Heteroatom Chem 12:358–
368, 2001

INTRODUCTION

The origin of p-facial diastereoselection in nucleo-
philic addition reactions to carbonyl substrates has
been the subject of intense debate for half a century

Correspondence to: Shuji Tomoda.
� 2001 John Wiley & Sons, Inc.

[1]. Diastereoselectivity has been rationalized by
various stabilization mechanisms, especially in
terms of the antiperiplanar hyperconjugative effect
(hereafter abbreviated as the AP effect) that empha-
sizes the importance of the interaction between the
incipient bond and an adjacent AP bond in the tran-
sition state (the Felkin-Anh model [2] and the Cie-
plak model [3]). As a consequence, most arguments
are based on the transition state stabilization effects.
However they have been discussed without quanti-
tative evaluation. Recently we have proposed a new
theoretical model (the exterior frontier orbital exten-
sion model [EFOE]) to explain and predict the p-fa-
cial diastereoselection of nucleophilic addition to
carbonyl compounds [4]. This model is based on the
simple assumption that the facial difference in the
reaction driving force between the two carbonyl
faces must be the origin of p-facial diastereoselec-
tion [5]. Two quantities corresponding to the first
term (exchange repulsions and steric effect) and the
third term (donor–acceptor stabilizing interactions)
of the Salem-Klopman equation [6], namely p-plane-
divided exterior frontier orbital electron density
(EFOE density) and p-plane-divided accessible space
(PDAS), were defined (See appendix). Remarkable
predictive power of this simple semiquantitative
model has been shown using a variety of cyclic ke-
tone substrates including substituted cyclohexano-
nes, decalones, adamantanones, bicyclic ketones, 4-
piperidones, imines, and iminium ions [7]. Very
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SCHEME 1

recently we have reported another successful appli-
cation of the EFOE model to 1,3-diheteran-5-ones
(heteroatom � O, S; 1 and 2) [8].

The unique reversal of face selection in nucleophilic
additions of 2-phenyl-1,3-dioxan-5-one (1a) and 2-
phenyl-1,3-dithian-5-one (2a) has been a controver-
sial debate since the early 1980s [3]. LiAlH4 reduc-
tion and the Grignard reaction of 1a gave the
equatorial alcohol predominantly via axial attack
(92–97%) [9] even when bulky reagents, such as iso-
PrMgI or tert-BuMgI, were employed. Jochims inter-
preted these results in terms of reduced steric hin-
drance in the axial face of 1a owing to the lack of
two axial hydrogens at the 1- and 3-positions in the
6-membered ring. Interestingly, their subsequent
studies using the sulfur analog (2a) indicated com-
plete stereochemical reversal in nucleophilic addi-
tions of 2a with LiAlH4 and Grignard reagents (85–
93%) [10].

Wu and Houk performed MM2 force field cal-
culations of the parent compounds (1b and 2b) and
proposed the torsional strain to be responsible for
the observed stereochemistry [11]. On the other
hand, Cieplak interpreted these results according to
his assumption of the order in the electron-donating
abilities of the antiperiplanar bonds (C–S � H–H �
C–C � C–O) [3]. Wu and Houk disclosed criticism
against Cieplak’s hypothesis to propose again the tor-
sional strain model with strong emphasis on the
electrostatic solvent interaction with heteroatoms
[12].

Herein we describe further successful applica-
tion of the EFOE model [13] to the hydride reduction
of the selenium analog of 1,3-diheteran-5-ones (3).

COMPUTATIONAL METHODS

Ab initio molecular orbital calculations were per-
formed with GAUSSIAN 94 and GAUSSIAN 98 [14].
The Becke three-parameter hybrid functional com-
bined with the Lee, Yang, and Parr (LYP) correlation
functional, denoted as B3LYP [15], or with the non-
local correlation provided by the Perdew 91 expres-
sion (B3PW91) [16], was employed in the calcula-
tions using the density functional theory (DFT).
Geometries of transition states were optimized with
the Huzinaga basis set [17] for Se and 6–31G(d) basis
set for other atoms. Vibrational analyses were per-

formed for all transition states to confirm that they
have only one imaginary frequency. Intrinsic reac-
tion coordinate (IRC) and natural bond orbital
(NBO) [18] analysis were carried out at the HF/3-
21G(d) level. HF level geometry optimizations were
used for all substrates with the Huzinaga basis set
for Se and 6-31G(d) basis set for other atoms. The
EFOE model analyses were performed using our
program [19].

