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ABSTRACT: Chiral counter ion controlled asymmetric catalysis via an ion-pairing interaction has attracted immense attention in
recent years. Despite a number of successful studies, the mechanistic elucidation of the stereocontrolling element in the ion-pairing
interaction is rarely conducted and hence its nature is still far from being well understood. Herein we report an in-depth mechanistic
case study of a newly developed enantioselective ring expansion reaction of 1,3-dithiane derivatives catalyzed by chiral phosphoric
acid (CPA). An unprecedented enantioselective 1,2-sulfur rearrangement/stereospecific nucleophilic addition sequence was proven
to be the stereoselective pathway. More importantly, by thorough investigation of the intrinsic nature of the stereospecific nucleo-
philic addition to the cationic thionium intermediate, we discovered that the key interaction in this process is the non-classical C-
H---O hydrogen bonds formed between the conjugate base of the CPA catalyst and the cationic intermediate. These C-H---O hy-
drogen bonds not only bind the catalyst to the substrates to form energetically favored states throughout the overall processes, but
also firmly maintain the relative positions of these fragments as the “fixed” contact ion pair to sustain the chiral information gener-
ated at the initial sulfur rearrangement step. This mechanistic case study provides a very clear understanding of the nature of the
ion-pairing interaction in organocatalysis. The conclusion encourages the further development of the research field with an eye to
designing new organocatalysts and cultivating novel organocatalytic transformations.

INTRODUCTION

G

The chiral anion controlled asymmetric catalysis via an ion- OO 0o
pairing interaction in organic synthesis has drawn much atten- 4
tion in recent years." Chiral phosphate anion, particularly the OO o OH
one derived from the BINOL backbone (BINOL = 1,1’-bi-2- G
naphthol), is one of the most widely used chiral anions in en- (R)-CPA
antioselective transformations. It is the conjugate base of chi-
ral phosphoric acid (CPA), a powerful and versatile chiral
Bransted acid catalyst used in numerous enantioselective reac-
tions (Figure 1).? The activation mode in the CPA-catalyzed o o o o
reactions of electronically neutral substrates is well recognized C 4 , *C N4 R3
through the double hydrogen-bonding interaction: the i X, % e,
Brgnsted acidic site (P-OH) interacts with an electrophile (e.g., \\/R ion pair yR
imine, aldehyde, etc.) to form a hydrogen bond of O---H---X R? R?
(X =NR, O, etc.) and the Brgnsted basic site of phosphoryl H @:nucleoph“e
oxygen (P=0) simultaneously forms a hydrogen bond with a
nucleophile (Figure 1a).”> In sharp contrast, a similar hydrogen

a) hydrogen-bonding interaction

........ : hydrogen bond

bond cannot be clearly identified in the ion-pairing interaction
due to the lack of an H-X moiety, an active proton attached to
a heteroatom, in cationic species (Figure 1b). In spite of the
large number of successful examples, mechanistic studies of
this type of reaction are rare. Our research group has disclosed
that the non-classical C-H---O hydrogen bonds between an
oxocarbenium ion and a chiral phosphate anion are crucial to
achieving a high level of stereocontrol in a CPA-catalyzed
Petasis-Ferrier-type rearrangement.® To better understand the
nature of the ion-pairing interaction in asymmetric catalysis,
further studies of different types of stereoselective transfor-
mations involving the cationic species as a reactive intermedi-
ate are keenly required.

Figure 1. Activation mode of CPA-catalyzed reaction.

The thionium ion is a representative sulfur-stabilized carbo-
cation and the sulfur analog of oxocarbenium ion. It is widely
found as a reactive intermediate in a variety of reactions, such
as the Pummerer rearrangement and related reactions.* How-
ever, the catalytic enantioselective reactions of thionium to
furnish enantio-enriched sulfur-containing compounds remain
largely unexplored.® In this context, we envisioned that chiral
phosphate would be applicable as a counter anion of the thio-
nium intermediate to control the stereochemical outcome in an
enantioselective fashion. The method provides a new entry
into the catalytic asymmetric synthesis of enantio-enriched
sulfur-containing compounds.® More importantly, the thionium
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functionality possesses no H-X (X = sulfur) moiety to form
hydrogen bonds and hence, a thorough mechanistic study
would offer some insights into stereocontrolling elements in
the ion-pairing interaction.

