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ABSTRACT: The origins of stereoselectivity of the Nazarov
reactions of a-hydroxydivinylketones catalyzed by a vicinal
thiourea—primary amine first reported by Tius have been
explored with density functional theory. The electrocyclization
transition structures in which the thiourea group of the catalyst
donates two hydrogen bonds to the keto carbonyl group of the
Nazarov reactant and the primary amine accepts a hydrogen
bond from the hydroxyl group of the reactant have been
modeled. The enantiomeric Nazarov transition structures, which
are conventionally described by the absolute sense of
conrotation of the dienone termini (“clockwise” or “counter-
clockwise”) in the literature, are nonplanar and adopt helically

Ar
|

S N

PhY  H F3C »
H@N\H =\ /
H NH, CF4 Dy,

Ph s matched (no steric \ p; o S
organocatalyst: N, H-bond \ h

clash) o
N )
HEN-H EMe Ph < AU
o= NN \
T o T -
. 7 H -ra.ﬁ-L’“-. P N~ \ [
H VR

"N HO' Me ?
Ph il matched
H-bond

(-)-gauche
H-bonding groups

H o

O Al -Me
Me 5o~
Ph
E

Nazarov TS.

) Remote Asymmetric Induction by Helical Recognition
left-handed helix

chiral conformations. The interactions of these helical electrocyclization transition structures with the chiral catalyst are studied in
detail. The organocatalyst is found to employ a combination of hydrogen bonding and steric effects to achieve helical recognition

of the Nazarov transition state.

B INTRODUCTION

The Nazarov cyclization, a cationic 47 conrotatory electrocyclic
reaction, is a general method for the synthesis of substituted
cyclopentenones.”” Interest in the Nazarov cyclization has
surged recently due to the realization that high levels of
enantioselectivity can be achieved with the use of chiral
auxiliaries” or chiral Lewis acid or Brensted acid catalysts.”* In
2010, Tius identified the novel vicinal thiourea—primary amine
1 as a highly enantioselective organocatalyst for the asymmetric
Nazarov reaction of substituted divinylketones derived by
tautomerization of a-ketoenones with 58—95% yield and 90:10
to 98.5:1.5 enantiomeric ratios (Scheme 1).5

Scheme 1. Tius’s Organocatalytic Nazarov Reactions
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Catalytic enantioselective Nazarov reactions have been
developed primarily through the use of transition-metal
complexes.” Besides Tius’s thiourea—primary amine 1, only a
handful of organocatalysts are known to date to catalyze
Nazarov reactions with high enantioselectivities, including
BINOL-derived N-triflylphosphoramides as first reported by
Rueping in 2007"* and subsequently by Tius in 2014, as well
as a cinchona alkaloid derivative, reported by Frontier in 2015.°
Although numerous computational studies on the Nazarov
cyclization are available,” no structurally well-defined stereo-
chemical models have been proposed for any organocatalytic
variants of this reaction.” It has been more challenging to
develop enantioselective catalysts for electrocyclic ring-closing
reactions than for other common pericyclic reactions.” The first
catalytic enantioselective Nazarov reaction was reported only in
2003.”* For Tius’s Nazarov reactions (Scheme 1), both the
primary amine and the thiourea functional groups of 1 were
found to be essential for reactivity and stereoselectivity,’
suggesting a bifunctional mode of activation of the
divinylketone for cyclization."” However, the mechanism by
which chirality is transmitted from the remote stereocenters of
1 to the forming C—C bond upon cyclization is unknown. We
undertook a computational investigation of the mechanism and
origins of stereoselectivity for Tius’s organocatalytic Nazarov
reactions (Scheme 1). We demonstrate how the helically chiral
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Nazarov transition state and the chiral catalyst are comple-
mentary in the favored transition state, interacting by a
combination of hydrogen bonding and steric interactions.

