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Ab initio MO calculations were carried out, at the MP2/6-311G(d,p)//MP2/6-31G(d) level, to investigate
the conformational Gibbs energy of alkyl 1-phenylethyl ketones, CscHsCHCH;COR, 1 (R = CHj3, C,Hs,
i-C3H7, -C4Hy). Rotamers a and a’ whereby R is synclinal to C¢Hs and the benzylic methyl group is nearly
eclipsed to C=0 have been shown to be the most stable in every case. Rotamer a is stabilized by a
5-member CH/n hydrogen bond and is more abundant than a’, which is stabilized by a less effective
6-member CH/m bond. The diastereomeric ratio of the product secondary alcohols in the nucleophilic
addition to 1 was estimated on the basis of the ground-state rotamer distribution. The Gibbs energy of the
diastereomeric transition states was also calculated for a model reaction (C¢HsCHCH;COR + LiH) at the
same level of approximation. The transition-state geometries leading to the predominant product are similar
to those of the ground-state conformation. In geometries leading to the minor product, the relevant torsion
angles are twisted to avoid unfavourable steric interactions. The short CH/n and CH/O distances suggest
that these weak hydrogen bonds are operating in stabilizing the transition structures. The above two
methods gave results consistent with each other. The mechanism of 1,2-asymmetric induction can thus be
explained on the basis of the simple premise that the geometry of the transition state resembles the ground-
state conformation of the substrate and the nucleophilic reagent approaches from the less hindered side

of the carbonyl n-face.

Introduction

A half-century has elapsed since an empirical rule was
proposed for the stereoselective addition of nucleophiles to
chiral carbonyl compounds.' This is known as Cram’s rule
and various models have since appeared to predict the sense
of the m-facial selectivity and the product ratio of the
1,2-asymmetric induction. These include the Cram chelate
model,' the Cram open-chain model,' the Cornforth dipolar
model,?> the Felkin model®> and the Karabatsos model.* Of
these, the stereochemical mechanism is well-elucidated for
the chelate and dipolar models, and the predictive power
of the stereoselectivity is satisfactory. This is because the
above two models are founded on sound physicochemical
bases that the conformation of the reactants is more or less
fixed by the chelation'® or dipole-dipole interaction® between
polar groups.

On the contrary, the underlying concept has not been well-
understood for the other three models, which deal with typical
acyclic carbonyl compounds. In other words, the influence of
the chiral atom in acyclic compounds on a nearby reaction
centre within the same molecule remains one of the most
important but yet unexplained issues in stereochemistry.®’
The origin of the m-facial diastereoselectivity includes various
factors such as steric, conformational,® electrostatic’ and
anisotropic inductive effects.!® Herein we present our
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interpretation of the mechanism of 1,2-asymmetric induction
of acyclic carbonyl compounds, on the grounds of the rotamer
distribution calculated by the ab initio MO method. Calcula-
tions were also carried out for the transition states of a model
reaction (CcHsCHCH3;COR + LiH). We will show that the
above two methods give the same conclusion, which is that
the transition state of the reaction is reactant-like and the
conformational effect is most important for the n-facial
diastereoselectivity.

Computational method

The Gaussian 98 program'' was used. Electron correlation
energies were calculated by applying the second order
Moller—Plesset (MP2) perturbation theory. The geometry of
the reactants and transition states was optimized at the MP2/
6-31G(d) level of approximation. Using these geometries, single
point calculations were performed at the MP2/6-311G(d,p)
level to estimate the energies of the conformers. Vibrational
frequencies were calculated using the analytical second deriva-
tives at the same level as the geometry optimization for each
conformer. We verified that there is only one imaginary
frequency for each transition state. Using these results, the
thermal energy corrections were added to the total Gibbs energy
at 298.15 K and 1 atmosphere of pressure.
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Table 1 Relative Gibbs energy (kcal mol ') at 298.15 K and 1 atmo-
sphere of pressure at the MP2/6-311G(d,p)//MP2/6-31G(d) level of
approximation. In parentheses is given the C¢Hs—C-C-R torsion angle
¢. In brackets is the number of atoms forming the intramolecular

The conformational energy of alkyl 1-phenylethyl ketones
C6H5CHCH3COR, 1 (R = CH3, C2H5, i-C3H7, [-C4H9),
was reported in a previous paper.'? Fig. 1 is the rotational
energy profile of 1 with R = CHj3 at the MP2/6-31(d) level.
Rotamer a whereby R is synclinal to C¢Hs (R/CgHs torsion
angle ¢ of 77°) and antiperiplanar to the benzylic methyl group
(Me) has been found to be the most stable. A second well is
noted at @ = —77° (rotamer b) accompanied with a shallow
minimum at —45°. In these geometries CH /7 interactions are
able to operate.'>!'* The dearth of the rotamer corresponding
to the R /CqH; antiperiplanar geometry'® (CO/C¢Hs eclipsed)
is impressive; only an unclear shoulder is found at ¢ ca. 150°.
This is consistent with our earlier NMR data.'® We think this
is a consequence of unfavourable electrostatic interactions
between the C=0 dipole and the quadrupole of CsHs.

