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Recently, a pinene-derived amino alcohol [(1R,2R,3S,5R)-3-amino-2,6,6-trimethylbicyclo[3.1.1]heptan-2-
ol] has been experimentally employed as an effective chiral catalytic precursor in the borane-mediated
asymmetric reduction of prochiral ketones to produce the corresponding secondary alcohols, which pro-
vides the products in 96% ee. In this paper, we suggest a mechanism for this reduction process and then

theoretically investigate it in detail by density functional theory. Fully geometry-optimized reactants,
products, transition structures, and intermediates were obtained at the B3LYP/6-31G (d,p) level, and
the results reveal that this reaction has five steps. Further calculations show that the solvent effect of
THF has no great influence on the enantioselectivity of this reduction.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Since the first report by Itsuno! and further development by
Corey? that enantiomerically pure oxazaborolidines efficiently cat-
alyze the borane reduction of ketones to the corresponding sec-
ondary alcohols, numerous methodologies for the asymmetric
reduction of ketones have been developed over the past decades,
based on chiral reducing reagents or achiral ones. This is due to
the challenges involved in such endeavors and is also due to the
applications of homochiral secondary alcohols in organic and
medicinal chemistry.3-® Much effort has been made in designing
and developing various kinds of chiral catalysts.%-24

Recently, Hobuf3 et al. reported an experimental methodology
employing pinene-derived amino alcohols, such as 1 (Scheme 1),
as efficient chiral catalytic sources for the borane-mediated asym-
metric reduction of prochiral ketones.?> However, no report of the-
oretical investigations regarding the mechanism of the title
reaction has been found.

We believe that the reaction utilizes the following mechanism:

All of the compounds shown in Scheme 1 will be referred to by
their associated number for the sake of brevity. Initially 1 is con-
verted successively into 1a and 1b (as can be seen in Scheme 1,
1a is the true catalyst). The following processes, starting with the
reaction between 1b and the acetophenone, which are the reac-
tants, are the focus of our investigation. The corresponding repre-
sentation of the energy profile is illustrated in Figure 1.
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2. Computational details

All theoretical calculations were performed using the caussian
03% suite of programs. All structures were optimized by employ-
ing the hybrid density functional B3LYP method2®2’ and 6-31G
(d,p) basis set. Vibrational frequency calculations were then per-
formed at the optimized geometry of each reactant, product, tran-
sition structure, and intermediate. We confirmed that all reactants
and intermediates have no imaginary frequencies, and each transi-
tion structure has one, and only one, imaginary frequency. The
intrinsic reaction coordinate (IRC) calculations, at the same level
of theory, were performed to ensure that the transition structures
led to the expected reactants and products. Finally we have opti-
mized the geometries of the two transition structures TS2(R) and
TS2(S) in THF at the B3LYP/6-31G (d,p) level.

3. Results and discussion

We began by studying the chemical combination of 1b with the
acetophenone. It can be seen that 1b can initiate the reaction
through TS1 (Fig. 2), which results from the approach of 1b to
the ketone and leads to the complex M1 (Fig. 2). In TS1, the B2-
03 bond is 1.915 A and the energy of TS1 lies 3.90 kcal/mol above
that of the reactants.

M1 lies 3.56 kcal/mol above the energy of the reactants. The
interaction of the electron-deficient boron atom, B2, and the lone
pair on O3 of the ketone stabilizes the resulting complexes (the
B2-03 distance is 1.688 A in M1).

The second step is the transfer of H5 from the boron atom, B4, to
the prochiral carbon atom, C6. The highly polarized carbonyl group
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Figure 1. Potential energy profiles for the whole reaction along the reaction coordinate.

exhibits strong chemical reactivity, hence the carbon atom C6 is
easily attacked by nucleophilic reagents.