B COMPUTATIONAL METHODS

Quantum mechanical calculations were performed using Gaussian
09."" The geometries were optimized using the MO06-2X density
functional'> with the 6-31G(d) basis set. All of the optimized
geometries were confirmed by frequency calculations to be minima
(zero imaginary frequencies) or transition structures (a single
imaginary frequency). Single-point energy calculations on the
optimized geometries were performed using the MO06-2X density
functional and the polarized, triple-{ valence quality def2-TZVPP basis
set of Weigend and Ahlrichs."* The thermal corrections evaluated from
the unscaled vibrational frequencies at the M06-2X/6-31G(d) level on
the optimized geometries were then added to the MO06-2X/def2-
TZVPP electronic energies to obtain the free energies. The free energy
corrections were calculated using Truhlar’s quasiharmonic approx-
imation,"* where all of the real harmonic vibrational frequencies that
are lower than 100 cm™ are set to 100 cm™.

B RESULTS AND DISCUSSION

The mechanism of the uncatalyzed Nazarov reaction is
sketched in Scheme 2. Two isomers of enol 3 differing in the

Scheme 2. Mechanism of Nazarov Reaction
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geometry of the enolic C=C double bond are possible from
the tautomerism of a-ketoester 2. Only cyclopentenones with
cis stereochemistry with respect to the phenyl and the ester
groups were experimentally observed,” indicating that a
conrotatory process had taken place only from the (E,E)
enol. The ring-closed oxyallyl cation undergoes proton transfer
between the two oxygen atoms on C3 and C4 during or after
cyclization to give the a-hydroxycyclopentenone 4 as the final
product. The stereochemistry of 4 is controlled by the structure
of 3 and the stereoselectivity of the electrocyclic ring-closing
step.

1. Control of Relative Configuration in Nazarov
Cyclization. With respect to a-ketoenone 2, tautomerization
to either enol isomer is endergonic by at least 0.7 kcal/mol, in
agreement with the experimental observation that the enol
form is a minor component at equilibrium (2:3 = 85:15).” As
shown in Figure 1, (E,E)-3 prefers to adopt the s-trans/s-trans
conformation, while (Z,E)-3 prefers to adopt the s-trans/s-cis
conformation. (Z,E)-3 is thermodynamically more stable than
(E,E)-3 by 0.9 kcal/mol, primarily because the intramolecular
hydrogen bond between the hydroxyl group and a carbonyl
group forms a six-membered ring in (ZE)-3 but a five-
membered ring in (EE)-3.°

The computed transition structures for the uncatalyzed
Nazarov reactions for the (E,E) and (Z,E) isomers of 3 (TS-5a
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Figure 1. Computed structures and energies of 2, (Z,E)-3, and (E,E)-
3.
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Figure 2. Conrotatory ring-closing transition structures for the
uncatalyzed Nazarov cyclization of (E,E)-3 (TS-Sa) and (ZE)-3
(TS-5b).

and TS-Sb, respectively) are shown in Figure 2. The free
energy of activation for the uncatalyzed electrocyclization is
37.1 kcal/mol for (Z,E)-3 and 31.7 kcal/mol for (E,E)-3. Since
TS-5a is higher in energy than TS-Sb by 4.5 kcal/mol, the
Nazarov reaction from the Z enol does not compete kinetically
with the reaction from the E enol, in accord with experimental
findings.”

The energy difference between TS-5a and TS-5b is
electronic in origin and can be explained b_?f the theory of
torquoselectivity in electrocyclic reactions.'®'” In the electro-
cyclic ring-opening reactions of cyclopentenyl cations'’ and
retro-Nazarov reactions,”“ or in the corresponding ring
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closures, an electron-donating substituent prefers to be on the
outside to minimize the filled—filled orbital interactions
between the donor orbital and the o orbital of the partially
broken or formed ¢ bond. Electron-accepting groups, on the
other hand, have a smaller outward preference or even favor the
inside in order to maximize favorable overlap of the empty 7*
orbital of the substituent and the HOMO of the partially
formed bond. In both TS-5a and TS-Sb, the large electron-
donating phenyl group is outside. At the cyclization transition
state of (E,E)-3 (TS-5a), the ester group is inside and the
methyl group is outside. TS-Sb is higher in energy because the
Z configuration of the enol C=C double bond means that the
methyl group is inside and the ester group is outside,
arrangements that are disfavored compared to TS-5a.