Here we calculated the conformational Gibbs energy by
adding the thermal energy corrections to the total energy at
298.15 K and 1 atmosphere of pressure. Table 1 summarizes
the Gibbs energies of the rotamers.'” Rotamer a is more stable
than rotamer b by 2.13-2.51 kcal mol! for the methyl and
5.25 kcal mol™! for the r-butyl homologue. The stability of
rotamers a and a’ (vide infra) is understood since only in these
geometries can the CH/O hydrogen bonds'®2° between the
benzylic methyl group and carbonyl oxygen exist (CH3;/CO
torsion angle y around 16-25° for a and 34-40° for a’). Unfa-
vourable steric effects (R vs. CH3) may enhance the relative
instability of rotamer b.}

In the ethyl and isopropyl homologues, three energy minima
(two types: a and a’) were found about the rotation of the
C(=0)—Ca bond. The more stable a bears an o-CH pointing
toward Cipso, thus forming a 5-member CH/m bond, while
rotamer a’ bears a 6-member CH/n bond (B-CH interacting
with C¢Hs). This is consistent with the notion that a 5-member
hydrogen bond is more favourable than a 6-membered one.”!
Table 2 summarizes the rotameric abundance. The population
of rotamer a is 95.9% when R = CHj; and gradually decreases
to 94.3% and 90.2%, respectively, for R = C,Hs and i-C3H;.
The population of rotamer a’ increases in the same order;
the #-butyl homologue exists only in geometry a’.
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Fig. 1 Rotational energy profile of 1 with R = CHj; at the MP2/6-
31(d) level.

T We find no reasonable explanation for the presence of rotamer
b corresponding to the shallow well at ¢ = —45°

356

New. J. Chem., 2004, 28, 355-360

CH/n bond

R Rotamers a, a’ Rotamers b, b’
CH3 0.00 (77) [5] a 2.51 (45 [5]b
2,13 (=77) [5] b

C,H; 0.00 (79) [5] a 2.30 (—40) [5]1 b
1.05 (77) [5] a 2.57 (=78) [5] b
2.05 (93) [6] &’ 3.26 (—78) [6] W

i-CsH; 0.00 (71) [5] a 245 (—63)[5]b
1.55 (96) [6] 2’ 491 (-90) [6] b
2.30 (92) [6] &’ 7.50 (=75) [6] b
t-C4Ho 0.00 (93) [6] &’ 525 (=71) [6] W

Stereochemical course of the nucleophilic addition to alkyl
1-phenylethyl ketones

With regard to the hypotheses dealing with nucleophilic addi-
tion to acyclic carbonyl compounds, the most popular are
models proposed by Cram,' Felkin® and Karabatsos.* Cram’s
open-chain model [Fig. 2(a)] assumes that group L (L: largest,
M: medium, S: smallest) is antiperiplanar to the allegedly
bulky C=0 group. According to this model, the major product
results from the preferential attack of a nucleophile on the side
of the group labelled S. Karabatsos presented another hypoth-
esis on the ground of NMR spin-coupling data of aliphatic
aldehydes.? In this model, M or L is nearly eclipsed to the car-
bonyl group. According to Karabatsos, the configuration of
the major product can be predicted by considering the equili-
brium of the two conformations [Fig. 2(b)].

Felkin and associates postulated that L is orthogonal to the
carbonyl group. According to their suggestion, the approach
of the nucleophile to the reactant is expected to be anti to L,
thus avoiding unfavourable steric interactions [Fig. 2(c)]. This
model is consistent with much experimental data and has been
supported by a number of theoretical studies.®>* In most
cases the above three models predict the correct configuration
of the preferred product; however, they fail to predict (or say
nothing about) the product ratio.

