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ABSTRACT: Ozxazolidinones can be synthesized through an
organocatalytic cascade reaction of stable sulfur ylides and
nitro-olefins. This process, sequentially catalyzed by thiourea
and N,N-dimethylaminopyridine (DMAP), is theoretically
studied using density functional theory by the continuum
solvation model. It is shown that the rate- and stereo-
selectivity-determining step is the addition reaction of sulfur
ylide to the nitro-olefin with two competing reaction channels.
One channel is where the nitro-cyclopropane is generated first
and then converted into isoxazoline N-oxide through a DMAP-
catalyzed rearrangement. The other channel is the direct
generation of the isoxazoline N-oxide intermediate. DMAP
plays an important role in the reaction as a nucleophilic
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catalyst. The mechanism for the important rearrangement reaction proposed by Xiao et al. (J. Am. Chem. Soc. 2008, 130, 6946—
6948) is not appropriate as the reaction energy barrier is too high; a 10-step mechanism determined by our theoretical
calculations is more feasible as the energy barrier is becoming much less than that by Xiao. It is the first time that the Hofmann
rearrangement involved in the cascade organocatalysis is confirmed by theoretical calculations. Our result of the stereoselectivity
for the synthesis of oxazolidinones is in good agreement with the experiment.

B INTRODUCTION

Ozxazolidinone and its derivatives are not only biologically
active heterocyclic compounds' but also important intermedi-
ates in organic synthesis. They are often used as chiral
auxiliaries,> ™ catalysts, and ligands, with wide applications in
biology, medicine, and chemistry.s_9 Moreover, oxazolidinone
and derivative chiral amino alcohol are basic units of many
natural products. For example, cytoxazone, isolated from
Streptomyces by the Osada group'® in 1998, is a novel
cytokine modulator which interferes with the cytokine IL-4, IL-
10, and IgG produced by selective inhibition of the signaling
pathway of Th2 cells. In addition, taxol side chain and Valinotin
A contain an @-amino-p-hydroxy acid fragment, which is
derived from oxazolidinone.'"'>

Xiao et al." recently developed a new method to synthesize
oxazolidinone through cascade organocatalysis. In his method,
stable sulfur ylides and nitro-olefins catalyzed by thiourea

[0}

Ph/\/ N02 N)j\o
+ \\8 ||lll< DMAP L
o 0 CHC137 it pH % —ph
)\/S 7
Ph Y

Figure 1. Organocatalyzed cascade reaction of sulfur ylide with
nitro-olefins.
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Figure 2. Competing nucleophilic and base catalysis mechanisms in
the DMAP-catalyzed reaction of acetic anhydride with tert-butyl
alcohol.

together with N,N-dimethylaminopyridine (DMAP) (see
Figure 1 for details) were used to produce oxazolidinone, and
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Figure 3. relative free energies (AG,qg) (in keal/mol) of acid-catalyzed process at the M06-2X/6-31G (d,p) level: (a) trans configuration, (b) cis
configuration. The trans and cis vary depend on the positions of Ph and PhCO at the INT2-3(A) or INT2-5(A). Only the trans structure is

presented here, except for INT2-3(A) and INT2-5(A).

the reaction afforded the products with high yields and great
diastereoselectivity (dr >95:5). Further studies'*'* by Xiao’s group
were carried out by using different sulfur ylides and solvent. A
good reaction condition was obtained to provide high diastereo-
selectivity (dr >95:5) and high enantioselectivity (er 95:5).

DMARP is believed to be one of the most useful nucleophilic
catalysts, especially for catalyzing the acylation of alcohols.'®
The mechanism of the DMAP-catalyzed acetylation of alcohols
is extensively studied both experimentally and theoretically.'”'®
It is considered that there are two competitive pathways, that is,
the base-catalyzed pathway and the nucleophilic attack pathway,
as illustrated in Figure 2. A theoretical study by Xu et al.'”
shows that the latter is more favorable in the acylation reaction
of alcohols catalyzed by anhydrides and acyl chlorides. Therefore,
the nucleophilic effect of DMAP should be taken into account in
the study of the isomerization reaction of nitrogen oxides on
isoxazoline.