To accomplish the proposed enantioselective transformation
involving the thionium intermediate, we focused our attention
on the 1,2-sulfur rearrangement of dithio-acetal or -ketal de-
rivatives with a leaving group at the a-position (Scheme 1a).’
The conventionally assumed mechanism is as follows. At first,
a nucleophilic attack by sulfur atom initiates a substitution
reaction at the a-carbon with the elimination of the leaving
group, affording a meta-stable episulfonium ion. The episul-
fonium ion undergoes ring opening immediately to generate a
thionium ion via the 1,2-sulfur rearrangement. Finally, the
thionium ion is trapped by a nucleophile to afford an addition
product or undergoes deprotonation to yield an alkene (elimi-
nation) product.

Scheme 1. Reaction of thionium ion generated by 1,2-
sulfur rearrangement.

a) Common reaction pattern via 1,2-sulfur rearrangement R2
s} .S
Nu ! Nu
R? RZ | _S>S—7 g R!

LG )
7—3% .-s S
e 2 . |
| R R ;6 | iR 4 ! A»W s R2
-8 LG | --S .. S® \y
' 1
episulfonium thionium 2 g R

LG = Leaving Group

b) Conventional assumption:
1,2-sulfur rearrangement/enantioselective addition sequence

s
LG (R}CPA (/)*R H-Nu S
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c) Proposed mechanism based on our mechanistic study:
Enantioselective 1,2-sulfur rearrangement/stereospecific addition sequence

(R)-CPA
Le H-Nu . s
S "fixed" Nu
"R %’ contact T» 2_(/ o
RZJ:\/S ion pair RS d ®
R3 H-LG (R)-CPA R3
NH I moderate to excellent ee
LG= . O. //Oe"H‘N" perfect dr (R%#R5)
~O” “CCly oo}
H ! H)
H-Nu = Y @ ) ;LH—S
N N R T)\ /R
H H Se
R3

On the basis of conventional assumption,” 1,3-dithiane de-
rivative undergoes the 1,2-sulfur rearrangement via the activa-
tion of the leaving group by CPA catalyst to generate an ion
pair intermediate consisting of chiral phosphate and achiral
thionium ion (Scheme 1b). It is assumed that under the influ-
ence of chiral phosphate, the following nucleophilic addition
would take place in an enantioselective manner to afford an
enantio-enriched 1,4-dithiepane product. However, our mech-
anistic case study revealed that the reaction proceeds through
an unprecedented enantioselective 1,2-sulfur rearrange-
ment/stereospecific nucleophilic addition sequence (Scheme
1c). Notably, the present stereospecific addition is enabled by
the non-classical C-H---O hydrogen bonding interaction be-
tween the catalyst and the substrate. The C-H---O hydrogen
bonds not only allow the formation of energetically favored

states between the substrate and the catalyst throughout the
overall processes, but also firmly maintain their relative posi-
tions to form a “fixed” contact ion pair. Hence, the chiral in-
formation generated at the initial sulfur rearrangement step
remains unchanged during the course of the addition step.
Herein we report our journey toward the discovery of this
novel enantioselective transformation and the results of our
comprehensive mechanistic case study.

RESULTS AND DISCUSSION

Substituent effect of 1,3-dithiane derivative

After an extensive screening process, the reaction conditions
were optimized as follows:® 1,3-dithiane derivative 2 with a
trichloroacetimidate group at the a-position was used as the
substrate.’ The reaction was performed with 1.5 equivalents of
pyrrole (3a) and 10 mol % of (R)-1a' as CPA in dichloro-
methane at -40 °C for 12 h.

With the optimized reaction conditions in hand, the substit-
uent effect of the substrate was tested (Table 1). As expected,
the yield of product 4 was dependent on the electronic proper-
ty of substituent R" at the 2-position of 1,3-dithiane 2: the sub-
stitution by an electron-donating group (EDG) resulted in a
higher yield than that by an electron-withdrawing group
(EWG) because of the stabilization of the cationic thionium
intermediate by EDG (Table 1, 4a-g)."™* In contrast, it is note-
worthy that the enantioselectivities were comparable even
when the electronic property of aromatic substituent R* was
changed, affording 4 with around 80% ee in all cases (4a-g).
The absolute configuration of the product was determined to
be (R) by the single-crystal X-ray diffraction analysis of 4f."
Switching substituent R* to an aliphatic n-propyl group gave
product 4h in moderate yield with a slight reduction of enanti-
oselectivity (74% ee). The introduction of geminal substituents
at the 5-position of 1,3-dithiane led to a significant increase in
enantioselectivity (4i and 4j). It should be underscored that the
substituents (R? = R # H) at the 5-position markedly influence
enantioselectivity compared to substituent R at the 2-position,
despite the fact that substituents R? and R at the 5-position are
located far from the reaction site.