RESULTS AND DISCUSSION

Synthesis and Reduction of 3a

Synthesis of the model compound (2-phenyl-1,3-di-
selenan-5-one; 3a) is shown in Scheme 1. Treatment
of 2,3-dichloro-1-propene with N-bromosuccinimide
(NBS) in methanol gave 1-bromo-3-chloro-2,2-di-
methoxypropane in 84% yield. Acidic acetal ex-
change of the dimethoxyacetal with ethylene glycol
followed by reaction with Na2Se2 gave the ethylene
glycol acetal of 3,4-diselenacyclopentan-1-one (4) in
33% yield [20]. Compound 4 was allowed to react
with NaBH4 in the presence of dibromophenyl-
methane to give the acetal of the desired compound
(5), which was hydrolyzed with TsOH to obtain the
desired model compound (3a) in 76% overall yield
from 4.

Reduction of 3a with LiAlH4 (Et2O, room tem-
perature [r.t.]) quantitatively provided a 10:90 mix-
ture of the equatorial and axial alcohols (6a and 6b).
Similarly, NaBH4 (MeOH, r.t.) reduction afforded a
6:94 mixture of 6a and 6b in 98% yield. In either
case, equatorial hydride delivery was preferred. The
ratio was obtained by integration of the benzyl hy-
drogen signal (5.33, 5.23 ppm for the equatorial al-
cohol and the axial alcohol, respectively) of their 1H
NMR spectra. The stereochemistry of the major
product (6b) was confirmed by X-ray crystallo-
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FIGURE 1 Molecular structure of 6b in the crystal.

graphic analysis, which indicated that the phenyl
and the hydroxyl groups are on the equatorial and
the axial orientation, respectively (Figure 1). There-
fore, it is concluded that the metal hydride reduction
of 2-phenyl-1,3-diselenan-5-one (3a) gave similar re-
sults as those of 2-phenyl-1,3-dithian-5-one (2a): the
axial alcohol generated by equatorial attack is the
major product.

TRANSITION STATE ANALYSIS

Structures

The transition state (TS) structures for the reduction
of 3b with LiAlH4 are shown in Figure 2 and sum-
marized in Table 1 along with those of other systems
for comparison. Like other 1,3-diheteran-5-ones sys-
tems, the imaginary frequency of the equatorial tran-
sition state (eq-TS) for 3b (mi � �201.1 cm�1) is
greater than the corresponding value of the axial
transition state (ax-TS) (mi � �146.6 cm�1). Each
vibrational mode corresponds to the stretching vi-
bration of the incipient bond. The structures around
the reaction center are similar to those of the other
1,3-diheteran-5-ones [21]. Comparison between the
transition state data of the 1,3-diheteran-5-ones (1b,
2b, and 3b) reveals that (1) the hydride approaching
angles (h) and the torsional angles between the in-
cipient bond and the vicinal antiperiplanar bond
(the AP bond) (�) are nearly the same, but (2) as
chalcogen atoms becomes heavier, the incipient
bond distances (C�O • • •H) of the ax-TS get longer
(1.862, 1.952, and 2.090 Å for X � O, S, Se, respec-
tively), whereas the corresponding values of the
eq-TS get shorter (1.716, 1.544, and 1.451 Å,
respectively).

Table 2 presents the data of vibrational analysis
for 3b along with those of 1b and 2b. Relative total
electronic energy (ZPVE-corrected) between the ax-
ial transition state (ax-TS) and the equatorial one
(eq-TS) for 3b is �3.68 kcal mol�1 in favor of the eq-
TS. Corresponding values of 1b and 2b are 2.65 and

�1.61 kcal mol�1, respectively, in agreement with
the experimental stereoselectivity.