Previously we reported on the mechanism of oxidation of
sulfides to sulfoxide diastereomers.”* The experimental data®
was reproduced by assuming that the geometry of the transi-
tion state is reactant-like and that the reagent approaches from
the less hindered side of the prevailing conformer. Here we
estimated the ratio of the diastereoisomeric products 2 and 3
(Fig. 3), using a procedure similar to that used to study the
oxidation of sulfides. Thus, approach of the nucleophile to 1
may take place more easily from the less hindered side of the
carbonyl n-face. Rotamers a and a’ will give 2 [Figs. 3(A)
and 3(B)] as the predominant product (x > y). Rotamer b
may give 2 and 3 in equal amounts [Fig. 3(C), x = z].

As shown in Table 1, the torsion angle ¢ in rotamer a is
much smaller (71-79°) than in rotamer a’ (92-96°). Hence it
is reasonable to envisage a differing n-facial selection for the
approach of the reagent in the cases of rotamers a and a’. In
rotamer a, formation of a 5-member CH/z hydrogen bond is

Table 2 Rotameric abundance (%) of alkyl I-phenylethyl ketones
CsHsCHCH;COR 1

R Rotamer a Rotamer a’ Rotamer b
CHj; 95.9 - 4.1
C,Hs 94.3 2.6 3.1
i-C3H, 90.2 8.4 1.4
t-C4Hy - 100.0 0.0

This journal is © The Royal Society of Chemistry and the
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Fig. 2 Various models dealing with the nucleophilic addition to
chiral acyclic carbonyl compounds. (a) Cram open-chain model. (b)
Karabatsos model. (c) Felkin model.
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Fig. 3 Plausible explanations for the n-facial selectivity in the nucleo-
philic addition to alkyl 1-phenylethyl ketones.
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possible, whereas in a’ a 6-member CH/n interaction should
occur. In rotamer a’, the phenyl group must rotate to make
an effective 6-member CH/m bond. Consequently, one of the
two ortho hydrogens orients itself toward the carbonyl n-face.
The torsion angle o defined by Cgno—Cipso—C-C(=0) in
rotamer a’ is in fact found to be smaller (50-51°) than in rota-
mer a (55-56°). Accordingly, distances between H o and the
carbonyl group are shorter in rotamer a’ than in rotamer a.
Table 3 summarizes the data.

In rotamer a’, approach of the reagent from this side of the
C=0 n-face will be much disturbed. By assuming x = 4y for
rotamer a [Fig. 3(A)] and x = 49y*’ for rotamer a’ [Fig. 3(B)],
the ratio of the diastereomeric products 2:3 in the nucleophilic
attack to 1 is predicted to be 3.7:1, 3.9:1, 4.3:1 and 49:1, respec-
tively, for R = CH3 N C2H5 5 i—C3H7 and I-C4H9 (Table 4)

Felkin and coworkers reported that LiAlH, reduction of
alkyl 1-phenylethyl ketones CcHsCHCH;COR, 1, gave dia-
stereomeric alcohols in differing yields: 2:3 = 2.8:1, 3.2:1,
5.0:1 and 49:1, respectively, in the above order. Their results,
together with those reported for similar reactions, are given
in Table 5% Different data were reported, depending on
the substrate, reagent and conditions of the reaction. Accord-
ing to our model, the correct structure of the major product
can be predicted by a simple consideration of the equilibrium
of the rotamers. When L = C4Hs, a gradual increase of the
product ratio 2:3 in the smaller alkyl homologues is followed
by an abrupt jump at R = ¢-butyl. The ratio of the product
alcohols does not obey this pattern, however, if L is a non-aro-
matic group such as cyclohexyl. This is understood since in the
latter case the CH/m interaction does not occur.

Table 3 Torsion angles defined by Cyho—Cipso—C—-C(O) (2) and CH3—-
C-C=0 () in ° and distances du,/c, dro/0, dcry/r and denjo in A

R Rotamer o ¥ duoyc dHo/Ob deyyr © dCH/()d

CH;
C,H;

a 56 23 2.766 2.715 2.853 2.538
a 56 25 2764 2.679 2.830 2.621
a 56 20 2.758 2.747 2.830 2.634
a’ 51 37 2735 2.492 2.848 2.592

i-CsH; a 55 16 2738 2.793 2.770 2.654
a’ 51 40 2.749 2.462 2.792 2.588
a’ 51 34 2721 2.504 2.973 2.583
al

-C4Ho 50 36 2725 2.476 2.910 2.565

“ Distance between H,.pn, and carbonyl carbon atom. b Distance
between Hypo and carbonyl oxygen atom. ¢ Distance between CH
(o-CH for a, B-CH for a’) and Cjps, . 4 Distance between one of the
three CHs in the benzylic methyl group and the carbonyl oxygen atom.

