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The mechanism of the enantioselective control of an organocatalyst with central and axial chiral ele-
ments in the Michael addition of 2,4-pentandione to a nitroalkene is investigated using density functional
theory (DFT) calculations. Two enantioselective channels are characterized in detail. Enantioselectivity is
determined in the C-C bond coupling and the proton transfer is identified as the energetic bottleneck.

Generally, the level of enantioselectivity of the catalysts depends on the geometrical match or mismatch
of two asymmetric elements. The ‘closed’ geometry of a catalyst makes the cooperation of two chiralities
possible, so that the central and axial chiralities work together to enhance the enantioselective control.
The ‘open’ structure of catalyst makes cooperation of the two asymmetric elements impossible, so that
its enantioselectivity dominated only by one type of chirality is decreased.

© 2009 Published by Elsevier Ltd.

1. Introduction

The Michael addition of a carbon nucleophile to a nitro olefin
provides rapid access to chiral nitroalkane, a class of building block
and important intermediate in organic synthesis.! Over the past
decade, a catalytic asymmetric version of the process has been
achieved, albeit requiring a metal catalyst or strict reaction
conditions.>™* Recently, significant advances were made by using
an organocatalyst>® to reduce the expense and possible contami-
nation by metals.” However, the number of successful organocata-
lysts involving two chiral elements is small.?

In the past, organocatalysts only containing central chirality have
been widely used for various asymmetric transformations.9!2
Other types of axially chiral organocatalysts have significant
reactivity and enantioselectivity, such as a C; symmetric chiral
ketone,'? iridium QUINAP complex,'* binaphthyl-derived Bronsted
acid,’>'% and bis(thio)urea derived from Hg-BINAM.!” Research on
the cooperative effect of multi-component asymmetric elements in
one molecule has received considerable attention because correct
assembly of central and axial chiralities could facilitate its tunabil-
ity and achieve high enantioselectivity.'® Recently, two novel
organocatalysts incorporating central and axial chiralities have
been synthesized for the Michael addition.® (R,R,R)-catalyst cat 1
gave (S)-adduct with 93% ee, whereas (R,S,S)-catalyst cat 2 afforded
the (R)-adduct with a lower enantioselectivity (78% ee).

Hence there are two questions about this reaction. What is the
reason for the opposite stereochemical preference of two catalysts?
and what is the reason for different levels of enantioselectivity
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that are matched and mismatched in experiment? We have
initiated a theoretical investigation of the Michael addition
of 2,4-pentandione to nitroalkene using two organocatalysts
(Scheme 1) to answer these two questions.

2. Computational details

All calculations were performed with caussian 03 software pack-
age'® under a DFT framework. All stationary points on the potential
energy surface (PES) were optimized using the hybrid functional
B3LYP?° and 6-31G(d) basis set without any symmetric restriction
under solvent-free conditions while their nature (minima or first-
order saddle-points) was characterized by performing vibrational
frequency calculations. The intrinsic reaction coordinate (IRC)
paths were traced in order to verify two desired minima connected
by the transition states (TSs). To obtain accurate energetics, addi-
tional single point energy calculations were performed at a
B3LYP/6-311++G"" level. For all energies cited, the zero-point
energy (ZPE) corrections were included.

3. Results and discussion

In the reaction, organocatalysts are modeled by their truncated
form involving necessary chiral elements. Reactants and catalysts
denoted as e, nu, cat 1, and cat 2 are first optimized (Fig. 1). Nu
can tautomerize to enol and keto forms in equilibrium. With an
intramolecular H bond of 1.63 A, the cyclic enol form of nu is more
stable and the nucleophilic character of the reacting carbon center
is enhanced when compared with the keto form. Hence we con-
sider only its enol form in the reaction. To achieve initial activation,
nu is deprotonated by the tertiary amine N of the catalysts to give
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Scheme 1. Enantioselective Michael addition of 2,4-pentandione to nitroalkene promoted by two catalysts.
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Figure 1. Optimized structure of reactants and catalysts. (The hydrogen atoms on
the rings are omitted for clarity.)

reactive enolates 1-1 and 2-1, where the first number denotes the
catalysts and the second is related to steps. (The same is as follows.)
The Michael reaction between e and 1-1 (2-1) can take place via
two steps: C-C bond coupling and proton transfer. The TSs are
denoted as TS-1s1, TS-1s2, TS-1r1, and TS-1r2 with cat 1 and TS-
2s1, TS-2s2, TS-2r1, and TS-2r2 with cat 2, respectively (Fig. 2).

3.1. Structural characteristic of main TSs

With the geometry of pre-TSs and the resulting intermediates
optimized in hand, we studied TSs via a QST3 method. TS

optimizations were carried out using the resultant geometry of the
previous step as input data. By performing vibrational frequency
calculations, we believed that the reality of TSs was verified through
one imaginary frequency.