TRANSITION STATE STABILIZATION
EFFECTS

Recently, we reported that the results of the theo-
retical transition state analysis were inconsistent
with the conventional transition state models [4]. It
should be noted that the new data of transition state
analysis for 3b are in accord with the previous con-
clusion that the AP effects operate against facial
diastereoselection. Table 3 shows the quantitative
evaluation of the antiperiplanar hyperconjugative
stabilization effect (the AP effect) obtained by com-
puting the magnitude of the antiperiplanar bond
elongation as well as by natural bond orbital (NBO)
analysis [18]. The LiAlH4 transition states of 3b (X
� Se) show significant difference in percent bond
elongation (%BE) [22] of the antiperiplanar bonds
vicinal to the incipient bond (C4–H4ax/C6–H6ax for
ax-TS or C4-Se3/C6-Se1 for eq-TS) due to the AP ef-
fect between the ax-TS (�0.38%) and the eq-TS
(�0.31%) relative to the ground-state 3b optimized
at the same level. The relative magnitude of these AP
effects is clearly inconsistent with the observed facial
selection for 3a. It is surprising that the %BE value
for the eq-TS is negative, suggesting bond (C–Se)
shortening rather than elongation at the transition
state. In consonant with these results, the difference
in NBO bond population (DBP), obtained at the
same level and method as employed for transition
structure calculations, for the antiperiplanar bonds
between the transition state and the ground state
was �0.0244 e (electrons) for ax-TS and �0.0077 e
for eq-TS. The greater DBP for the former is again
consistent with the greater AP effect in ax-TS. Hence,
the AP effects are apparently operating against the
observed stereoselectivity for 3b as observed previ-
ously for the reduction of cyclohexanone, adaman-
tanone, 1b and 2b [7,21]. We emphasize here once
again that the AP effect should be regarded as an
internal energy relaxation mechanism that operates
against the direction of bond formation process [4].

INTRINSIC REACTION COORDINATE (IRC)
ANALYSIS

Intrinsic reaction coordinate (IRC) analysis pro-
vided further evidence for the remarkable conclu-
sions drawn from the previous transition state anal-
yses. Figure 3 depicts (a) plots of bond elongation of
the antiperiplanar bonds (%BE) against the IRC and
(b) plots of the amount of reduced bond population
of the antiperiplanar bonds relative to the electron
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FIGURE 2 Transition state structures of LiAlH4 reduction of 1,3-diselenan-5-one (3b) (B3PW91/Huzinaga basis for Se and
6-31G(d) for C, H, O, Al and Li).

TABLE 1 Selected Structural Parameters for the Transition States (TS) of 1,3-Diheteran-5-ones (1b, 2b and 3b; X � O, S,
Se) and Cyclohexanone Reduction with LiALH4

a,b

Compounds TS cml hd C�O • • •He �f H � Al O • • •Li C�O C�O � C� C� � Xb

1b ax
eq

�290.7
�340.3

108.6
109.0

1.862
1.716

177.2
152.1

1.660
1.688

1.822
1.796

1.254
1.258

1.525
1.536

1.419
1.434

2b ax
eq

�234.6
�383.3

106.4
110.0

1.952
1.544

177.3
167.2

1.652
1.720

1.830
1.770

1.252
1.243

1.524
1.535

1.829
1.842

3b ax
eq

�146.6
�201.1

105.2
111.4

2.090
1.451

173.3
171.0

1.645
1.740

1.846
1.763

1.245
1.277

1.512
1.529

1.960
1.973

Cyclohexanone ax
eq

�377.7
�392.6

109.8
109.5

1.531
1.556

177.6
161.6

1.709
1.702

1.764
1.771

1.284
1.283

1.531
0.153

1.536
1.547

aCalculated at the B3LYP/6-31�G(d) level (X � O, S), B3PW91/6-31G(d) with Huzinaga basis for Se.
bAngles in degree and bond distances in Å.
cImaginary vibrational frequency (cm�1).
dThe angle between the incipient bond and the carbonyl bond.
eDistance of the incipient bond.
fThe torsion angle between the incipient bond and the vicinal antiperiplanar bond.