Recently, Wheeler et al.'® used density functional theory
(DFT) to study the stereoselectivities of transition states with
different 7z-stacking interactions. It has be shown by Krenske
et al.*° that aromatic interactions (7-stacking, CH—7, cation—,
and anion—x interactions) control the stereoselectivities of
organic reactions, and the dr value evaluated by the M06-2X""
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functional is very close to the experimental result. In this work,
we use DFT with the M06-2X functional to investigate the
mechanism of stereoselective synthesis of oxazolidinones, to
further understand the mechanism by theoretical calculations.

Our study is to find the origin of selectivity and high yield of
such kinds of reactions.

B COMPUTATIONAL DETAILS

The M06-2X exchange-correlation functional developed by Zhao and
Truhlar® has been shown to provide a better description for
noncovalent interactions than the conventional density functionals.
Zhao et al.”* ** recommend the M06-2X functional for applications
involving main-group thermochemistry, kinetics, noncovalent inter-
actions, and electronic excitation energies to valence and Rydberg
states. Optimized stationary points (reactant and transition structure
geometries) were characterized by vibrational frequency calculations at
the M06-2X**">*/6-31G(d,p) level in the presence of the continuum
solvation model*® (SMD) with chloroform (¢ = 4.71, R, = 2.48 A) as
solvent. One can find the results at the BALYP**/6-31G(d,p) level in
the Supporting Information. The basis set effects have been
investigated, as shown in Table 1. It is found that the size of the
basis sets does not significantly affect the electronic energies, especially
for the transition states. From Table 1, one can see that the 6-31G(d,p)
basis set is appropriate to describe the system since larger basis sets do

dx.doi.org/10.1021/j04022452 | J. Org. Chem. 2013, 78, 12585—-12592



The Journal of Organic Chemistry

Table 1. Energy (in kcal/mol) of Various Structures with
Different Basis Sets in the Acid-Catalyzed Process
Stereoselectivity and Transition States

basis set structure A(E+ZPE) AG AH
M06-2X

6-31G(d,p) com 0.0 0.0 0.0
TS1-trans 13.1 14.2 124

TS1-cis 15.1 16.5 14.3

TS2-trans 11.7 12.5 109

TS2-rrr 11.7 12.3 11.0

6-31+G(d,p) com 0.0 0.0 0.0
TS1-trans 12.2 14.8 113

TS1-cis 13.5 15.2 12.8

TS2-trans 10.6 12.5 9.6

TS2-rrr 113 12.4 10.6

6-31++G(d,p) com 0.0 0.0 0.0
TS1-trans 12.1 14.0 113

TS1-cis 13.3 14.7 12.6

TS2-trans 10.6 12.1 9.6

TS2-rrr 11.2 11.9 10.6

6-311G(d,p) com 0.0 0.0 0.0
TS1-trans 12.9 16.3 12.0

TS1-cis 14.8 17.0 14.0

TS2-trans 13.1 16.0 11.9

TS2-rrr 13.1 14.7 12.3

6-311++G(d,p) com 0.0 0.0 0.0
TS1-trans 12.0 13.6 114

TS1-cis 13.5 14.6 129

TS2-trans 10.8 12.3 9.9

TS2-rrr 11.8 12.2 11.3

Table 2. Relative Free Energies (in kcal/mol) of Stable
Points in the Acid-Catalyzed Process (a, trans configuration;
b, cis configuration)