In M1, the boron atom, B2, acts as a Lewis acid, which inter-
acts with the O3 atom of the ketone. This type of interaction
leads to a large increase in the positive charge on the C6 atom
belonging to the carbonyl group. Hence, the likelihood of attack
on the C6 atom by a nucleophilic reagent at this site is in-
creased. One possible source of nucleophilic atoms is B4, which
has three nucleophilic hydrogen atoms. Furthermore, the O3

atom exerts an influence upon the nearby H5 atom, one of the
three hydrogen atoms of the B4 atom, making it more nucleo-
philic. As a result of above reasons, the H5 atom becomes the
most nucleophilic among the three hydrogen atoms on B4 and
is most easily transferred from the B4 atom to the electrophilic
C6 atom. The transfer of the H5 atom in M1, corresponding to
hydride attacking the Re face and Si face of the ketone, produces

two diastereotopic transition structures TS2(R) and TS2(S),
respectively (Fig. 3).

1021
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reactants TS1 M1

Figure 2. Optimized structures of the critical points reactants (1b and acetophenone), TS1, and M1 (units in A for bond lengths).

TS2(S)

M2(R) M2(s)

Figure 3. Optimized structures for TS2(R&S) and M2(R&S) (units in A for bond lengths).
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Table 1
Some geometrical parameters and RE (relative energies)® of some SP (stationary
points) along the reaction channels (units in A for bond lengths)

SP B2.--03 B4---H5 H5---C6 RE

TS1 1.915 1.213 = 3.90
M1 1.688 1.217 — 3.56
TS2(R) 1.574 1.258 1.799 491
TS2(S) 1.557 1.261 1.847 7.14

? Values are energies relative to reactants and are given in kilocalories per mole.

Table 2
Some geometrical parameters and RE (relative energies)® of M2(R&S), TS3(R&S),
M3(R&S), TS4(R&S), M4(R&S), TS5(R&S), and M5(R&S)

Sp N1.--B2 B2.-03 03--B4 B4.-N1 RE
M2(R) 3.149 1.368 3.694 1392 ~30.16
M2(S) 3.134 1.371 - 1.390 ~3053
TS3(R) 2.309 1.437 1.860 1.462 ~16.85
TS3(S) 2378 1.433 1.824 1.466 ~15.40
M3(R) 1.624 1592 1.571 1.591 ~29.16
M3(S) 1.584 1.635 1.561 1.600 ~27.85
TS4(R) 1.536 2.061 1.502 1.639 ~26.57
TS4(S) 1.463 2261 1.413 1.559 2054
M4(R) 1.500 2718 1.452 1.721 ~28.17
M4(S) 1.508 2.699 1.462 1675 ~27.18
TS5(R) 1.455 3.173 1.385 2.167 ~27.16
TS5(S) 1.468 2.944 1.398 2.035 ~24.49
M5(R) 1.423 3.509 1.355 2.779 ~27.66
M5(S) 1.420 3.863 1.348 3.004 -26.43

Units in A for bond lengths.
¢ Values are energies relative to reactants and are given in kilocalories per mole.

In TS2(R), the distance between C6 and H5 is 1.799 A, while the
breaking B4-H5 bond is 1.258 A. The B2-03 bond is shortened
from 1.688 A in the structure of M1 to 1.574 A in TS2(R). The en-
ergy of TS2(R) is higher than that of the reactants by 4.91 kcal/
mol, and TS2(R) leads to intermediate M2(R) that has an (R)-con-
figuration at the stereogenic center, C6. TS2(S) leads to the (S)-con-
figuration, M2(S), and the newly forming C6-H5 bond is 1.847 A,
while the breaking B4-H5 bond is 1.261 A. The energy of transition
structure TS2(S) is 7.14 kcal/mol above the energy of the reactants.
Similar to the case of M1 and TS2(R), the B2-03 bond is shortened
from 1.688 A in M1 to 1.557 A in TS2(S). The similarity in energy of
these two transition structures can be mainly attributed to the
similar stabilizing B2-03 interaction (this distance is 1.574 A in
TS2(R) and 1.557 A in TS2(S), Table 1). The difference in energy be-
tween TS2(R) and TS2(S) is due to the different amount of repul-
sion between the ketone substituent closest to the catalyst and
the functional groups on the catalyst. The repulsion is much weak-
er in TS2(R) than that in TS2(S), because the distance between the
closest ketone substituent and the catalyst in the former case is lar-
ger, according to the spacial structures of both transition struc-
tures. Furthermore, the O8 of the B-OMe group is important for
stereoselectivity, because the hydrogen bond formed between
the H9 of acetophenone and 08 of the catalyst [the distance is
2.226 A in TS2(R)] lowers the energy barrier.