The organocatalyzed Nazarov reaction reported by Tius
(Scheme 1) was then investigated. For computational
tractability the naphthyl rings on the optimal catalyst 1 were
replaced by phenyl rings (6). This replacement was shown
experimentally to only slightly reduce the enantiomeric ratio for
the formation of (S,5)-4 from 90.5:9.5 (AAG* = 1.3 kcal/mol)
to 86.5:13.5 (AAG* = 1.1 kcal/mol); the sense of asymmetric
induction is unaffected.’

2. Conformations of the Organocatalyst. Figure 3
shows four conformers of 6 differing in the rotameric state of

Ph Gre1=0 P Grei=1.3
\ s
/ "\ \m
=~ ) 1 N
Vs 1':—‘( ; L N ) 4
7 a - \*{ ‘\ \ .
A\ LD o N
- IS AC
"\ T AR 4 4(;
H o
S _N. SN,
HN YA N T H
HATNN- H
Ph H 6¢c Ph H 6d
Ph Grel = 2.4 Ph Gre| = 2.6

Figure 3. Conformations of organocatalyst 6 (M06-2X/def2-
TZVPP//M06-2X/6-31G(d)). The relative free energies, G,y are
given in kcal/mol. Ar = 3,5-(CF;),CsH;.

the thiourea and the C1—C2 bond. Conformer 6a, in which the
phenyl groups are antiperiplanar and the thiourea N—H bonds
are anti, is the most stable, while the corresponding conformer
6b, in which the thiourea N—H bonds are syn and bidentate
coordination is possible, is only 1.3 kcal/mol higher in energy.
In 6a and 6b, the thiourea and the primary amine groups are
(—)-gauche due to the absolute configuration of 6. The
populations of conformations 6c and 6d, in which the two
functional groups are (+)-gauche, are negligible, since these are
2.4 and 2.6 kcal/mol less stable than 6a, respectively, due to
steric clash between the synclinal phenyl groups. Thus, the

(—)-gauche arrangement of the primary amine and thiourea
groups forms a chiral binding pocket of 6 that is conforma-
tionally rather rigid.

3. Mechanism of the Catalyzed Reaction. At the outset
of our studies, we explored whether the thiourea—primary
amine catalyst 6 could induce torquoselectivity via an enamine
intermediate (Scheme 3). The primary amine of catalyst 6

Scheme 3. Potential Enamine Nazarov Cyclization Route
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would undergo nucleophilic addition into the C-3 carbonyl
group of 2 to generate carbinolamine 7. Subsequent
dehydration would generate 8, which can undergo the Nazarov
cyclization. In the absence of an acid cocatalyst, the dehydration
step is known to be the rate-determining step. Various
computational and experimental studies have been conducted
on the mechanistic details of enamine formation,'® although the
intrinsic difficulties in the theoretical treatments of such
reactions have recently been pointed out by Singleton.'” Hall
and Smith used ab initio methods to investigate the bimolecular
addition reaction between methylamine and formaldehyde and
found the rate-determining dehydration step to possess a high
energy barrier of 55.3 kcal/mol.'*® Upon inclusion of two
explicit water molecules, this barrier is drastically lowered to
26.7 kcal/mol. Similarly, Patil and Sunoj used ab initio and
DFT methods to study the cocatalyst “assisted” enamine
formation between dimethylamine and propanal.'®* They
found that two explicit methanol molecules lowered the
dehydration barrier by as much as 16.7 kcal/mol in comparison
to the simple bimolecular reaction. The incorporation of polar
cocatalysts in these reactions is crucial in promoting enamine
formation, as it both stabilizes the developing charge in the
addition and dehydration step and facilitates an eight-
membered relay proton transfer mechanism. Because no acid
or other polar cocatalysts were included and the reaction was
run in toluene for Tius’s Nazarov cyclization,” these findings
provide strong evidence that a mechanism involving an
enamine intermediate cannot compete against the hydrogen-
bonding catalysis described later. Furthermore, Tius and co-
workers could not establish a catalytic cycle employing chiral
diamine-triflic acid salts for the Nazarov cyclizations of a-
hydroxydivinylketones due to the formation of a stable covalent
intermediate resulting in complete product inhibition.”” The
addition of a strong acid was required to fully liberate the
diamine from the cyclopentenone product. The organo-
catalyzed Nazarov reactions in Scheme 1 are slow due to
product inhibition. Most likely the catalyst engages the product,
an a-hydroxyketone, in the same way as it engages the starting
material, which is also an a-hydroxyketone. Thus, we focus on
the hydrogen-bonded mechanism rather than the enamine
mechanism.
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Figure 4. Nazarov transition structures TS-Sa of the M (A) and the P (B) helicity.