Table 4 Ratio of the diastereoisomeric products 2:3 in the nucleo-
philic addition to carbonyl compounds 1

Calculated
R 2 3 2:3 Observed
CH; 78.8" 21.2¢ 3.71 2.9
C,H; 79.5¢ 20.5¢ 3.89 3.2
i-C3H; 811/ 18.9¢ 4.29 5
1-C4Ho 98" 2 49.0 49

“ Ratio of the product secondary alcohols 2:3 in LiAlH,4 reduction of 1
(ether, 35°C). ” From 95.9x0.8+4.1x0.5.  From 95.9x 0.2+
41x0.5. ¢ From 943x08+2.6x098+3.1x05. ¢ From
94.3%0.242.6x0.02+3.1 x0.5. 7 From 90.2 x 0.8 8.4 x
0.98+1.4x0.5. ¢ From 90.2x0.2+84x0.02+1.4x0.5. " From
100 x 0.98. * From 100 x 0.02.
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Table 5 Diastereoisomer ratios of the alcohols produced by the LiAlH, and NaBH, reductions of chiral acyclic ketones LCHCH;COR

L= C6H5 L= CyClO-C6H11

LiAlH4 NaBH, LiAlH, NaBH,
R T = 35°C* T = —43°C T =50°C" T = 35°C* T = —43°C T = 50°C"
CH,4 2.8 (2.5% 4.9 1.6 1.6 (1.4%) 2.7 1.2 (1.7%
C,Hs 3.2 (2.0 5.5 2.0 2.0 3.8 1.6
i-C3H; 5.0 5.9 2.7 4.1 9.7 3.2
t-C4Ho 49 216 7.3 1.6 1.5 35

@ Ethyl ether (Ref. 3). * Isopropanol (Ref. 28). ¢ Ethyl ether (Ref. 1). ¢ Aqueous methanol (Ref. 29).

Energetics of the transition structures of the hydride addition
to alkyl 1-phenylethyl ketones

Next, we carried out ab initio calculations of the transition
states of a model reaction. The geometries of the
diastereomeric transition states (C¢HsCHCH3;COR + LiH
with R = CH;, C,Hs, i-C3H;, -C4Hy) were optimized, at
the MP2/6-31G(d) level, starting from the favoured conforma-
tion of 1. Single-point calculations were carried out at the
MP2/6-311G(d,p) level to estimate the Gibbs energy of the
transition structures. Table 6 summarizes the results. Differ-
ences in the transition structures, leading to products 2 and
3, show a similar tendency as the substituent effect in the pro-
duct ratios estimated on the basis of the rotameric equilibrium.
For instance, the difference in the Gibbs energies between TS1
and TS2 is 1.37 kcal mol™! for R = CH;, whereas it is 4.13
kcal mol™' for R = #-C,Hy.

Table 7 lists some of the geometrical parameters and the
transition-state structures for R = CH; and ¢-C4Hy are given
in Fig. 4. The transition-state geometry TSI that leads to the
predominant product 2 is not much different from the
ground-state conformation. In the geometries, TS2, leading
to the minor product 3, on the contrary, torsion angles ¢,
and « are twisted considerably to avoid unfavourable steric
constraints. Notice that the CH/m and CH/O distances are
very short in all the transition-state geometries. These results
demonstrate that these weak hydrogen bonds play an impor-
tant part in stabilizing the transition structures. The CH3/O
torsion angle ¥ in the transition geometry TS1 leading to the
major product is 23-33°. Consistent with this observation,
the methyl group was reported to be close to C=0 in the most
stable transition structure of nucleophilic reactions (LiH, NaH
etc.) with propanal,®* 2-chloropropanal, 2-methoxypropanal,
2-N,N-dimethylpropanal,®®  2-fluoropropanal,®  2-silylpro-
panal and 2-trimethylsilylpropanal.*

Table 6 Relative Gibbs energy (kcal mol™!) of the transition states
calculated at the MP2/6-311G(d,p)//MP2/6-31G(d) level of approxi-
mation for the model reaction CqHsCHCH3;COR + LiH. In parenth-
eses is given the C¢gHs—C—C-R torsion angle ¢ in °©

R Rotamer TSI TS2? Rotamer TS3¢ TS4?