structure  A(E+ZPE) AG AH A(E+ZPE) AG AH
MO06-2X/6-31G(d,p) MO06-2X/6-31G(d,p)
(without thioureag (with thiourea)
com 0.0 0.0 0.0 0.0 0.0 0.0
TS1-a 122 17.4 10.8 13.1 142 124
TS1-b 124 17.0 11.1 15.1 16.5 14.3
INT1-a —-12 3.9 -2.6 =3.5 =3.1 —4.5
INT1-b 0.7 S.5 —0.6 -1.7 -13 —2.6
TS2-Sa 12.1 16.6 10.8 11.7 12.5 10.9
TS2-5b 143 20.1 12.7 142 16.1 132
INT2-5a(A)  —293  —268 —30.1 —210  -233 210
INT2-5b(A) —24.6 —226 -254 —20.4 =220 -=20.7
TS2-3a 9.8 13.4 8.7 11.7 12.3 11.0
TS2-3b 11.2 152 10.1 132 12.8 12.6
INT2-3a(A)  —289 —280 —293 —20.9 -233 =209
INT2-3b(A) -31.2 —284 -319 -19.7 —22.5 -192

not significantly improve the result. For the largest basis set, 6-311+
+G(d,p) compared to 6-31G(d,p) for different structure, one can find
that AAG is —0.6, —1.9, —0.2, and —0.1, respectively, for TS1-trans,
TS1-cis, TS2-trans, and TS2-rrr. In order to save computing resources,
only the 6-31G(d,p) basis set is employed for the following studies.
There are many isomers with different conformations in stationary
points, and only the most stable one was considered. TS1, TS3, and
TS10 are confirmed by IRC calculations and the others by analysis of the
vectors associated with imaginary frequency. The vibrational frequency
calculations were performed in order to obtain thermodynamic data at
298 K and were also used to verify whether the structure is a true

Table 3. Relative Free Energies (in kcal/mol) of Stable
Points in Converting INT2-3(B) to INT2-5(B)

structure A(E+ZPE) AG AH
MO06-2X/6-31G(d,p)

INT2-3(B) 0.0 0.0 0.0

TS2-cl 339 36.4 33.6

INT2-c 4.4 79 3.8

TS2-c2 294 32.5 28.9

INT2-5(B) 29 54 29

Table 4. Relative Free Energies (in kcal/mol) of Isoxazoline
N-Oxide 6 and Oxaziridine 7 Suggested by Experimentalists

structure A(E+ZPE) AG AH
6 0.0 0.0 0.0
TS(6-7) 523 537 52.0
7 10.3 9.5 10.2

Table 5. Relative Free Energies (in kcal/mol) of Stable Points
of Rearrangement Reaction in the Base-Catalyzed Process

structure A(E+ZPE) AG AH
M06-2X/6-31G(d,p)
INT2-5(B) 0.0 0.0 0.0
TS3 18.4 212 17.3
INT3 -1.6 -1.0 -1.9
TS4 3.0 4.3 2.5
INT4 —24.7 —=22.7 —-25.4
TSS —-12.5 —-11.0 —13.3
INTS —-19.8 —-17.7 —20.6
TS6 —-1.5 0.3 —2.4
INT6 —4.4 -2.5 —=5.2
TS7 0.5 2.7 -0.3
INT7 —24.9 —25.1 -25.1
TS8 —-1.2 -2.3 —1.1
INTS8 —28.0 —=27.1 —28.3
TS9 -0.8 0.6 -13
INT9 —158.3 —-16.9 —158.3
TS10 8.3 8.8 8.4
INT10 =773 =777 -76.9
TS11 —-73.4 —73.6 =73.5
INT11 —89.1 —90.0 —89.4
TS12 -90.5 —-90.9 -91.0
P -95.0 —94.6 -95.3

stationary J)oint. All computations were performed using the Gaussian09
program.”

B RESULTS AND DISCUSSION

Acid Catalysis Process. As inferred by Xiao et al," the
acid catalysis process includes two steps, and the process is
depicted in Figure 3. The first step is an addition reaction
where the nitro-olefin is activated by the thiourea catalysis
through two hydrogen bonds and followed by the addition of
sulfur ylide to nitro-olefin to form nitronate. The formed
nitronate is stabilized by hydrogen bonds between the nitronate
group and thiourea. The free energy barriers of the transition
state have been calculated by M06-2X/6-31G(d,p) with the
SMD solvent model. The results are listed in Table 2. From
Table 2, one can see that the free energy barriers are 14.2 kcal/mol
for trans configuration and 16.5 kcal/mol for cis configuration.
Therefore, the trans configuration is more stable, and it should be
the predominant form.

dx.doi.org/10.1021/j04022452 | J. Org. Chem. 2013, 78, 12585—-12592
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Figure 4. Relative free energies (AGyg) (in keal/mol) of INT2-3(B) to INT2-5(B) trans configuration in the base-catalyzed process with SMD

solvent models at the M06-2X/6-31G(d,p) level.