The 4r electrocyclization is expected to be the rate-
determining and stereocontrolling step. We assumed that
keto—enol tautomerization is a relatively low free energy barrier
process and the interconversion between the hydrogen-bonded
complexes of enols (Z,E)-3 and (E,E)-3 is rapid. The product
distribution would then follow the Curtin—Hammett principle;
that is, the relative transition state free energies determine the
product distribution. In support of this assumption, Papai and
co-workers conducted DFT calculations on the enantioselective
Michael addition of acetylacetone to a nitroolefin catalyzed by
Takemoto’s bifunctional thiourea catalyst.”' They found that
proton transfer from coordinated acetylacetone to the tertiary
amine of the thiourea catalyst has a relatively low energy
barrier. The similarities in both the substrate and catalyst we
investigate with these studies support our assumption that the
free energy barrier for keto—enol tautomerization is much
lower than the free energy barrier for electrocyclization.

4. Control of Absolute Configuration in Nazarov
Cyclization Catalyzed by 6. The dienone chains in the
reactant (E,E)-3 (Figure 1) and the Nazarov transition state
(Figure 2) are nonplanar but adopt helically chiral
conformations.”” This helicity is a natural consequence of the
conrotatory nature of the transition state and occurs to enable
overlap of the top face of the 7 system at one terminus with the
bottom face at the other terminus. The sense of helicity of the
Nazarov transition state dictates the absolute configuration of
the oxyallyl cation and the cyclopentenone product 4. As
shown in Figure 4, clockwise conrotation, which leads to the
(S,S) cyclopentenone, displays the left-handed or M helical
conformation. Counterclockwise conrotation, which leads to
the (R,R) cyclopentenone, adopts the right-handed or P helical
conformation. The enantiocontrol in a catalytic Nazarov
reaction of divinylketones can be understood by considering
how the chiral catalyst preferentially interacts with the
transition structure with one helicity. In what follows, we
show how the chiral pocket of 6, in which the thiourea and the
primary amine are held at the (—)-gauche disposition,
preferentially recognizes the left-handed (M) helical conformer
at the Nazarov transition state to selectively catalyze the
formation of the (S,S) enantiomer of 4.
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The Nazarov reaction of (E,E)-3 catalyzed by 6 displays a
bifunctional mode of activation in which the thiourea donates
two hydrogen bonds to the keto carbonyl group and the
primary amine accepts a hydrogen bond from the hydroxyl
group. The formation of the hydrogen-bonded complexes from
(E,E)-3 and 6 is endergonic by 0.9 to 3.4 kcal/ mol.”> We have
computed the hydrogen-bonded complexes of CH;OH and
CH;NH,. The complex CH;O0—H--NH,CH,, in which the
amine accepts the hydrogen bond, is 3.7 kcal/mol more stable
than the alternative complex in which the alcohol serves as the
acceptor. Thus, only transition structures in which the primary
amine of 6 accepts a hydrogen bond from the enol OH and the
thiourea coordinates to the keto carbonyl oxygen were studied.

A total of eight transition structures were located. These arise
from two possible senses of helicity leading to enantiomeric
products, two possible positions of the catalyst relative to the
mean plane of the cyclizing moiety, and two possible
conformations of the single bond linking the ester carbonyl
group and the pentadienyl chain (s-cis or s-trans). The relative
Gibbs energies of the eight transition structures are given in
Table 1. The Gibbs energy of activation for the electro-
cyclization through TS-9a, the lowest-energy TS, is 28.1 kcal/
mol.

