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Insights into isothiourea-catalyzed asymmetric [3
+ 3] annulation of a,p-unsaturated aryl esters with
2-acylbenzazoles: mechanism, origin of
stereoselectivity and switchable chemoselectivityt
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Recently, isothiourea-catalyzed asymmetric [3 + 3] annulation reactions of a,B-unsaturated aryl esters with
2-acylbenzothiazole (or 2-acylbenzoxazole) were reported with switchable chemoselectivity to form either
dihydropyridone or dihydropyranone, but predicting the origin of chemoselectivity and stereoselectivity is
still challenging in these kinds of reactions. Herein, density functional theory (DFT) was used to study the
general mechanism and explore the origin of stereoselectivity and chemoselectivity in these reactions. The
calculated results show that three stages including adsorption, [3 + 3] annulation and dissociation are
involved in the reaction, and the C-C bond formation involved in [3 + 3] annulation is a key step that
determines both chemoselectivity and stereoselectivity. The origin of stereoselectivity was further
investigated by analysis of distortion and non-covalent interactions (NCI), and the C-H---O interaction
between the chiral substituents of the catalyst and the carbonyl oxygen on 2-acylbenzazoles contributes
greatly to the stereoselectivity. In addition, the switchable chemoselectivity associated with the competitive
[3 + 3] cyclizations for formation of N- and O-heterocyclic compounds can be predicted by using local
nucleophilic Parr function (P,) and nucleophilic atom energy (E;") analysis. This work provides guidance
for the rational design of potential catalysts for such highly stereoselective reactions with switchable
chemoselectivities.
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Various kinds of efficient pathways were reported to
synthesize these cyclic compounds, such as the common [4 +
2] cycloaddition and the emerging [3 + 3] cyclization reaction.
For these synthesis processes, the use of a suitable catalyst
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Scheme 1 Isothiourea-catalysed [3 + 3] annulation reaction of (a)
homoanhydrides with 2-acylbenzazole derivatives and (b) o.pB-
unsaturated aryl esters with 2-acylbenzazole.
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conditions and high selectivity.” Noteworthily, the
employment of Lewis base organocatalysts,” including
cinchona alkaloid derivatives," N-heterocyclic carbenes,’
phosphine,® and isothiourea,” was found to be an ideal choice
for promoting various kinds of asymmetric syntheses of those
N- and O-heterocyclic compounds.®

More recently, the use of chiral isothioureas’ has
become more and more popular in enantioselective
synthesis of six-membered ring compounds. Notably, Smith
et al. widely extended their applications to build many
complex compounds with high levels of regio-, chemo- and
stereo-control capabilities. Besides isothiourea-catalyzed [4 +
2] cyclization reactions for formation of various six-
membered ring compounds,'® Smith's group reported the
isothiourea-catalyzed [3 + 3] cyclization reaction of
2-acylbenzoxazoles ~ with ~ homo-anhydrides to  form
dihydropyranone and dihydropyridinone (Scheme 1a)."“**
Moreover, Smith et al. reported the isothiourea-catalyzed
formal [3 + 3] cyclization reaction of 2-acylbenzoxazole with
o,B-unsaturated aryl esters to generate dihydropyranone
and dihydropyridinone, which has good stereoselectivity
and chemoselectivity (Scheme 1b)."* However, the origin of
the chemoselectivity and stereoselectivity in these kinds of
isothiourea-catalyzed [3 + 3] cyclization reactions remains
unclear so far. As can be seen in Scheme 1a, the product is
exclusively dihydropyranone when the X atom is an oxygen
atom, but the main product would be dihydropyridinone
when the X atom is a sulfur atom, and the yield ratio of
dihydropyridinone : dihydropyranone is 85:15 in the
experiment.'’ Similarly, as shown in Scheme 1b, similar
products would be obtained and chemoselectivity can be
switchable by using different substrates with X = S or O
atoms.

Although there are a lot of valuable insights in these
excellent experiments, some issues still need to be further
studied and explored in theory: (1) how is an acyl ammonium
precursor converted from an a,B-unsaturated aryl ester? (2)
What is the role of the leaving group ArO ? (3) How does the
deprotonation proceed to produce the corresponding enolate
intermediate? (4) How do protonic media assist [1,3]-proton
transfer? (5) What is the origin of high stereoselectivity? (6)
What role does the isothiourea catalyst play? To the best of
our knowledge, few theoretical studies on the isothiourea-
catalyzed asymmetric [3 + 3] annulation of o,B-unsaturated
aryl esters (or homoanhydrides) with 2-acylbenzazoles have
been reported so far,"' and the general principle on the
origin of the switchable chemoselectivities and selectivities
should be highly desirable to explore them systematically.