SCHEME 2

population of the corresponding bond of substrate
ketone (DBP) against the IRC. In both axial and
equatorial processes, the AP effects (roughly) mon-
otonically decrease toward transition states. More-
over, these results indicate that they operate against
observed facial stereoselection. In the reduction of
3b, the AP effects in the process toward eq-TS are

always smaller than those in the corresponding axial
process. In particular, the preferred equatorial pro-
cess of the reaction of 3b shows negative %BE all the
way along the IRC, indicating that the antiperiplanar
bonds become shorter than those in the initial sub-
strate ketone throughout this process. Similar trends
were observed in 1,3-dithian-5-one systems [21]. All
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TABLE 2 Vibrational Analysis of the Transition States (TS) of 1,3-diheteran-5-ones (1b, 2b, and 3b; X � O, S, Se) and
Cyclohexanone Reduction with LiALH4

a

Compounds TS Freq.b ZPVEc Ed DEe

1b ax
eq

�290.7
�340.3

83.75
83.96

�634.07726
�634.07336

2.65

2b ax
eq

�234.6
�383.3

78.97
79.42

�1280.02383
�1280.02712

�1.61

3b ax
eq

�146.6
�201.1

77.44
77.96

�5282.42236
�5282.42905

�3.68

Cyclohexanone ax
eq

�377.7
�392.6

113.97
114.12

�562.29163
�562.28970

1.36

aCalculated at the B3LYP/6-31�G(d) level (X � O, S), B3PW91/6-31G(d) with Huzinaga basis for Se.
bImaginary vibrational frequency (cm�1).
cZero point vibrational energy in kcal mol�1.
dTotal electronic energy in au.
eZPVE-corrected energy difference in kcal mol�1.

TABLE 3 Selected Parameters for the Transition States (TS) Structures and Antiperiplanar Effects of 1,3-Diheteran-5-ones
(1b, 2b, and 3b; X � O, S, Se) Reduction with LiALH4

a,b

C4-Hax

(C6-Hax)
C4-X3

(C6-X1)

X TS �c sd

(Å)
(%BE)f

BPe

(DBP)g

(Å)
(%BE)f

BPe

(DBP)g

ax 177.2 32.0 1.106
(�0.11%)

1.9606
(�0.0068)

O
eq 152.1 55.2 1.434

(�0.62%)
1.9806

(�0.0081)

ax 177.3 42.3 1.101
(�0.25%)

1.9584
(�0.0188)

S
eq 167.2 70.3 1.842

(�0.11%)
1.9679

(�0.0002)

ax 173.3 44.5 1.0987
(�0.38%)

1.95642
(�0.0244)

Se
eq 171.0 74.0 1.9703

(�0.31%)
1.96323

(�0.0077)
aCalculated at the B3LYP/6-31�G(d) level (X � O, S), B3PW91/6-31G(d) with Huzinaga basis for Se.
bAngles in degree and bond distances in Å.
cThe torsion angle between the incipient bond and the vicinal antiperiplanar bond.
dDihedral angle between C4–C5 and C6–X1 bond.
eBond population calculated with NBO analysis.
fPercent bond elongation (�) or shrinkage (�) relative to the corresponding bond distance of ground-state 1,3-diheteran-5-one optimized at
the B3LYP/6-31 � G(d) level.
gDifference on bond population of the corresponding bond between TS and ground-state 1,3-diheteran-5-one optimized at the B3LYP/6-31 �
G(d) level.
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these theoretical observations strongly suggest the
following two remarkable statements: (1) the AP ef-
fects operate effectively in the initial process and
they are attenuated steadily toward the transition
state and (2) they operate against observed facial
diastereoselection.

In agreement with these conclusions, NBO anal-
ysis along the IRC toward transition states suggested
that the amount of reduced bond population of the
antiperiplanar bonds relative to the electron popu-
lation of the corresponding bond of substrate ketone
(DBP) monotonically decrease along the IRC as
shown in Figure 3b. This again clearly suggests that
the strength of the antiperiplanar bonds increases
toward the transition state and is entirely consistent
with the trends exhibited by %BE (Figure 3a).