The second step is an intramolecular substitution reaction.
There exist two competitive reaction pathways: (1) As
suggested by Xiao et al,"> atom O1 of the nitro group attacks
C3 and then affords the oxazoline N-oxide (INT2-5(A)). (2)
C1 attacks C3 to form a cyclopropane (INT2-3(A)). The
leaving group is sulfide for both reaction pathways. M06-2X
calculations indicate that the trans configuration of two
reaction paths is competitive, while for the cis configuration,
the second reaction path is dominant. The relative energies
to the reactant complex are 12.5 and 12.3 kcal/mol for
trans and 16.1 and 12.8 kcal/mol for cis configuration. From
our calculations, whether a three-membered ring or a five-
membered ring is generated, the trans configuration pathway
is the favorite reaction path. This is in good agreement with
the experiment observation.

From Table 2, one can know that thiourea in the acid
catalysis process plays a very important role. Without thiourea,
the free energy barriers of the transition state for the first step is
17.4 kcal/mol for the trans configuration and 17.0 kcal/mol for
the cis configuration, and the cis configuration is the
predominant form, with the value of dr being 66%. The free
energy barriers with thiourea are, respectively, decreased to 14.2
and 16.5 kcal/mol; therefore, the trans configuration is the
predominant form, and the value of dr is 98%. What’s more, the
free energy barriers for other structures (except for INT1-a and
INT1-b) with thiourea in the acid-catalyzed process are all
lower than those of the system without thiourea. So, thiourea
plays an important role not only decreasing the energy barrier
but also improving the diastereoselectivity.
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The first step is the rate-determining step of the reaction
process regardless of the configuration of intermediates. Our
results of M06-2X show that INT2-3(A) and INT2-5(A)
are competitive, while the results of B3LYP show that the
INT2-3(A) configuration is the major product of the acid-
catalyzed process and the intermediate INT2-S(A) can be
detected in the course of the experiment, which is in agreement
with the experimental results. One can argue that INT2-3(A)
can be transformed to INT2-5(A) under the experimental
conditions. For this purpose, a pathway where INT2-3(A) is
converted to INT2-5(A) is designed, and it will be discussed in
the next section of the base-catalyzed process.

Base Catalysis Process. the theoretical study of Xu
et al.’shows that the nucleophilic catalytic reaction is a
favorable reaction pathway in the acylation reaction of the
alcohol with acid anhydride or chloride. DMAP plays an
important role during the nucleophilic catalysis mechanism
because it will have an intermediate with the acetylpyridinium
of DMAP. In the base catalysis process, one should consider the
role of the DMAP as a nucleophilic catalyst.

Therefore, a two-step nucleophilic substitution reaction
catalyzed by DMAP is designed for the conversion from
INT2-3(B) to INT2-5(B) (Figure 4). The first step is that the
N2 of DMAP attacks the C3 and breaks the C1—C3 bond. The
configuration of C3 is inversed at this step. The second step is that
the Ol of NO, attacks the C3 to form INT2-5(B). DMAP is
regenerated, and the configuration of C3 is inversed again. Since the
inversion happens twice, the configuration of C3 does not change
after these two attacks. The results of M06-2X are presented in

dx.doi.org/10.1021/j04022452 | J. Org. Chem. 2013, 78, 12585—-12592
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Figure S. Relative free energies (AG,gg) (in keal/mol) of isoxazoline N-oxide 6 and oxaziridine 7 suggested by experimentalists with SMD solvent

models at the M06-2X/6-31G(d,p) level (bond length in A).