For the reaction with cat 1, the lengths of the forming C-C bond
in TS-1s1 and TS-1r1 are 2.088 and 2.259 A, respectively. The smal-
ler imaginary vibrational frequency of TS-1r1 (235icm™)
compared to TS-1s1 (303i cm™!) indicates that e and nu are loosely
bound in TS-1r1. The compact assembly of TS-1s1 makes it more
stable than TS-1r1. For proton transfer, the H bonds between thio-
urea and nitryl O of TS-1s2 (1.803, 2.295 A) are shorter than those
of TS-1r2 (1.873, 2.970 A). The weaker interaction between e and
cat 2 in TS-1r2 makes it less stable than TS-1s2, which is in line
with the smaller imaginary frequency of TS-1r2 (1213i cm™!) than
that of TS-1s2 (1325i cm™1).

In the case of cat 2, the H-bonded network of TS-2r1 (1.708,
1.854, 2.155, and 2.591 A) is slightly more compact than that of
TS-2s1 (1.731, 1.866, 2.183, and 2.488 A). This might contribute
to the imaginary vibrational frequency of TS-2s1 (280icm™!) a
little smaller than that of TS-2r1 (284i cm™!). In the proton transfer
step, TS-2s2 possesses H bonds (2.255, 2.758 A) weaker than that
of TS-2r2 (1.937, 2.008 A). Due to the smaller imaginary frequency
of TS-2s2 (1061i cm ') than that of TS-2r2 (1272i cm™!), TS-2r2 is
consequently more stable than TS-2s2. The above analysis provides
the primary indication of the opposite stereochemical preference
of two catalysts.

3.2. Energetic profiles

Figures 3 and 4 depict the calculated energetic profiles for the
reaction. In the case of cat 1, complexes 1-2s and 1-2r between
1-1 and e were located as initial intermediates of the two enantio-
selective channels. The C-C bond coupling takes place via TS-1s1
with a barrier of 10.43 kcal mol~' from 1-2s yielding a stable inter-
mediate 1-3s. This step is exothermic by 6.58 kcal mol~'. While in
(R)-channel, this step is required to be endothermic by
0.82 kcal mol !, with a barrier 1.56 kcal mol~! higher than that of
(S)-channel. This result indicates that the (S)-channel is more
favorable both thermodynamically and kinetically than (R)-chan-
nel. (S)-adduct is preferential with cat 1 and is determined in this
step. The barriers of proton transfer in the two channels are 21.78
(S) and 25.08 (R) kcal mol~!, both higher than those of C-C bond
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Figure 2. Optimized structure and selected geometric parameters of the TSs

located along two channels with two catalysts. (The hydrogen atoms on the rings
are omitted for clarity.)

coupling. This suggests that the rate-determining step of this
Michael reaction is the proton transfer. Moreover, the barrier of
the (S)-channel is 3.3 kcal mol~" lower than that of the (R)-channel,
which further confirms the preference of the (S)-adduct with cat 1.
For cat 2, the C-C bond coupling of the (S)-channel occurs via
TS-2s1 with a barrier of 14.66 kcal mol~!, higher than that of (R)-
channel (11.07 kcal mol~!). The proton transfer of the (S)-channel
occurs via TS-2s2 with a barrier of 17.59 kcal mol~!, also higher
than that of the (R)-channel (15.66 kcal mol~!). This demonstrates
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Figure 3. Calculated energetic profiles along the reaction coordinate with cat 1.
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Figure 4. Calculated energetic profiles along the reaction coordinate with cat 2.

that in the case of cat 2, the (R)-adduct is preferable and the rate-
determining step is still the proton transfer. It should be noted that
the first step in the preferred (R)-channel of cat 2 is endothermic

Comparing the (S)-channel with cat 1
(—6.58 kcal mol™?), it can be seen that the enantioselectivity of

by 3.54 kcal mol~".

cat 1 is higher than that of cat 2. This is in accordance with the
93% ee (S) for cat 1 and 78% ee (R) for cat 2 experimentally.®

3.3. Essence of enantioselectivity

Since the axial chiral element in (R,R,R)-cat 1 and (R,S,S)-cat 2 is
the same, we expect that it is the central chirality of the catalyst
that determines the absolute configuration of the product. As can
be seen from Table 1, the changes of three dihedral angles from iso-
lated cat 1 to TS-1s1 are smaller than those to TS-1r1. Apparently,
(S)-channel is readily accessible with cat 1. This tendency is
opposite in the case of cat 2. The changes of three dihedral angles

Table 1

The selected dihedral angles (°) of the optimized structure of cat 1, cat 2, and TSs
(changes relative to isolated catalyst in parentheses)