APPLICATION OF THE EFOE MODEL

The significant conclusion drawn from the previous
discussion is that transition state effects may not be
an essential factor of diastereoselection in these nu-
cleophilic carbonyl additions. Considering these re-
sults as well as the origin of p-facial diastereoselec-
tion again, the element of diastereoselection would
be the p-facial difference in rate constants rather
than transition state events. Accordingly, we have ap-
plied here again the exterior frontier orbital exten-
sion model (the EFOE Model) [4]. This model as-
sumes that the ground state conformational and the
electronic properties may be responsible for the ob-
served stereoselection of 3a. The results of EFOE

analysis using orbital (lowest unoccupied mo-p*C�O

lecular orbital [LUMO] � 2 for 3a and LUMO for
3b), collected in Table 4 along with those of 1 and 2
for comparison, are entirely consistent with experi-
mental diastereoselectivity. Enhanced preference for
equatorial hydride (LiAlH4) attack at 3a (ax:eq �
10:90) compared with 2a (ax:eq � 15:85) is consis-
tent not only with the marginal axial values of EFOE
density (0.043% for 3a and 0.299% for 2a) but also
with PDAS values (10.5 atomic unit (au)3 for 3a and
17.9 au3 for 2a). Moreover, the p-facial differences in
the PDAS values between 1a and 2a clearly indicat-
ing that the steric environment around their car-
bonyl carbons is opposite with each other. Hence the
facial diastereoselection for 3a is both orbital- and

FIGURE 3 Plot of (a) % elongation of the antiperiplanar bonds (%BE) and (b) reduced bond population for the antiperiplanar
bonds (DBP) against IRC (unit; amu1/2 bohr) for the LiAlH4 reduction of 3a (HF/3-21G(d) using Huzinaga basis for Se).

TABLE 4 EFOE Analysis of 1, 2, 3, and Cyclohexanone and
Observed Diastereoselectivity (ax:eq)a

EFOE
Density (%)b

PDAS
(au3)c

Obs. (%)
Compd. ax eq ax eq ax:eq

Cyclohexanone 1.940 0.249 19.4 47.2 92:8
1a 1.279 0.245 67.6 26.5 94:6
1b 1.739 0.243 71.2 26.2 —
2a 0.299 0.882 17.9 55.4 15:85
2b 0.277 0.834 18.4 54.6 –
3a 0.056 0.764 10.4 62.9 10:90
3b 0.043 0.682 10.5 62.4 —
aCalculated at the HF/6-31G(d) level using Huzinaga basis for Se.
bp-Plane-divided exterior frontier orbital electron density.
cp-Plane-divided accessible space.
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steric-controlled like other 1,3-diheteran-5-ones (1a,
2a) [21] in sharp contrast to cyclohexanone, which
is orbital controlled [13].

Figure 4 depicts the side views of the confor-
mations and LUMOs of 1b, 2b, and 3b optimized at
the HF/6-31G(d) level. It is interesting to note that
the conformation of 3b around the carbonyl is more
puckered than that of 2b (torsion angle along
O�C5–C6–Se1; s � 107.4�, O�C5–C6–S1; s �
115.9�, respectively). The puckering of 3a causes an
increase in PDAS values at the equatorial face. On
the other hand, the geometry of 1b around the car-
bonyl is nearly planar (torsion angle along O�C5–
C6–O1; s � 158.5�), which leads to the enormous
steric relaxation at the axial face.

Thus the facial diastereoselection of these sub-
strate ketones can be reasonably explained by their
ground state frontier orbital extension (EFOE den-
sity) and conformation (PDAS).

CONCLUSIONS

Origin of Conformational Deformation

The results disclosed in the previous sections suggest
that the origin of facial diastereoselection may be
attributed to the uniqueness of the ground state
properties of 3 rather than to the transition state an-
tiperiplanar effects involving the incipient bonds.
Figure 5 shows the side views of optimized 1b, 2b,
and 3b along with 1,3-ditelluran-5-one. It is imme-
diately recognized that their six-membered rings are
more folded on going from left to right (O to Te). The
� values (the angle between the carbonyl plane and
the plane containing X1, X3, C4, and C6) steadily
increase on going from light to heavier chalcogeni-

