O C‘The Journal of Organic Chemistry

pubs.acs.org/joc

Origins of Stereoselectivity of Enamine—Iminium-Activated Nazarov

Cyclizations by Vicinal Diamines

Adam Simon," Yu-hong Lam,

and K. N. Houk*

Department of Chemistry and Biochemistry, University of California, Los Angeles, California 90095-1569, United States

© Supporting Information

ABSTRACT: The mechanism and sources of asymmetric induction

Left-handed M helix Left-handed helix favored

in Nazarov reactions reported by Tius and co-workers have been N7 \,
determined with quantum chemical calculations. A chiral vicinal ¥ . NN\
diamine forms an enamine—iminium adduct with a-ketoenones, and /

~
this undergoes a cationic conrotatory electrocyclization. The chiral /\_(
diamine imparts stereocontrol in the enamine—iminium complex by
forming a six-membered ring that favors one helicity of the

electrocyclization transition state.

B INTRODUCTION

Nazarov cyclizations are synthetically important reactions that
generate cyclopentenones via a cationic 47 electrocyclization of
a protonated dienone; up to three new contiguous carbon
stereocenters can be generated in this reaction. Nazarov
reactions have achieved high levels of stereoselectivity by chiral
Lewis acid catalysts,2 chiral auxiliaries,® and recently organo-
catalysts.” Vicinal diamines are successful organocatalysts,
because of their bifunctional and tunable behavior.” Tius
reported that simultaneous enamine and iminium activation by
a chiral vicinal diamine for stereoselective Nazarov reactions of
a-ketoenones gave 11—63% yield and 90:10 to >99:1
enantiomeric ratios (Scheme 1).°

Computational modeling of stereoselectivity has been
accomplished for many Nazarov reactions.”® The first stereo-
chemical model for an organocatalyzed Nazarov reaction was
recently reported by our group.” These computational results

Scheme 1. Chiral Diamine-Mediated Nazarov Cyclizations®
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explained the induction of asymmetry by a thiourea—primary
amine catalyst,”™” which favored one helical conformation in the
Nazarov cyclization transition state. In the thiourea system, the
electrocyclization occurred via an enol intermediate with
hydrogen-bonding catalysis by the thiourea—primary amine.
Enamine formation was unlikely due to the nonpolar
conditions of the reaction. By contrast, the mechanism and
source of stereoselectivity, as well as the cause of product
inhibition in the diamine-mediated Nazarov reaction by Tius
has not been studied computationally.® Tius proposed a
simultaneous enamine—iminium intermediate that undergoes
cyclization. We used density functional theory calculations to
predict transition states for three pathways: two combinations
of enamine—iminium activation at the two carbonyls, and an
enamine intermediate that undergoes a Michael addition. The
thermodynamics of the intermediates along the reaction
coordinate were calculated to determine the source of product
inhibition. The factors that control stereoselectivity, as well as a
stereochemical model, are proposed.

B COMPUTATIONAL METHODS

The quantum chemical calculations were performed with Gaussian
09.” The geometries were fully optimized at the B3LYP'%/6-31G(d)
level of theory in conjunction with the IEF-PCM implicit solvation
model'! to account for solvation effects of acetonitrile (MeCN), the
solvent used experimentally. All optimized geometries were verified by
frequency computations as minima (zero imaginary frequencies) or
transition structures (a single imaginary frequency). Free energy
correctlons were calculated using Truhlar’s quasiharmonic approx-
imation.'”> Free energies were obtained by performing single-point
energy calculations on the optimized geometries with the density
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functional method MO06-2X'*/def2-TZVPP'* with the IEF-PCM
model (MeCN). We found that the MO06-2X/def2-TZVPP—IEF-
PCM//B3LYP/6-31G(d)—IEF-PCM level of theory provides accurate
geometries and energies, while being relatively efficient in computa-
tional times.'> The lowest-energy transition structures were also
optimized at the M06-2X/6-31G(d,p) level of theory in conjunction
with single-point energies calculated using various dispersion-inclusive
DFT methods. These methods qualitatively agree with the
experimental results and are discussed in Supporting Information (SI).