Table 3, and the relative energies of these two transition states are
36.4 and 32.5 kcal/mol, so that the reactions are unlikely to occur
under room temperature condition. This indicates that conversion
of INT2-3(B) to INT2-5(B) is not possible.

According to the result of the acid-catalyzed process, the
reverse reaction barriers of INT2-3(B) and INT2-5(B) to INT1
are 35.6 and 35.8 kcal/mol for trans and 35.3 and 38.1 kcal/mol
for cis conformation under the experimental conditions (room
temperature and pressure). The reaction is therefore not
reversible. Therefore, stereochemistry of the final product is
determined after the formation of INT2-3(B) or INT2-5(B).

From Figure S, one can see that the transition state TS(6-7)
between the isoxazoline N-oxide 6 and oxaziridine 7 suggested by
experimentalists has a barrier of about 53.7 keal/mol calculated by
MO06-2X (as listed in Table 4); it is therefore impossible for the
reaction to occur. This indicates that the rearrangement mechanism
assumed in ref 13 is inappropriate. We therefore redesign a path
where the DMAP acts as a nucleophilic catalyst and it is generated
by the INT2-S(B) rearrangement reaction steps. The process is
depicted in Figure 6, and the results are presented in Table S.

The first step is the N2 of DMAP attacking the C1 of INT2-
5(B) to form a new C—N bond, while the N—O bond in the
original five-membered ring is disconnected to generate INT3,
which is a zwitterionic intermediate. The reaction barrier of this
step is 21.2 kcal/mol.

The second and third step of the reaction is a continuous
proton transfer process. Ol attracts a H atom from C1 of
INTS3, and the reaction energy barrier is 5.3 kcal/mol. Then the
H atom is moved from the O1 to O2. Reaction barrier of this
step is 11.7 kcal/mol. A zwitterionic intermediate (INTS) that
is more stable than INT3 is generated in this step.

The fourth step is a ring-forming reaction. O1 attacks C1 to
generate a new C—O single bond. Then a four-membered ring
intermediate INT6 is produced. The activation barrier is 18.0
kcal/mol.

In the fifth step, DMAP departs from INT6 to generate a
more stable four-membered ring intermediate INT7. The
reaction energy barrier is 5.2 kcal/mol. The fourth and fifth
steps of the reaction can be considered as a intramolecular
substitution reaction.

dx.doi.org/10.1021/j04022452 | J. Org. Chem. 2013, 78, 12585—-12592
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In the sixth step, DMAP attacks C3 of INT7 again from
the back of the C—O bond as a nucleophilic catalyst. The
C—O bond is disconnected, and the four-membered ring
is opened to regenerate the positive and negative ion

intermediates INT8. In this step, the reaction energy barrier
is 22.8 kcal/mol.

In the seventh step, the oxygen of OH attacks C3 and
generates intermediate INT9, which has a five-membered ring

dx.doi.org/10.1021/j04022452 | J. Org. Chem. 2013, 78, 12585—-12592
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structure. DMAP is released in this step, and the reaction
energy barrier is 27.7 kcal/mol. The structure of INT9
(compared with INT8) is unstable and not changed after the
sixth and seventh step. This is similar to the conversion process
of INT2-3(B) to INT2-5(B), in which the conformation of the
C3 is kept unchanged.

The eighth step is a Hofmann rearrangement’®
Isocyanate (INT10) is formed in this step. The reaction energy
barrier is 25.7 kcal/mol. More details about the Hofmann
rearrangement reaction will be discussed in the next section
since it is the most important step.

Steps 9 and 10 of the reaction are DMAP acting as a base to
transfer a proton from O1 to N1 and to produce the final product
at the same time. First, DMAP takes a proton away from O1; then
O1 attacks C1 to form a five-membered ring intermediate INT11.
The reaction energy barrier is 4.1 kcal/mol. After that, DMAP
(H+) transfers a proton to N1 again. The energy of the TS12
transition state is smaller than that of INT11. Once DMAP (H+)
gets close to N1, the hydrogen atom directly transfers to N1.
These two steps are very fast reactions.