des (156.6�, 123.1�, 116.4�, 110.4� for O, S, Se, Te,
respectively). In consonance with such a trend, the
PDAS values over the axial face of the carbonyl plane
steadily decrease (71.2, 18.4, 10.4, and 6.3 au3 for O,
S, Se, Te, respectively). The mechanism of confor-
mational deformation of six-membered rings con-
taining heteroatom(s) is commonly ascribed to
changes in bond angles and lengths owing to the
unique covalent properties of heteroatoms [23].
However, in the presence of a functional group pos-
sessing low-lying local LUMOs such as carbonyl, an-
other factor that affects significantly the conforma-
tion of the system may become important, since
electron delocalization that occurs via vacant local
molecular orbital(s) (MO) [24] is greatly facilitated
by the presence of both low-lying unoccupied local
MO(s) and nearby high-lying occupied MO(s). Since
the order of the latter for the four heterocycles de-
picted in Figure 5 is rCTe � rCSe � rCS � rCO �, it is
expected that the hyperconjugative stabilization be-
tween these orbitals and carbonyl orbital may play
an important role on molecular conformation.

Table 5 shows the results of NBO analysis of four
analogs of 1,3-diheteran-5-ones (heteroatom � O, S,
Se, Te). It is shown that hyperconjugative electron
delocalization around the carbonyl p bond is signifi-
cant. Cieplak mode indicates the hyperconjugation
from antiperiplanar bonds to carbonyl carbon, while
Felkin-Anh mode indicates the other way (from car-
bonyl carbon to antiperiplanar bonds). Each of them
is further classified into two mechanisms. It is
clearly revealed that 1b (X � O) prefers the hyper-
conjugation between rC4H4ax and pC�O. On the other
hand, heavy chalcogenides (X � S, Se, Te) prefer the
hyperconjugation between rX3C4 and pC�O.

FIGURE 4 Side views of the LUMOs of 1b, 2b, and 3b (HF/6-31G(d)).
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FIGURE 5 Side views of 1,3-diheteran-5-ones (heteroatom � O, S, Se, Te) (HF/6-31G(d)). � denotes the folding angle
between the carbonyl plane and the X1-X3-C4-C6 plane. Numerical values indicated in the structures are PDAS in au3.

TABLE 5 Antiperiplanar Hyperconjugation Involving the
pC�O Orbital in 1,3-Diheteran-5-ones (Heteroatom � O, S, Se
Te) (kcal mol�1)a

Cieplak Mode Felkin-Anh Mode

Heteroatom rC4H4ax →
p*C�O

rX3C4 →
p*C�O

pC�O →
r*C4H4ax

pC�O →
r*X3C4

O 7.65 0.49 1.39 0.92
S 4.26 5.34 1.48 2.64
Se 3.01 8.51 1.18 3.04
Te 2.22 12.25 0.50 2.84
aCalculated at the HF/6-31G(d) level using Huzinaga basis for Se and
Te with diffuse functions for d-orbitals.

Besides, the Cieplak modes predominate over
the Felkin-Anh modes in all cases. It is strongly sug-
gested that hyperconjugative stabilization involving
the carbonyl p orbital may be responsible for ground
state conformational changes.

In conclusion, it is demonstrated again that the
ground state conformational difference among these
heterocyclic systems, affecting both the PDAS and
EFOE density values, should be the origin of p-facial
diastereoselection in six-membered ketones in
general.

EXPERIMENTAL

General Procedure for the Reduction of 2-
Phenyl-1,3-diselenan-5-one (3a)

To a solution of 3a (0.05 mmol) in dry Et2O (4 mL)
was added LiAlH4 (0.1 mmol) under an N2 atmo-
sphere at 0�C. Then, the whole mixture was stirred
at room temperature for ca. 2 hours. The reaction
mixture was worked up by addition of saturated
aqueous NH4Cl solution (4 mL), followed by extrac-
tion with Et2O. Removal of the solvent under re-
duced pressure gave the crude product as a white

solid. Purification of the residue by chromatography
(hexane:EtOAc � 30:1) afforded the product as a
colorless crystal. Satisfactory analytical and spectral
data were obtained for all new compounds. Selected
data for some compounds are as follows.