CH; a‘ 0.00 (67) 1.37(30) b 2.63 (—=82) 3.79 (-27)

CHs a 0.00 (69) 1.86(29) b 2.55 (—83)  3.46 (—26)
a 1.41 (65) 3.33(29) b 6.70 (—78) 5.88 (—22)
a’ 1.44 (67) 5.04(37) 5.00 (—86) 6.74 (—32)

i-C;H, a 0.00 (64) 1.36(29) b 545 (~78) 4.15(~22)
a’ 0.51 (76) 5.07 (37) b 7.17 (—66)  7.72 (—28)
a’ 1.88 (70) 429 (38) b’ 3.69 (—90) 5.52 (—34)

+-CyHy o 0.00 (71) 4.13(39) b 6.53 (—68) 6.85 (~29)

“ Transition structure leading to the major product 2. * Transition structure
leading to the minor product 3. ¢ Starting geometry.
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Table 7 Torsion angles defined by Cono—Cipso—C—C(O) () and CH3—
C-C=0 (¥) in ° and distances dx,/c » @Ho/0 > den/n and depjo in A at
the transition-state structures. TS1 and TS2 in each entry correspond,
respectively, to the transition structures leading to 2 and 3

R Rotamer TS o lﬂ dHO/Ca dHO/Ob dCH/n( dCH/od
CH; a“ TS1 59 27 2822 269 2826 2.633
TS2 73 -39 3.187 4.119 2600 2.587

CHs a TS1 59 28 2825 2688 2751 2.633
TS2 73 —40 3.176 4111 2599  2.583

a TS1 54 25 2753 2662 2915 2618

TS2 66 —41 3.086 4.058 2.645 2576

a’ TS1 64 28 2904 2764 2739 2.632

TS2 82 —34 3331 4181 2597 2573

i-C3H; a TS1 54 23 2762 2696 2807 2.607
TS2 65 —41 3.069 4.072 2612 2.566

a’ TS1 56 33 2812 2595 2569 2.625

TS2 72 -35 3.193 4.072 2568  2.527

a’ TS1 58 29 2819 2639 2733 2611

TS2 83 —33 3351 41838 2569 2.561

-C4Hy a’ TS1 58 29 2836 2659 2599 2599
TS2 71 —33 3.194 4.048 2473 2497

@ Distance between Houno and carbonyl carbon atom. © Distance
between H,no and carbonyl oxygen atom. ¢ Distance between CH
(«-CH for a, f-CH for a') and Cjps, . 4 Distance between one of the
three CHs in the benzylic methyl group and the carbonyl oxygen atom.
¢ Starting geometry.

Conclusions

Ab initio MO calculations of alkyl 1-phenylethyl ketones
CsHsCHCH;COR, 1, demonstrated that rotamers with a R/
C¢Hs synclinal geometry preponderate in the conformational
equilibrium. Rotamer a is more favourable than a’ since the
former is stabilized by 5-member CH/m intramolecular
hydrogen bonds whereas the latter is stabilized by less effective
6-member CH /7 bonds. Consequently, the population of rota-
mer a is more than 90% in every case, except for R = -C4Hy.

The ratio of the diastereoisomeric products 2 and 3 in the
nucleophilic addition to 1 was estimated on the basis of the
above ground-state rotamer distribution (a classical
approach). This model resembles, formally, the Karabatsos
model in that the benzylic methyl group is close to C=0 in
the stable rotamer.>* However, our hypothesis is founded on
the basis of the conformational equilibrium estimated by
high-level ab initio calculations. In spite of its simplicity, the
model provides a plausible explanation for the effect of the
alkyl substituent. We conclude that the conformational effect
is most important for the n-facial diastereoselectivity.** The
exceptional effect of the z-butyl substituent on the stereoselec-
tivity (both in the oxidation of sulfides® and the hydride
reduction of ketones®*) is not rationalized in terms of the
so-called secondary orbital interactions.>®

This journal is © The Royal Society of Chemistry and the
Centre National de la Recherche Scientifique 2004
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Fig. 4 Transition-state geometries calculated at the MP2/6-
311G(d,p)//MP2/6-31G(d) level of approximation: (a) R = CHj;
and (b) R = +-C4Hy. TS1 and TS3 are the transition-state structures
leading to the predominant product 2, calculated starting from geome-
try a. TS2 and TS4 are the transition-state structures leading to the
minor product 3, calculated starting from geometry b.

2.263

The Gibbs energy of the transition structures has also been
calculated.’” The result is consistent with the substituent effect
in the product ratios estimated from the rotameric equilibrium.
The transition-state geometries leading to the predominant
product are similar to those of the ground-state conformation.
In geometries leading to the minor product, the relevant tor-
sion angles are significantly twisted relative to the ground-state
conformations. In spite of this, short CH/n and CH/O
distances are found in every case, suggesting that these weak
hydrogen bonds are operating to stabilizing the otherwise
unfavourable transition structures.
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