These questions and our continuous interest in
organocatalysis’*"® encourage us to perform this
computational study, in which the reactions of

3-trifluoromethyl-1-(2,4,6-trichlorophenoxy)-2-acetyl ~ (denoted
as R1, Scheme 1b) with 2-benzoxazole-1-acetophenone
(denoted as R2q;s with X = O/S, Scheme 1b) leading to
dihydropyridone and dihydropyranone in the presence of
isothiourea (denoted as Cat) were selected as the research
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object. All of the calculations were conducted at the M06-2X-
D3/6-311++G(2df, 2pd)/IEF-PCMy//M06-2X"""%/6-31G(d, p)/
IEF-PCM 5 2% level in the Gaussian 09 program,21 and
more computational details are provided in the ESI} This
theoretical study aims to explore the exact map for general
mechanisms of such reactions, and thus provides valuable
clues for guiding experimental design.

Results and discussion
Mechanism for the [3 + 3] cyclization

As shown in Scheme 2, we suggested and studied the
possible mechanisms of [3 + 3] cyclization of an a,p-
unsaturated aryl ester with 2-acylbenzothiazole catalyzed by
isothiourea, and Fig. 1 shows the relative free energy profiles
of the entire catalytic reaction, in which the free energy of R1
+ Cat was set to 0.0 kcal mol™". The entire catalytic cycle
comprises four reaction steps, and we would elaborate on the
specific mechanism and free energy change of each step as
follows.

The first step is initiated with nucleophilic attack on the
carbonyl carbon of reactant R1 from either the Si or Re face
of the carbonyl group of R1 by the imine nitrogen atom of
Cat via transition state Si- or Re-TS1 to generate intermediate
Si- or Re-M1 (Fig. S1 of the ESI{). For convenience, the
unchanged chirality of the catalyst has not been included in
the names of the following stationary points including the
diastereomer intermediates and transition states. It should
be noted that the chirality of the catalyst was not mentioned
in the compound names. The Si- or Re-before the compound
names corresponds to the Si- or Re-face of reactant R1, and
the same signs for the associated Si- or Re-M1 were retained.
As seen from Fig. 1, the energy barrier of the pathway
associated with attacking the Re surface of the carbonyl
group of reactant R1 through transition state Re-TS1 (13.0
kcal mol™) is lower than that via Si-TS1 (14.4 kcal mol™). In
addition, the energy of intermediate Re-M1 (-0.1 keal mol ™)

TS1X Ar=2,4,6-(Cl)sCeH,

o WCF3
i-Prv,,, N
N._A_Ph Q//‘\ ArO
P~ s R1 m
@S 9 Cat o CF3
TS4-A
H + -
«CF3 Cat_ ArO

(e
i N
ﬁ;j\(/N OhCFs
TS4-B @ M1
H P

(o 0P~
Ph S
PB-S

h

R2 ?—<
TS2 =
CF3 N= ¢}
S
Ph @r
Scheme 2 The competitive reaction mechanisms for the isothiourea-

catalyzed [3 + 3] annulation of an o,B-unsaturated aryl ester with
2-acylbenzothiazole.
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Fig. 1 The relative Gibbs free energy profiles of the isothiourea-catalyzed [3 + 3] annulation reaction. (the superscript “*” represents adding the
free energy of pre-R2, the superscript “®” represents the S configuration, and distances are in angstroms).

is also lower than that of $i-M1 (2.8 kcal mol™). Therefore,
the pathway associated with Re-M1 should be more
energetically ~ favourable in  both  kinetics  and
thermodynamics, so we only considered this pathway in the
following steps.

The second step is Michael addition to M1 by nucleophile
R2, which is generated via the o-C-H deprotonation process
of reactant precursor pre-R2 in the presence of ArO™ through
transition state TS1' (7.4 kcal mol™, Fig. S2 of the ESI}). It
should be noted that a molecule of ArOH can be generated to
assist the following [1,3]-proton transfer. In this step, a-C of
R2 attacks the activated o-C of intermediate M1 to form
intermediate M2 via transition state TS2. As shown in
Scheme 1, there are two nucleophilic sites on R2, namely a-C
and the oxygen atom of the carbonyl group. In order to
explore which atom is easier to attack to form intermediate
M1, local nucleophilic (P,) and electrophilic (P.') Parr
function analysis** was performed for R2, and the calculated
results indicated that nucleophilicity of a-C is much greater
than that of the carbonyl oxygen atom (Table S1 of the ESI}).
Furthermore, we analysed the global reaction index (GRI*®) to
understand the actual role of the isothiourea catalyst. As
shown in Table S2 of the ESI;f the ArO can be
nucleophilically substituted by isothiourea, which makes the
substrate more electrophilic to facilitate the reaction with
nucleophile R2.