The two diastereomeric reduced complexes, M2(R) and M2(S)
(Fig. 3), are found 30.16 and 30.53 kcal/mol below the energy of
the reactants, respectively, indicating that the hydride transfer
from B4 to C6 is exothermic. The energy barrier of M2(R&S)
through TS2(R&S) is large (35.07 kcal/mol and 37.67 kcal/mol)
and also indicates that the hydride transfer step is clearly irrevers-
ible at room temperature.?® Hence the energy difference between
TS2(R) and TS2(S) will be crucial to determine the stereochemical
outcome of the reaction.

The energy difference between TS2(R) and TS2(S) is 2.23 kcal/
mol. This value would correspond to an enantiomeric excess of

M2(R)

" ]
M3(R)

M3(S)

Figure 4. Optimized geometries of TS3(R&S) and M3(R&S) (units in A for bond
lengths).

about 96%, which predicts exactly the experimental outcome
(96% ee). Thus, it provides the correct stereochemical preference
to the reaction, in agreement with the experimental result.

After the hydride transfer, the five-membered heterocycle
opens by breaking the N1-B2 bond. The distance between N1 atom
and B2 atom reaches its maximum at intermediates M2(R) and
M2(S) [3.149 A and 3.134 A in M2(R&S)]). At the same time, the
bond lengths of the B2-03 bond and the N1-B4 bond in M2(R)
are shortened to 1.368 A and 1.392 A, respectively. Both bonds
are shorter compared to 1.371 A and 1.390 A, respectively, in
M2(S).

In the process after the H5 transfer, the opened five-membered
heterocycle in the catalyst is closed, and a four-membered ring
(N1-B2-03-B4) is formed through the [2+2] cycloaddition. The
bond lengths of the N1-B4 and B2-03 bonds increase from
1.392 A and 1.368 A in M2(R) to 1.462 A and 1.437 A in TS3(R),
which increase from 1.390 A and 1.371 A to 1.466 A and 1.433 A
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M3(S)

M4(R) M4(S)

Figure 5. Optimized geometries of TS4(R&S) and M4(R&S) (units in A for bond
lengths).

in TS3(R) (Table 2). The lengthening of the N1-B4 and B2-03
bonds is due to the change in coordination of the B2 (from tri-coor-
dinated to tetra-coordinated). In TS3(R), the distance between B2
and N1 is 2.309A, and the distance between O3 and B4 is
1.860 A, while the B2-N1 and 03-B4 bond lengths are 2.378 A
and 1.824 A in TS3(S) (Fig. 4). In M3(R), the B2-N1 bond and the
03-B4 bond lengths change to 1.624 A and 1.571 A, which change
to 1.584 A and 1.561 A in M3(S), respectively. This change in bond
lengths indicates that the B2-N1 and 03-B4 bonds are formed
asymmetrically.

The barrier for ring formation is 13.31 kcal/mol through TS3(R)
compared to 15.13 kcal/mol through TS3(S). The energy of

M4(R)

|

9 9
TS5(S)

J ‘
J 9
M5(S)

M5(R)

Figure 6. Optimized geometries of TS5(R&S) and M5(R&S) (units in A for bond
lengths).

M3(R&S) is 29.16 and 27.85 kcal/mol lower than that of the reac-
tants and 1.00 and 2.68 kcal/mol higher than that of M2(R&S),
which is mainly due to the strain in the newly formed four-mem-
bered ring.

In the last process of the reaction we considered, the four-mem-
bered ring (N1-B2-03-B4) is opened and the oxaborane is re-
leased, by first breaking the B2-03 bond through the transition
structure TS4(R&S) leading to the complex M4(R&S) and then
breaking the N1-B4 bond through TS5(R&S) to M5(R&S). Why does
the B2-03 bond break first rather than the N1-B4 bond? We
believe that the coordinate bond between the N and B atoms is
stronger than the coordinate bond between the O and B atoms.
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TS2'(R)

J
TS2'(S)

Figure 7. Optimized structures for TS2'(R) and TS2/(S) (units in A for bond lengths).