2-Phenyl-1,3-diselenan-5-one (3a)

White solid, m.p. 101–103�C. IR (KBr): 3448, 2924,
2854, 1700, 1448, 1114, 698 cm�1; 1H NMR (500
MHz, CDCl3) d: 3.41 (d, J � 12, 2H), 3.92 (d, J � 12,
2H), 6.04 (s, 1H), 7.22–7.37 (m, 3H), 7.50–7.60 (m,
2H); 13C NMR (125 MHz, CDCl3) d: 29.5, 30.2, 127.6,
128.7, 129.0, 138.2, 204.6; Ms m/z: 308 (M�, 80Se,
80Se), 306 (M�, 80Se, 78Se), 304 (M�, 78Se, 78Se), 249,
247, 245, 170, 168, 167, 166, 103.

cis-2-Phenyl-1,3-diselenan-5-ol (6b)

White solid, m.p. 131–132.5�C; IR (KBr): 3483, 2919,
1421, 1389, 1035, 697 cm�1; 1H NMR (500 MHz,
CDCl3) d: 2.96 (dd, J � 4.5, 13, 2H), 3.42 (dd, J � 1,
13, 1H), 3.53 (d, J � 12, 1H), 3.60–3.63 (m, 1H), 5,23
(s, 1H), 7.19–7.38 (m, 4H), 7.44–7.48 (m, 1H); 13C
NMR (125 MHz, CDCl3) d: 28.9, 34.5, 54.5, 127.5,
128.3, 128.9; Ms m/z: 306 (M�, 80Se, 80Se), 304 (M�,
80Se, 78Se), 304 (M�, 78Se, 78Se), 249, 247, 245, 170,
168, 167, 166, 146, 103. Recrystallization of the 6b
from hexane and CH2Cl2 gave crystal which was suit-
able for X-ray analysis. Crystallographic data for 6b:
A Rigaku AFC6S diffractometer was employed with
the Mo K� (k � 0.71073 Å) radiation monochro-
matized by graphite. Intensity data were collected
using an x-2h scan technique to a maximum 2h value
of 55.0�. A total of 4870 reflections were collected.
The structure was solved by the direct method (SIR-
92) [25]. The final full-matrix least-squares refine-
ment of F2 against all unique 2438 reflections (Rint �
0.039) was performed by using the SHELXL-97 pro-
gram [26]. The crystal data obtained are as follows:
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Formula, C10H12OSe2; M, 306.12; Space group, mon-
oclinic P21/c; a, 12.460(2) Å; b, 5.657(3) Å; c,
15.233(2) Å; b, 96.659(13)�; V, 1066.5(6) Å3; Z, 4; l,
6.892 mm�1; Dc, 1.907 g/mL; T, 296 K; Size, 0.40 �
0.30 � 0.20 mm; Number of variables, 166; R(F2),
0.069; wR(F2), 0.079. The graphical molecular struc-
ture of 6b (Figure 1) was drawn using the ORTEP-3
program for Windows [27]. Complete lists of atomic
coordinates, thermal parameters, and bond param-
eters have been deposited at the Cambridge Crystal-
lographic Data Centre (No. CCDC-155117).

APPENDIX: THEORETICAL DESCRIPTION
OF THE EFOE MODEL

As noted earlier, the simplest answer to the origin of
p-facial stereoselectivity would be the p-facial differ-
ence in rate constants. The Salem–Klopman equa-
tion (Equation 1) [6], a simple kinetic equation,
which expresses the driving force of a chemical re-
action by the summation of three independent
terms, was thought to provide a reasonable basis to
construct a new theory of p-facial selection.

Q Qk lDE � � (q � q )b S �� a b ab ab � rklab k� l144424443 123
1st term 2nd term

2

2 c c b� ra sb ab� �occ. unocc. occ. unocc.
ab

� �� � � � E � Es r s r r s1444444244444443 (A1)
3rd term

where qa, qb � electron populations in atomic orbital
a or b; b � resonance integral; S � overlap integral;
Qk, Ql � total electron densities at atom k or l; rkl �
distance between atoms k and l; Er � energy level of
MOr; and c � molecular orbital coefficients.

The first term of Equation A1 is the exchange
repulsion term, which corresponds to the interac-
tions among filled orbitals of the reactants. This term
always leads to the destabilization of the system and
is generally considered as steric effect in organic
chemistry. The second term is the electrostatic inter-
action term that is especially important in ionic re-
actions. The third term is the donor–acceptor orbital
interaction term, which should always lead to sta-
bilization of the reacting system and to which the
frontier orbital interaction between reactants gen-
erally contributes most. Among these three terms,
Salem and Klopman pointed out that the first and
the third terms should be particularly important in
common organic reactions [6].