Table 1. Substituent effect of 1,3-dithiane derivatives 2.2
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(R)-1a (10 mol %) N
O~ "CCl3 pyrrole (3a) (1.5 eq) S | NH
S%
2 2
PGS CH,Cl, (0.1 M), -40 °C R 7@3 R

RLJ;\/S 12h R®

R3 2 4

cl SiPhg
L,
P/
SO
cl SiPhgy
(Ry-1a
N
s T s— [0 s— | e
Q NH N
o <L <L
Me Cl
4a 4b 4c

86% yield, 79% ee
s B
s— [ s— I NH
& NH NH By OMe
o, YooY
Ph F XT3 Sme
4f

4d 4e
84% yield, 80% ee 86% yield, 79% ee

N
‘oo s
4h

4g
91% yield, 79% ee 70% yield, 74% ee
N
B s \

NH
NH “Ph
g
J "Ph

4i 4j
85% yield, 90% ee 88% yield, 94% ee

96% yield, 80% ee 64% yield, 77% ee

91% yield, 82% ee

2 All reactions were carried out using 0.01 mmol of (R)-1a (10
mol %), 0.1 mmol of 1,3-dithiane derivative 2, and 0.15 mmol of
pyrrole 3a (1.5 equiv) in dichloromethane (1.0 mL, 0.1 M) at -
40 °C for 12 h.

To further investigate the substituent effect at the 5-position
of substrate 2, cis/trans isomers 2k and 2l having a mono-
benzyl substituent were tested under the optimized reaction
conditions (Scheme 2)."* From geometrically single 2k, prod-
uct 4k was obtained in good yield with perfect diastereoselec-
tivity and excellent enantioselectivity (Scheme 2a, condition
1). The absolute configuration of 4k was unambiguously de-
termined to be (2R, 6S) by single-crystal X-ray diffraction
analysis."” From geometrically single 21, diastereomer 41 was
obtained as the sole product."* However, the reactivity of 2l
was much lower than that of 2k; the conversion of 2| was only
56% after 12 h (Scheme 2b, condition 1). Moreover, the enan-
tiomeric excess of 41 (79% ee) was much lower than that of 4k
(97% ee) and was identical to that of 4a (79% ee) obtained
from 2a that had no substituent at the 5-position of 1,3-
dithiane (Table 1). These results clearly indicate that the sub-
stituent at the 5-position cis to the leaving group significantly
enhances the enantioselectivity, whereas the substituent trans
to the leaving group has nearly no effect on the enantioselec-
tivity. Further optimization of the reaction conditions by using
molecular sieve (MS) 4A resulted in nearly perfect yields and
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diastereoselectivities for both 4k and 4l without marked loss
of enantioselectivity (Schemes 2a and 2b, condition 2).

Scheme 2. Reactions of 1,3-dithiane derivatives having
mono-substituent at 5-position.

a) LG
S\H Condition 1 or 2 S Y
“Ph Ry, N
«©) B,
BnL/S Bn g Ph H
2k & Xy
Condition 1: 82% yield, >99:1 dr, 97% ee
Condition 2: 99% yield, >99:1 dr, 96% ee
b)

LG
S\H Condition 1 or 2 Sw
AN
S o (/ “ph H

Bn"" B s Ph
a XT 4
NH Condition 1: 56% conv., 51% yield, 99:1 dr, 79% ee
LG SSS‘OJ\CQ Condition 2: 100% conv., 99% yield, 99:1 dr, 78% ee
3

Condition 1: 2 (0.1 mmol), (R)-1a (10 mol %), 3a (1.5 eq),
CH,Cl, (0.1 M), -40 °C, 12 h.

Condition 2: 2 (0.1 mmol), (R)-1a (10 mol %), 3a (1.5 eq), MS 4A (50 mg),
CH,Cl, (0.1 M), -40 °C, 12 h

Mechanistic study-1: Is nucleophilic addition the enan-
tio-determining step (EDS)?

In the course of our investigation of the substituent effect in
this reaction, we uncovered two intriguing features: 1) enanti-
oselectivity is markedly dependent on the substituent at the 5-
position cis/trans to the leaving group; 2) the reactions of 2k
and 2l yield different diastereomeric products with excellent dr
values. In other words, the reaction is stereospecific. These
results encouraged us to further investigate the reaction mech-
anism. The most important issue is whether an enantioselec-
tive addition to thionium takes place under the influence of a
chiral phosphate counter ion, as shown in Scheme 1b. To veri-
fy this issue, we conducted two control experiments.