The B2-03 bond lengthens to 2.061 and 2.261 A in TS4(R&S) and at
last lengthens to 2.718 and 2.699 A in M4(R&S) (Fig. 5), while the
B2-N1 and 03-B4 bond lengths do not have a larger difference
when compared to those in M3(R&S) (Table 2). Simultaneously,
the N1-B4 bond lengthens from 1.639 and 1.559 A in TS4(R&S)
to 1.721 and 1.675 A in M4(R&S). The barrier through TS4(R&S)
is 2.59 and 7.31 kcal/mol, so the B2-03 bond will be broken easily
leading to M4(R&S).

Then the N1-B4 bond lengthens from 1.721 and 1.675A in
M4(R&S) to 2.167 and 2.035 A and is broken through the transition
structure TS5(R&S) leading to the complex M5(R&S) (Fig. 6).
M5(R&S) is now composed of two segments, the catalyst 1a and
the oxaborane that can be worked-up to form a secondary alcohol.
In fact, the two segments still interact slightly with each other,
since the N1-B4 distance is 2.779 and 3.004 A and the B2-03 dis-
tance is 3.509 and 3.863 A. In M5(R&S), the bond length of B2-N1
is 1.423 and 1.420 A, nearly equal to the B2-N1 bond length in 1a,
implying that one segment of M5(R&S) is similar to the catalyst 1a
in its initial state. The O3-B4 bond decreases even more in going
from TS5(R&S) to M5(R&S) with a final value of 1.355 and
1.348 A. The barrier through TS5(R&S) is 1.01 and 2.69 kcal/mol,
so the N1-B4 bond will also be broken easily leading to
M5(R&S). The energy of M5(R&S) is 27.66 and 26.43 kcal/mol low-
er than that of the reactants, therefore, the overall reaction is an
exothermic process. Though the intermediates M2(R) and M2(S)
are the most stable points on the potential energy profiles, the
whole reaction is a dynamic process and the energy barrier is so
low that the intermediates M2(R) and M2(S) can easily transform
to the intermediates M5(R) and M5(S).

The solvent effect of THF on the enantioselectivity of this reduc-
tion was also taken into account. We have computed the two tran-
sition structures TS2(R) and TS2(S) in THF, using the PCM method
by means of geometrical optimizations. The structures of these are
TS2'(R), TS2'(S), and are represented in Figure 7. The energy differ-
ence between TS2'(R) and TS2'(S) is 2.00 kcal/mol compared to
2.23 kcal/mol between TS2(R) and TS2(S), there is almost no differ-
ence in the solvent.

4. Conclusions

In this paper an integrated mechanism for the catalytic reduc-
tion of acetophenone has been investigated using density func-
tional theory (DFT). The results reveal that this reduction takes
place via five steps: initially 1b approaches the carbonyl group
of the ketone. The second step is a hydride transfer, which can
occur via two different pathways, and each has a diastereotopic
transition structure. One pathway corresponds to attack of the
hydride at the Re face while the other pathway involves attack
at the Si face. Our calculations indicate that the stereoisomer
with the (R)-configuration at the new chiral center is signifi-
cantly more energetically favorable. The energetic favorability
of the (R)-configured stereoisomer suggests that it should be
the dominant product, which is in good agreement with experi-
ment. In addition, as shown by the potential energy profile
(Fig. 1), the transition structures of hydride transfer are key for
stereoselectivity. The remaining three steps involve closure of
the five-membered ring of the catalyst and release of the oxab-
orane. The first step occurs through a [2+2] cycloaddition to give
rise to a new four-membered ring, and in the latter two steps,
oxaborane is released by stepwise breaking of two bonds of
the four-membered ring. The calculations also indicate that the
solvent effect of THF has not influenced greatly the enantioselec-
tivity of this reduction.
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