D1 D2 D3
N1-C2-N3-C4 N3-C4-C5-N6 €7-C8-C9-C10

cat1 179.09 53.30 12150

TS-1s1 ~173.87(7.04°) 54.12(0.82°) 124.74(3.24°)
TS-1r1 ~166.12(14.79°) 51.64(2.48°) 125.52(4.02°)
cat2 ~177.70 ~164.43 124.12

TS-2s1 18.95(21.25°) 19.69(35.26°) 123.81(0.31°)
TS-2r1 11.79(14.09°) 18.05(33.62°) 124.04(0.08°)
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Table 2
Activation thermodynamic properties® and energy barriers® calculated for the
reaction catalyzed by cat 1 and cat 2

AH” (kcal/mol) AG” (kcal/mol) AS™ (J/mol) Ea (kcal/mol)

TS-1s1 9.58 13.25 -51.53 10.43
TS-1s2 25.68 26.33 -9.13 21.78
TS-1r1 11.26 15.79 —63.60 11.99
TS-1r2 29.10 28.76 4.77 25.08
TS-2s1 14.30 18.59 —60.23 14.66
TS-2s2 19.18 19.69 -7.16 17.59
TS-2r1 11.79 18.05 —87.89 11.08
TS-2r2 17.32 18.39 -15.03 15.66

Bold entities are data applied to calculate ee values with Eqs. 1 and 2.
¢ Geometry optimization.
P Single point energy calculations at B3LYP/6-311++G(d,p) level.

from isolated cat 2 to TS-2s1 are bigger than that to TS-2r1. It is
evident that the (R)-channel is favored by cat 2. Thus the origin
of the opposite stereochemical preference of two catalysts is
clearly understood.

From a chiral element point of view, dihedral angles D1 and D2
denote central chirality. D3 denotes the axial chirality. The change
of the dihedral angle denotes the function of corresponding chiral-
ity in enantioselective control. From isolated cat 1 to TSs, the
changes of D1 and D2 are comparable to that of D3, which indi-
cates that two chiral elements in cat 1 have almost the same func-
tion in enantioselective control. On the other hand, the ‘closed’
geometry of cat 1 (Fig. 1) resulting from the strong covalent inter-
action between the thiourea unit and carbons on one part of
binaphthyl makes the cooperation of two chiralities possible so
that the enantioselectivity is increased. Accordingly, this strong
interaction of chiral elements enhances the stereochemical control
and induces the higher enantioselectivity of cat 1 (93% ee) than
hydroxyl-thiourea (71% ee) only containing central chirality that
we had previously studied.?!

However, in the case of cat 2, changes of D1 and D2 are much
larger than that of D3. Compared with cat 1, axial chirality of cat
2 has almost no function in enantioselective control. This is
because the ‘open’ structure of cat 2 with thiourea and binaphthyl
stretching in opposite directions makes the cooperation of the two
asymmetric elements impossible so that its enantioselectivity is
decreased (78% ee). These results demonstrate that the central
and axial chiralities work together to enhance the enantioselective
control for cat 1. In the case of cat 2, the enantioselectivity is dom-
inated only by the central chirality. Generally, the level of enanti-
oselectivity of the catalysts depends on geometrical match or
mismatch of the two asymmetric elements.

Three activation thermodynamic properties and energy barriers
of the two steps for the reaction were calculated (Table 2). Based
on transition state theory and the kinetic interpretation of the
Arrhenius equation,?? the ee values were also calculated using
Egs. 1 and 2 with data from the rate-determining step. The results,
96.0% (S) of cat 1 and 81.9% (R) of cat 2, are both overestimated
compared with the experimental data, 93% (S) and 78% (R). Never-
theless, they do provide the correct indication of the stereochemi-
cal preference of the two catalysts and display the superiority of
cat 1 to cat 2 in enantioselective control.

_ —Ea\ kT , _o.1-n AS™ —Ea
k =Aexp (ﬁ) _Te (C”) "exp T) exp ﬁ)

AS” —Ea
=Zyexp (T) exp <W> (1)
_ IR g0 = kR =Ks | 600
ee = SR 100% = Ko T ks 100% (2)

4. Conclusion

Our DFT calculations provide a key basis for interpreting the
essence of the enantioselectivity of organocatalyst with central
and axial chiral elements in Michael addition. The calculated bar-
rier of two enantioselective channels and the ee values provide
the correct indication of the opposite stereochemical preference
between two catalysts. Generally, the level of enantioselectivity
of catalysts with central and axial chiral elements depends on a
geometrical match or mismatch of the two asymmetric elements.
If the catalyst has a ‘closed’ geometry, the central chirality and
axial chirality work together to enhance the enantioselective con-
trol. If the catalyst has an ‘open’ structure, the cooperation of two
asymmetric elements is impossible so that its enantioselectivity
dominated only by one type of chirality is decreased. The present
results will play an important role in the synthesis of geometrically
matched organocatalysts.
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