The four transition structures (TS-9a—TS-9d) that differ
only in the sense of helicity and catalyst positioning are shown

Table 1. Relative Free Energies of Stereoisomeric Transition
Structures TS-9 for Electrocyclization of (E,E)-3

AAG* (kcal/mol)

Transition Structure

TS-9a 0

TS-9b 13
TS-9¢ 1.7
TS-9d 14
TS-9a"* 0.2
TS-9b" 2.3
TS-9¢'“ 3.0
TS-9d'“ 2.0

“TS-9a’—TS-9d’ are the same as TS-9a—TS-9d except for the s-cis or
s-trans conformation of the ester with respect to the enone.

DOI: 10.1021/jacs.5b08969
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in Figure S. The keto carbonyl group of (E,E)-3 is coordinated
by the thiourea group of 6 from the back in TS-9a and TS-9b,
and from the front in TS-9¢ and TS-9d. The cyclizing moieties
of TS-9a and TS-9d, which lead to (S,S)-4, are left-handed
helices, while TS-9b and TS-9c, for the formation of (R,R)-4,
contain right-handed helices. These transition structures are
analyzed in more detail in the following sections.

TS-9a—TS-9d all contain the s-cis conformation with respect
to the O—C1—C2—C3 bond; the s-trans transition structures
(TS-92’—T8S-9d"), which are 0.2—1.3 kecal/mol higher in energy
than the corresponding s-cis structures, are given in the
Supporting Information (SI). The Gibbs energies of activation
for the electrocyclizations of (Z,E)-3 with the catalysis of 6 are
5.2 kcal/mol or more higher than that for the electrocyclization
of (E,E)-3 through TS-9a and, thus, do not contribute to
cyclopentenone formation under the experimental conditions.
This is consistent with the difference in reactivity between
(Z,E)-3 and (E,E)-3 in the uncatalyzed electrocyclization (vide
supra). The TSs for the catalyzed reactions of (Z,E)-3 are also
given in the SL

Six of the TSs are up to 2.0 kcal/mol higher in energy than
TS-9a (Table 1). Taking the Boltzmann distribution of the
relative Gibbs energies of the eight TSs yields a computed
enantioselectivity of 91:9 in favor of the (S,S) enantiomer, in

good agreement with the sense and level of enantioselectivity
experimentally observed with catalyst 6 (86.5:13.5).

Both TS-9a and TS-9d give rise to the (S,S) enantiomer of 4.
TS-9d is 1.4 kcal/mol higher in free energy than TS-9a due to
steric hindrance. The catalyst moiety of TS-9d is 1.8 kcal/mol
higher in energy than the catalyst moiety of TS-9a. An overlay
of TS-9a and TS-9d in which the dienone moieties are
superimposed (Figure 6) shows that, in TS-9d, the catalyst N-
aryl ring clashes with the substituents on the C5=C6 bond of
the dienone. Such steric repulsion is absent in TS-9a. Instead,
the N-aryl ring is involved in weak C—H--O and C—H--F
attractions with the ester carbonyl group and the phenyl ring of
the dienone, respectively (2.20 and 2.35 A, Figure S).

Both TS-9b and TS-9c give rise to the (R,R) enantiomer of
4. TS-9b is less stable than TS-9a by 1.3 kcal/mol. As shown by
the Newman projections along the C1—C2 bond of the catalyst
in Figure 7, the ten-membered hydrogen-bonded ring appears
twisted in TS-9b but not in TS-9a. The two hydrogen bonds
closing the ten-membered rings are shorter in TS-9b than in
TS-9a, but this stabilization may be partially offset by secondary
electrostatic repulsion”* between the amine nitrogen and the
keto oxygen (N2 and O2 in Figure 7), which are 0.31 A closer
in TS-9b than in TS-9a (N2—02 distance = 3.52 A in TS-9a,
321 A in TS-9b). TS-9b is further disfavored by a more
eclipsed N1—C1—C2—N2 dihedral angle (—48°) of the catalyst

DOI: 10.1021/jacs.5b08969
J. Am. Chem. Soc. 2015, 137, 13191-13199


http://pubs.acs.org/doi/suppl/10.1021/jacs.5b08969/suppl_file/ja5b08969_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b08969/suppl_file/ja5b08969_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b08969

Journal of the American Chemical Society
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in TS-9d only