B RESULTS AND DISCUSSION

The reaction proceeds experimentally by exposing the a-
ketoenone substrate to a full equivalent of dlamme salt T in wet
acetonitrile at room temperature for 6—7 days.’ An unidentified
intermediate forms containing the product. Acidic workup
liberates the cyclopentenone from the intermediate with
extremely high optical purity and modest yields. The free
energy profile of the Nazarov cyclization involving 1 and
diamine salt I (entry 1, Scheme 1) was calculated with the
MO06-2x/def2-TZVPP—IEF-PCM//B3LYP/6-31G(d)—IEF-
PCM(MeCN) level of theory (Scheme 2). We predict the

Scheme 2. Proposed Mechanism of the Nazarov Reaction
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diamine forms an enamine at C4, which is the electrophilic
carbonyl, to form 2a or 2b. Either the primary or the secondary
amine can react at this position. The primary amine as the
enamine nitrogen in 2a is more stable by 6.8 kcal/mol because
the cyclohexyl group is far from the methyl groups of the a-
ketoenone. Enamine 2 can either undergo a Michael addition to
form the product directly or proceed to the enamine—iminium
intermediate 3. The predicted barrier for the Michael addition
is 15.8 kcal/mol for 2a and 24.5 kcal/mol for 2b. The Michael
addition transition structures are illustrated and discussed in SI
(Figure S1). The equilibrium formation of the intermediate 3
should occur readily, although we did not compute barriers for
this equilibrium, which involve a number of proton shuffling
processes with water. The enamine—iminium intermediate 3 is
more stable than reactants by 2.6 and 3.0 kcal/mol for 3a and
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3b, respectively. Either 3a or 3b reacts via the 4z electro-
cyclization with a barrier of only 10.5 kcal/mol for 3a and 11.8
kcal/mol for 3b. We predict that the -electrocyclization
mechanism is significantly lower in energy than the Michael
addition mechanism and is the dominant pathway. The
electrocyclization forms the highly stable enamine—iminium
products Sa and Sb, which are 26.2 and 23.2 kcal/mol lower in
energy than separated 1 and diamine I-HY, respectively. The
hydrolysis product 6 is 14.8 kcal/mol lower in energy. This
agrees with the observed product inhibition when diamine I is
used in substoichiometric quantities. Intermediate $ requires
acidic workup to release 6 via hydrolysis.

The electrocyclization transition state determines the
stereochemistry. Entry 1, as reported by Tius, yields electro-
cyclization product 6 with (S) configuration at the newly
formed chiral center with greater than 99% enantiomeric
excess. We predict that diamine I forms the enamine with
substrate 1 to give the enamine—iminium 3a as the reactive
complex; the primary amine first attacks the carbonyl of 1. The
lowest-energy transition structures for the electrocyclization of
3a are shown in Figure 1.

v\,
N7\ | i
‘I _570’ \6' \' '/' — |6
\I'/ \ N /N \ \ ST
- '.f3\ ﬁr— ’l\i/'\ii\' I/4~|
I/'«\\\’\_ ' /./ N o~
: / - 2.30 l
g2 { \‘f’ . U
-\
TS-1M TS-1P
AAGF=0 AAG* =46
—21°

Jd" " |
:\i;:ﬁ 9‘?&? { 1 RS (
At il

Figure 1. Lowest-energy transition structures for the Nazarov
cyclization of the enamine—iminium intermediate 3a derived from
substrate 1 and diamine I leading to the major (S) and minor (R)
products (M06-2X/def2-TZVPP—IEF-PCM//B3LYP/6-31G(d)—
IEF-PCM (MeCN). Newman projections through C3 and C4 are
shown below TS-1M and TS-1P. The cyclohexyl rings are transparent
in the Newman projections for clarity. The relative free energies of
activation compared with TS-1M are reported in kcal/mol.

The transition structure TS-1M leads to the major (S)-
product. TS-1P yields the unobserved minor (R)-product and
is higher in energy by 4.6 kcal/mol. The M and P (left- and
right-handed helicity, respectively) in the TS series refer to the
helical chirality of the forming five-membered ring that is
highlighted in blue. The higher-energy transition structures are
discussed in SI (Figure S2). The differences from those in
Figure 1 are the disposition and conformations of the
cyclohexyl ring and the conformations of the two six-membered
rings. The difference in activation barriers between TS-1M and
TS-1P (AAG* = 4.6 kcal/mol) agrees with the experimentally
observed enantioselectivity (>99.5% ee (S), AAG* > 3.6 kcal/

mol).
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The stereocontrolling factor that differs between TS-1M and
TS-1P is the helical chirality of the forming five-membered
ring. The internal six-membered ring, highlighted in yellow,
resembles a half-chair conformation in the transition structures.
It is fused to an additional chair six-membered ring and
resembles a trans-decalin. The N—C6—C7—N dihedral angle is
—57° in TS-1M and —49° in TS-1P. Also shown in Figure 1 are
Newman projections through C3 and C4 of the transition
structures. The dihedral angle N—C3—C4—N is —21° in TS-
1M, and 7° in TS-1P. TS-1P is more planar than TS-1M.