As shown in Fig. 2, four different reaction modes would
lead to the corresponding diastereoisomer transition states,

3666 | Catal Sci. Technol., 2020, 10, 3664-3669

i.e. TS2SS, TS2RS, TS2RR and TS2SR. According to Fig. 1, the
energy barriers via transition states TS2SS, TS2RS, TS2RR
and TS2SR are 14.0, 12.0, 15.6 and 15.5 kcal mol™, and the
relative energies of the corresponding intermediates M2SS,
M2RS, M2RR and M2SR are -2.8, -3.9, -1.7 and -2.2 kcal
mol™, respectively. These data indicate that the reaction
pathway for generating intermediate M2RS via TS2RS
requires much lower energy than the other three pathways,

TS2RR TS2SR

Fig. 2 Stereochemistry involved in transition states TS2SS, TS2RS,
TS2RR and TS2SR.

This journal is © The Royal Society of Chemistry 2020
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so the reaction pattern for generating the RS isomer is more
advantageous. Noteworthily, we considered and studied
multiple conformations for transition state TS2 to make sure
that the selected conformations of the diastereoisomers are
the lowest energy conformations, and more details can be
found in Table S3 in the ESL}

In third step, two possible pathways, including in situ
generated ArOH and i-Pr,NEt-H" assisted [1,3]-proton transfer
via transition states TS3 (with an energy barrier of 2.5 kcal
mol ™', Fig. 1) and TS3' (with an energy barrier of 23.2 keal
mol ™', Fig. S3 of the ESIf), were considered and investigated.
Obviously, the ArOH assisted [1,3]-proton transfer has a
much lower energy barrier and should be the main pathway
in the reaction.

The final step is ring closure coupled with dissociation of
Cat for formation of either product PA or PB via transition
state TS4-A or TS4-B (Scheme 2), separately. As seen from
Fig. 1, the energy barrier via transition state TS4-A (4.2 kcal
mol ™) is slightly lower than that via transition state TS4-B
(4.3 keal mol™), and the relative energy of product PA is also
lower than that of product PB, which is in agreement with
the product ratio (PA:PB = 54:42) obtained in the
experiment. In contrast, for X = O shown in Fig. S4 of the
ESL} the energy barrier via transition state TS4-B' (4.5 kcal
mol ™) is much lower than that via transition state TS4-A'
(11.3 kecal mol™), the relative energy of product PB’ (-12.8
kcal mol™) is higher than that of product PA’ (-19.7 kcal
mol ™), and PA’ should be the kinetically-unfavoured but
thermodynamically-favoured product, which is consistent
with the main product being changed to PA’ under heating
conditions. The calculated results are consistent with the
observed switchable chemoselectivity in the experiment, and
this interesting phenomenon encouraged us to further
explore the origin of chemoselectivity as follows.>*

Origin of stereoselectivity

According to the energy barrier diagram (Fig. 1) and above
discussed in step 2, the Michael addition was identified as
the stereoselectivity-determining step, and the reaction
pathway associated with the RS configuration has the lowest
energy. The energy difference between TS2RS and TS2SR is
3.5 keal mol™, which corresponds to 99% ee in theory, and
this is close to the 94% ee reported in experiment. In order
to explore the origin of stereoselectivity, the distortion/
interaction energy”> and non-covalent interaction (NCI)
analyses were performed as follows.

Based on Houk's definition,>*® the energy difference
between the reaction partners (M1 and R2) and the
corresponding segments separated from each transition state
(AEﬁiSLMl/AEﬁiSLRZ) is the distortion energy, and the total
distortion energy (AE;EiSuoml) is the sum of AEk wvn and
AEXi ro. The weak interaction AE%,, is the difference between
AE* and AE;Eisuotal. As summarized in Table 1, although the
transition state TS2RS has the largest distortion energy (15.45
kcal mol™), it also has the largest interaction energy (-38.63

This journal is © The Royal Society of Chemistry 2020
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Table 1 The relative distortion/interaction energy analysis for the

stereocontrolling transition states calculated at the M06-2X-GD3/6-31+
+G (2df, 2pd)/IEF-PCMq level (unit: kcal mol™)