Figure 6. Overlay of TS-9a and TS-9d superimposing the dienone
moieties. The steric clash between the N-aryl ring of 6 and the CS and
C6 substituents of (E,E)-3 is indicated.
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Figure 7. Newman projections of TS-9a and TS-9b along catalyst
C1—-C2 bond. The non-hydrogen-bonding distance for each pair of
heteroatoms of the thiourea, amine, and the ketoenol groups, as well as
the distance between the two H atoms engaged in the hydrogen
bonds, is shown in angstroms.

moiety while the C1—C2 bond in TS-9a is ideally staggered
(—61°). The catalyst moiety of TS-9b is 5.4 kcal/mol higher in
energy than the catalyst moiety of TS-9a. Thus, the net
destabilization of TS-9b results from an interplay of hydrogen
bonding and catalyst distortion.

That the difference in energy of TS-9a and TS-9b is
primarily due to the structure of the hydrogen-bonded rings can
be seen from the overlay in Figure 8, which shows that the

m TS-9a
H TS-9
Figure 8. Overlay of TS-9a and TS-9b superimposing the orange

atoms of the organocatalyst moiety. The incipient five-membered ring
is color-filled with cyan.

dienone moiety and the N-aryl ring portion of the catalyst in
TS-9a and TS-9b resemble a pair of mirror images. The steric
interactions within these moieties are thus comparable between
the two transition structures. Indeed, C—H:--O and C—H---F
attractions between the catalyst N-aryl ring and the reactant,
analogous to those in TS-9a, are present in TS-9b (2.26 and
2.48 A, Figure 5).

Why is the catalyst more eclipsed in TS-9b? Figure 9 shows
TS-9a and TS-9b oriented with the C1—C2 bond of the
catalyst vertical. In TS-9a, the catalyst thiourea group and the
reactant carbonyl group are close to the viewer, while the
catalyst amine and the reactant hydroxyl are located in the rear.
Thus, the catalyst can interact with the reactant through
hydrogen bonding without much catalyst distortion. Inverting
the helicity of the cyclizing moiety, as in TS-9b, places the
hydroxyl group at the front and the carbonyl group at the back.
To maintain hydrogen bonding in this mismatched geometry,
rotation about the C1—C2 bond of the catalyst occurs to move

DOI: 10.1021/jacs.5b08969
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http://dx.doi.org/10.1021/jacs.5b08969

Journal of the American Chemical Society

®
~
— FsC
- \_/ ¢
PNV 3 CFy4
N\ 4 )
p X N matchﬁ/ld
\/‘\ _{-‘ﬁt 7\~ HFh N-H Hj
--C*-“;IQ~ - i\ 2.
¥ Yo,
Ph
TS-9a matched
ot FsC
\_/
- \ /‘ CF3
./} S
N / \ >~N mismatched
|
N A\
PN

mismatched

FsC
: /i 8
CF,

L3
A/ = S H steric clash
\ 4 /T{(—l on >\—Nﬂatched \

N-H

] e /.
; ! o=/
b " v~ —~% '\ 2| /,4
o AN HO
3 Ph X )
TS-9¢ matched

Figure 9. TS-9a—9c with the C1—C2 bond of the catalyst oriented
vertically. In the schematic drawings, atoms closer to the viewer are
represented by larger font sizes. E = CO,Et.

the amine group toward the front and the thiourea group
toward the back. Thus, the optimized geometry of TS-9b
displays a smaller N1-C1—C2—N2 dihedral angle.

TS-9¢, the alternative (R,R) TS, is 1.7 kcal/mol higher in
energy than TS-9a. As shown by the Newman projection in
Figure 10, the C1—C2 bond of the catalyst moiety of TS-9c is
staggered. The hydrogen-bonded ring in TS-9c (Figure 10)
possesses similar hydrogen-bond lengths (1.95 and 1.83 A) and
similar distances of separation between the non-hydrogen-
bonded heteroatoms (Figure 7) compared to the hydrogen-
bonded ring in TS-9a. The catalyst moiety of TS-9c also has a
staggered (N1—C1—C2—N2 = —63°) conformation and is only
0.4 kcal/mol less stable than the catalyst moiety of TS-9a.