The EFOE model also focuses on the first and
third terms of this equation. It is designed for quan-

titative evaluation of these two terms to identify es-
sential factors of p-facial stereoselectivity of addition
reactions of p-systems in general including ketones,
alkenes, and enolates, etc., and eventually to predict
p-facial stereoselectivity with some simple calcula-
tions and rules. Two new quantities p-plane-divided
accessible space (PDAS) as the steric effect term and
the exterior frontier orbital electron density (EFOE
density) as the orbital interaction term—constitute
the new model. Both quantities focus on the exterior
area of a molecule.

p-PLANE-DIVIDED ACCESSIBLE SPACE
(PDAS)

Steric effect is commonly introduced only as a qual-
itative term in organic chemistry. Highly practical
asymmetric syntheses have been designed through
intuitive estimation of steric effects based on the size
of substituents, such as A-values [23,28] or the van
der Waals radius [29]. However, it is often difficult
to predict steric effects of p-facial selection intui-
tively, in particular, for substrates having complex
substituents around a p-bond. A simple quantity of
p-facial steric effect should provide convenient
means to gain clearer and more effective perception
in designing organic synthesis. Described herein is
the first method of p-facial steric effect calculation
that is useful for common organic unsaturated
substrates.

The new method focuses on three-dimensional
space outside the van der Waals surface of a reactant
molecule [30]. It is based on the simple assumption
that the volume of the outer (exterior) space nearest
to a reaction center should contain steric informa-
tion of the reactant (substrate), since this volume is
precisely the three-dimensional space available for

FIGURE A1 Definition of p-plane-divided accessible space
(PDAS) for the case of formaldehyde.
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the reagent to access the reaction center of the sub-
strate. The exterior volume is calculated for two
faces of p-plane separately. Figure 5 illustrates the
definition of p-plane-divided accessible space
(PDAS) as a reasonable quantitative measure of p-
facial steric effect using formaldehyde as an exam-
ple. Molecular surface is defined as an assembly of
spherical atoms having the van der Waals radii [29].
Integration of exterior three-dimensional space for
the PDAS of the carbonyl carbon is performed ac-
cording to the following conditions. If a three-di-
mensional point P(x,y,z) outside the repulsive sur-
face is the nearest to the surface of the carbonyl
carbon (a reaction center on xy plane) (i.e., if the
distance between P and the van der Waals surface of
the carbonyl carbon (dC) is the shortest compared
with the distance from P to other atomic surface
(two dH and one dO) and if the point is located above
the carbonyl plane (y � 0), the space at this point is
assigned to the above space of the carbonyl carbon.

The integration (summation) of such points is
defined as the PDAS of the carbonyl carbon for the
above plane. For the sake of convenience, spatial in-
tegration is limited to 5 au (2.65 Å) from molecular
surface, where extension of an electronic wave func-
tion is negligible beyond this limit. In general, the
carbonyl plane is defined as the plane that includes
the two sp2 atoms of the p-bond and is parallel with
the vector connecting the two atoms at the �-posi-
tions. The basic concept of PDAS definition is readily
extended to other p-facial steric effect in compounds
containing a general double bond other than
carbonyl.

EXTERIOR FRONTIER ORBITAL
EXTENSION DENSITY

The importance of the exterior area of a substrate on
p-facial stereoselection has also been quantified by
the definition of exterior frontier orbital extension
density (EFOE density), which represents the third
term of Equation A1. Thus the p-plane-divided
EFOE density (EFOE density) is defined as the in-
tegrated (summed) electron density of frontier or-
bital (HOMO for electrophilic addition ore LUMO
for nucleophilic addition) [24] over specific exterior
points over one face of the p-plane of a substrate
molecule satisfying the following condition: the ab-
solute total value of the wave functions belonging to
the carbonyl carbon makes a maximum contribution
to the total value of FMO wave function at the point.
Such a condition guarantees that the driving force
vector on hydride or other reagent is maximally di-
rected toward the sp2 reaction center. Thus integra-
tion of FMO probability density ( ) over such2WFMO
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