In the entire base-catalyzed process, DMAP acts mostly as a
nucleophilic catalyst and only once as a base. It is believed that this
process is more suitably called a nucleophilic catalytic process.

reaction.
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Figure 7. Relative free energies (AG,ys) (in kcal/mol) of the
Hofmann rearrangement reaction and the structures of INT9, TSI10,
and INT10 (bond length in A).
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The rearrangement mechanism presented above is more
likely as the largest relative energy in step 7 is only 27.7 kecal/mol,
which is much less than 53.7 kcal/mol of Xiao’s proposed mecha-
nism. Therefore, one can believe that the 10-step mechanism
determined by theoretical calculations is more feasible than the
one proposed by Xiao.

Hofmann Rearrangement Reaction. The Hofmann
rearrangement reaction of INT9 and INTI0 together with
the transition state TS10 is shown in Figure 7. According to the
valence bond theory, compared to INTS8, INT9 is a relatively
unstable intermediate because the N atom labeled as N1 in
INT9 has only six outer shell electrons with a nitrene structure
as shown in INT9. The oxygen atom of OH shares its lone pair
electron with the nitrogen atom of INT9 to stabilize it and to
form an O—N coordination bond. The bond length before the
Hofmann rearrangement reaction is 1.486 A, which is longer
than a normal single O—N bond of 1.36 A. In the transition
state TS10 of the Hofmann rearrangement reaction, the O—N
coordination bond is broken down with a distance between the
O and N being 2.176 A. The distance between Cl and C2
becomes 1.676 A, and the distance of C1 and N1 is 2.376 A.
Finally, after the Hofmann rearrangement reaction, the C1—C2
and C1—N1 bonds are built. Therefore, the isocyanate INT10
is formed by the Hofmann rearrangement reaction.

Origin of the Stereoselectivity. As discussed in the base
catalysis section, the chirality of the final product is determined
in the acid catalysis process, in which the first additional
reaction is the rate-determining step. There exist several
different conformations of TSI, but we only discuss the most
favorable one in energy. By inspecting and analyzing the
structure of the transition state, it is found that the energy
difference between TS1-trans and TS1-cis is due to the steric
effect. The dihedral angle of the trans configuration of the
transition state is —73.3° while the dihedral angle of the cis
one is —30.8°, with the difference between them being 42.5°.
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Figure 8. Structures (bond length in A) and Newman projection types
of TSl of cis and trans configurations (relative energies are in

kcal/mol).
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The conformation of the TSl-trans is close to the standard
cross-conformation (60°), which has a lower steric energy. The
conformation of the TS1-cis, however, is far away from the
standard one with a difference in angle of 29.2°, which has a
higher steric energy. The reason why the TS1-trans is more
stable than the TS1-cis is that the distance between the positive
charge center (the —S(+)Me, group) and the negative charge
center (the —NO, group) is closer. Our theoretical study gives
an enantiomeric excess of 98%, which is in good agreement
with the value of dr (95%) in experiment (Figure 8).

B CONCLUSIONS

We have performed systematic theoretical studies on the
tandem reaction of sulfur ylides and nitro-olefin catalyzed by
DMAP and thiourea. According to our results, we can draw the
following conclusions:

(1) Addition reaction of sulfur ylides with nitro-olefin is the
stereoselectivity- and rate-determining step. The stereoselectiv-
ity stems from the steric effect which results in a trans con-
figuration dominant product. This is in good agreement with
the experimental result.

(2) There are two competitive reactions in the addition
reaction path. One path is to generate the nitro-cyclopropane
followed by a DMAP-catalyzed rearrangement to form the
isoxazoline N-oxide intermediate. The other path is to directly
generate the isoxazoline N-oxide intermediate. Our calculations
show that the latter is dominant.

(3) DMAP acting as both nucleophilic catalyst and base
catalyst, the nitrogen oxides of isoxazoline ketone produce the
final product by several processes, such as open loops,
cyclizations, Hofmann rearrangement, and hydrogen migration.
It is the first time that the Hofmann rearrangement involved in
the cascade organocatalysis reaction is confirmed by theoretical
calculations.
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