The similarities and differences between TS-9a and TS-9¢
can be visualized in Figure 11A, which overlays the geometries
of the two transition structures. The blue box highlights the
good geometrical agreement with respect to the vicinal diaryl
portion of the catalyst and the keto—enol moiety of (E,E)-3 as a
result of matched hydrogen bonding. The key difference
between the two transition structures is boxed in pink. In TS-
9¢, the catalyst N-aryl group is tilted in order to alleviate steric
clash with the substituents on the CS=C6 olefin of (E,E)-3.
This steric repulsion, which is also found in TS-9d (vide supra),
is readily apparent in Figure 11B, in which the catalyst moiety
of TS-9a and the dienone moiety of TS-9c are overlaid without
further geometry optimization. Because of this repulsion, the

— \T |
TS-9¢c
N1-O1 = 3.54
N2-02 = 3.47
N1-N2 =2.85
01-02=2.82
H-H =225

Figure 10. Newman projection of TS-9c¢ sighted along the C1-C2
bond of the catalyst moiety. The non-hydrogen-bonding distance for
each pair of heteroatoms of the thiourea, amine, and the ketoenol
groups, as well as the distance between the two H atoms engaged in
the hydrogen bonds, is shown in angstroms.

third hydrogen bond in TS-9c (i.e., the hydrogen bond from
the thiourea N—H to the keto carbonyl outside the hydrogen-
bonded ring) is significantly lengthened and weakened (2.14 A
in TS-9c vs 1.92 A in TS-9a; Figure 5). As shown in Figure 9,
both TS-9¢ and TS-9a feature the carbonyl and the hydroxyl
groups of the Nazarov reactant in matched positions for
hydrogen bonding with the catalyst. However, in TS-9c, the
flap of the approximate envelope conformation of the dienone
points upward toward the N-aryl ring of the catalyst, resulting
in steric clash and destabilization.

Bl CONCLUSIONS

The mechanism and the origins of diastereo- and enantiose-
lectivity in the Nazarov reactions of a-hydroxydivinylketones
((E,E)-3) catalyzed by the vicinal thiourea—primary amine 6
have been elucidated computationally. The exclusive diaster-
eoselectivity is due to the lower activation barrier of
electrocyclization for the E enol (E,E)-3 than for the Z enol
(Z,E)-3. At the electrocyclization transition state, (E,E)-3 places
the phenyl and methyl groups outside and the ester carbonyl
group inside.

The thiourea and the primary amine groups are held in a
(—)-gauche disposition due to the antiperiplanar preference of
the bulky phenyl rings on C1 and C2 of 6. For the Nazarov
reaction of (E,E)-3, the (S,S) enantiomer of 4 is formed via a
transition structure in which the pentadienyl backbone is a left-
handed (M) helix. Catalyst 6 is selective for the formation of
(S,5)-4 because the catalyst can maintain hydrogen bonding
with the Nazarov TS in the left-handed helix conformation with
less distortion while minimizing steric hindrance from its N-
arylthiourea moiety, as shown in TS-9a. On the other hand, a
right-handed helical transition state results in a twisted
hydrogen-bonded complex (in TS-9b) or steric clash with the
catalyst (in TS-9c). While the use of steric blocking groups is a
prevalent paradigm in the design of enantioselective catalysts,"”
TS-9a and TS-9b differ mainly in the conformation of the
hydrogen-bonded ring with minimal differences in steric
congestion involving the N-arylthiourea moiety of the catalyst.
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Figure 11. (A) Overlay of TS-9a and TS-9c. The similarity in
conformation of the ten-membered hydrogen-bonded rings is
highlighted in a blue box, while the different manner of tilting of
the N-aryl ring of 6 is boxed in pink. E = CO,Et. (B) Same overlay as
(A), but showing only the catalyst moiety of TS-9a and the cyclizing
moiety of TS-9c.

The Nazarov reactions of divinylketones pose a special
challenge for enantioselective catalyst design because the
catalyst must distinguish between the two possible helicities
of the five-membered cyclic transition state entailing only small
differences in torsion angles. The helical arrangement of the
thiourea—amine is complementary to one of the helical
transition states.
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