To understand what causes the difference in energy between
transition structures TS-1M and TS-1P, a model system was
studied with the external six-membered ring removed. This
allows free rotation of the diamine and removes the chirality of
C6 and C7. Computations of the enamine—iminium
intermediate formed by 1 with achiral diamine IT (Scheme 1)
were performed. They reveal what transition state geometry is
favored in the absence of chiral auxiliary constraints. The
lowest-energy transition structures TS-2M and TS-2aP, as well
as a higher energy transition structure TS-2bP, are illustrated in
Figure 2.

TS-2bP
AAGF=8.2

Figure 2. TS-2M and TS-2aP are the (enantiomeric) lowest-energy
transition structures for the model Nazarov cyclization of the
enamine—iminium intermediate derived from substrate 1 and diamine
IL. (M06-2X/def2-TZVPP—IEF-PCM//B3LYP/6-31G(d)—IEF-PCM
(MeCN). TS-2bP is a higher energy transition structure similar to the
geometry of TS-1P. The transition structures are illustrated as
Newman projections through C6 and C7. The relative free energies of
activation compared with TS-2M are reported in kcal/mol.

Figure 2 displays the Newman projections across C6 and C7
of the achiral diamine. TS-2M and TS-2aP are enantiomeric
and isoenergetic in this model system. The dihedrals about C3
and C4 are —21° and 21°, respectively, due to the clockwise
and counterclockwise twists of the cyclizing termini. In turn,
this causes the N—C6—C7—N dihedral angles of TS-2M and
TS-2aP to be —57° and 57°, respectively, in the half-chairs. TS-
2bP is a higher-energy transition structure that leads to the
minor (R)-product with a—49° N—C6—C7—N dihedral angle.
TS-2bP is 8.2 kcal/mol higher in energy than TS-2M. The
—49° dihedral forces the cyclization transition state to be nearly
planar at C3—C4, resulting in the higher energy TS-2aP. The
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uncatalyzed parent Nazarov transition state (Figure S3) has a
31° dihedral at C3—C4, and locking the C6—C7 conformation
into the (—)-gauche conformation favors the left-handed M
helix of the cyclization transition state.

The transition structures (Figure 3) were calculated for the
Nazarov cyclization of entry 2 (Scheme 1). In this case, the
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Figure 3. Lowest-energy transition structures for the Nazarov
cyclization of the enamine—iminium intermediate for entry 2 in
Scheme 1 leading to the major (S) and minor (R) products (M06-2X/
def2-TZVPP—-IEF-PCM//B3LYP/6-31G(d)—IEF-PCM (MeCN).
The relative free energies of activation compared with TS-3M are
reported in kcal/mol.

preferred enamine—iminium intermediate has a secondary
nitrogen for the enamine and primary nitrogen for the iminium.
However, this does not change the conformation of the amines,
which are (—)-gauche. This preference is opposite of the
enamine—iminium intermediate we calculated from entry 1. In
this case, the enamine is unsubstituted. In entry 1, the enamine
is substituted with methyl groups, which have closed-shell
repulsions with the cyclohexyl ring. In each case, the difference
in energy between the two arrangements in the electro-
cyclization transition state is less than 2 kcal/mol. The factors
that control the stereoselectivity remain the same. The
predicted difference in activation barrier (AAG*) is 3.1 kcal/
mol, which agrees closely with the experimentally observed
enantioselectivity of 98.5% (AAG* = 2.9 kcal/mol).

B CONCLUSIONS

The mechanism, source of product inhibition, and origins of
stereoselectivity have been explained with density functional
theory calculations. The reaction forms the enamine—iminium
intermediate originally predicted by Tius.® The product
inhibition occurs because the enamine—iminium cyclopente-
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none-intermediate following cyclization is extremely stable and
requires acidic conditions for hydrolysis to occur.

The diamine is locked into the (—)-gauche conformation,
which favors left-handed helicity in the Nazarov transition state.
The (—)-gauche diamine yields cyclizations with M helicity,
and the (+)-gauche diamine is predicted to yield P helicity
(Scheme 3). Torquoselectivity is achieved through the newly

Scheme 3. Summary of Stereoselectivity Model
Major TS

Matched helicity

Minor TS

4, _
R [ X \_‘ :
i 7 = NH
”ﬁm‘{:‘){ oy ™
> & j ad /{y

Mismatched helicity

formed ring of the diamine and a-ketoenone. This six-
membered ring favors one helical chirality of the cyclizing
moiety of the Nazarov transition state. If product inhibition can
be solved, this would provide another organocatalytic method
for Nazarov cyclizations with high optical purity.
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