SP AAG: AEgistﬁRz AE‘())glist7M1 AE;Iiistitotal AE%nt

TS2SS 1.93 4.32 8.67 12.99 -33.20
TS2RS 0.00 4.69 11.01 15.70 -37.27
TS2RR 3.52 2.49 6.92 9.41 -28.38
TS2SR 3.48 1.68 7.89 9.57 -26.74

kcal mol™), indicating that the weak interactions contribute
significantly for its favourability. Therefore, we further
performed non-covalent interaction (NCI) analysis on
transition states TS2SS, TS2RS, TS2RR and TS2SR to discover
those interactions. Several kinds of interactions have been
identified by using NCI analysis, ie. Ip---n interaction, C-
H---O interaction, C-H---S interaction, and C-H:n
interaction. Noteworthily, the lone pair---n (Ip---xt) interaction
is similar to the anion---m interaction, namely the non-
covalent bonding association between a neutral electron-rich
atom and an electron-poor © ring.”” As depicted in Fig. 3,
there are one Ip---m interaction (2.97 A) between carbonyl
oxygen and the five-membered ring and one lp---n interaction
(3.31 A) between the sulfur atom and the six-membered ring
in TS2SS; one Ip---m interaction (2.94 A) between the carbonyl
oxygen and the five-membered ring, one C-H---S interaction
(2.91 A) and one strong C-H---O interaction (2.34 A) in
TS2RS; one Ip---7 interaction (2.98 A) between the carbonyl
oxygen and the five-membered ring and one lp---n interaction
(3.17 A) between the sulfur atom and the six-membered ring
in TS2RR, one C-H--7 interaction (2.45 A), one C-H---S
interaction (2.99 A) and one C-H---O interaction (2.59 A) in
TS2SR. Therefore, the stronger C-H---O interaction between
R2 and the chiral center of the catalyst in transition state
TS2RS should be the key to determine the stereoselectivity of
the reaction.

N

Fig. 3 Stereochemistry involved in transition states TS2SS, TS2RS,
TS2RR and TS2SR.
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Fig. 4 Nucleophilic atom energy (E, ", kcal mol™®) of N and O atoms in
intermediates M3 and M3'.

Prediction of chemoselectivity
Inspired by Smith's excellent contribution,"**° we think
that it should be interesting to explore the origin of the
switchable chemoselectivity. Noteworthily, the number of 1,5-
S:--O interactions could be wused for explaining the
chemoselectivity involved in this kind of reaction depicted in
Fig. 4a. However, as shown in Fig. 4b, the two chemoselective
transition states have only one 1,5-S:--O interaction, so the
switchable chemoselectivity cannot be well explained so far.
In order to predict the chemoselectivity associated with [3
+ 3] cyclization products PA or PB by using a general
principle, we determined the global nucleophilic index (N
(ref. 23d and 31 = Eyomo 3, m3) — Enomo (TCNE)) of
intermediate M3 or M3’ and local nucleophilicity (P, ), and
performed nucleophilic atom energy (E, = P, x N) analyses
on the nucleophilic nitrogen and oxygen atoms in
intermediate M3 or M3’ (Table S4 of the ESIT). The computed
results (Fig. 4) show that the nucleophilicity of the nitrogen
atom (E, = 25.2 kcal mol™) is slightly higher than that of the

3668 | Catal. Sci. Technol,, 2020, 10, 3664-3669
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oxygen atom (E,” = 23.1 kcal mol™) in intermediate M3.
While the nucleophilicity of the nitrogen atom (E, = 18.4
kcal mol™) is significantly lower than that of the oxygen
atom (E, = 28.2 kcal mol™) in intermediate M3'. The higher
nucleophilic atom energy represents the stronger
nucleophilic activity, and thus leads to a lower energy barrier.
Therefore, we can successfully predict the switchable
chemoselectivity by  performing single-point energy
calculations according to the above two local reactivity
indexes.

Conclusions

In this work, density functional theory (DFT) calculations
were carried out to study the possible reaction mechanisms
and origin of selectivities of the reaction between o,p-
unsaturated aryl esters and 2-acylbenzazole (X = O/S) to
generate dihydropyridone and dihydropyranone under
isothiourea organocatalysis. The calculated results reveal that
the reaction includes four reaction steps, including
complexation of a,B-unsaturated aryl esters using the
isothiourea catalyst, Michael addition, ArOH assisted [1,3]-
proton transfer, and the ring-closure process coupled with
dissociation of the catalyst. The Michael addition step (i.e.
C-C bond formation) was identified as the stereoselectivity-
determining step. Analysis of the distortion/interaction and
non-covalent interaction (NCI) shows that the C-H---O
interaction formed between the two chiral centers on the
catalyst with the carbonyl oxygen on 2-acylbenzothiazole has
a significant influence on the stereoselectivity. In addition,
analysis of a newly suggested local activity index (ie.
nucleophilic atom energy E, ) and nucleophilic Parr function
(P) was performed to predict the origin of the switchable
chemoselectivity in these kinds of reactions. Therefore, this
work should be helpful in understanding the detailed
reaction mechanism, role of the isothiourea organocatalyst,
and origin of both stereoselectivity and chemoselectivity, and
thus provides useful clues for rational design of more
efficient organocatalyzed [3 + 3] cyclization reactions with
high stereoselectivity and special chemoselectivity.
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