In the first control experiment, we used a substrate having a
different leaving group. We hypothesized that if the addition
to thionium ion paired with chiral phosphate were the enantio-
determining step (EDS), the enantioselectivity of the product
would be the same irrespective of the leaving group. That is
because the leaving group is not involved in the nucleophilic
addition step. With this hypothesis in mind, N-phenyl tri-
fluoroacetimidate * was selected as the leaving group. The
reaction of 5d'*™ having an N-phenyl trifluoroacetimidate
moiety was conducted at room temperature for 4 h.”® As a
result, (S)-4d was obtained in 17% yield with 11% ee along
with alkene byproduct 6d (Scheme 3a). In contrast, substrate
2d was completely consumed within 1 h under the same con-
ditions and (R)-4d was obtained in 88% vyield with 44% ee
(Scheme 3b). 4d enantiomers with different enantioselectivi-
ties were the major products obtained from 2d and 5d. These
results strongly suggest that nucleophilic addition to thionium
is not the EDS of this reaction.

Scheme 3. Reactions of 1,3-dithiane derivatives having
different leaving groups.
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(R)-1a (10 mol %)
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(R) -4d 12% NMR yield

88% NMR yield
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complete conversion
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In the second control experiment, we performed the reac-
tions using 2k and 21 in the presence of achiral acid catalyst 1b
without a substituent at the ortho-position of the phenol group.
We hypothesized that if the ion pair depicted in Scheme 1b
were the plausible intermediate, an identical ion pair would be
generated from 2k and 2l using 1b and this would result in the
formation of products with the same dr value (Scheme 4, Path
1). Otherwise, as observed in the reaction using la, 4k and 4l
would be formed from 2k and 2l, respectively, in a stereospe-
cific manner, regardless of the steric congestion around the
phosphoric acid functionality (Scheme 4, Path I1).

Scheme 4. Plausible mechanisms with achiral catalyst.

NH

1b Path Il i 3a
) Reacll_ve (£)-4k
intermediate-k

i Pathl s
PhO, O = }Ph o, oPh| . 33 _ (t)-zk
PhO" “OH  Path| Bn VAR an

15 L Se o oph @)-4
i ) in same dr
b patho Reactive 3a
21 { } ()41

intermediate-I

The reactions of 2k and 21 were carried out with 10 mol %
of achiral phosphoric acid 1b and 1.5 equivalents of pyrrole 3a
in dichloromethane at 0 °C for 2 h. As shown in Scheme 5,
racemic 4k and 4l were formed from 2k and 2, respectively,
in high yields with excellent dr values. These results clearly
indicate that the substituents at the 3,3’-positions of BINOL-
derived CPA are not essential for the specific formation of 4k
and 4l in excellent diastereoselectivity. More importantly, the
ion pair depicted in Scheme 1b (see also Scheme 4, Path 1),
which was assumed from a number of previous reports,” is not
suited as the plausible intermediate in this reaction. The reac-
tions of 2k and 2l should proceed via “well-ordered” interme-
diates because of the stereospecific process (Scheme 4, Path
).

Scheme 5. Reactions using achiral catalyst.

1b (10 mol %), 3a (1.5 eq)
2k (£)-4k
CH,Cl, (0.1 M),0°C, 2 h 97% yield, 99:1 dr

same conditions as above
2| (£)-41
89% vyield, 98:2 dr

Considering the stereochemical relationship between 2k and
4k as well as 21 and 41, it is clear that the nucleophilic addition
of pyrrole 3a to thionium proceeds exclusively on the same
side of the cyclic framework with the leaving group in a stere-
ospecific manner. Consequently, the direction of the addition
reaction is unambiguously determined by the location of the
leaving group. The above consideration coupled with the re-
sults obtained by changing the leaving group (Scheme 3) leads
to a solid outline of the overall process: the addition step is not
EDS and hence the initial step, 1,2-sulfur rearrangement,
should be EDS (Scheme 6). Indeed, the estimated outline is
consistent with the experimental evidence that enantioselectiv-
ity changes dramatically when the substrate leaving group is
switched, because the leaving group is involved in the initial
step. 1,3-Dithiane substrates 2 are achiral molecules; however,
the two sulfur atoms are enantiotopic (shown in red and blue).
Therefore, it can be proposed that CPA differentiates these
two enantiotopic sulfur atoms and the rearrangement of one
sulfur atom (shown in red) is more favorable than that of the
other (shown in blue). After the selective sulfur rearrangement,
two reactive and “well-ordered” intermediates are generated
with one being the major intermediate. Subsequent addition to
these intermediates proceeds in a stereospecific manner, and
both major and minor intermediates are transformed into the
corresponding major and minor products. The ratio of the two
intermediates should be equal to the enantiomeric ratio of final
product 4.

Scheme 6. Proposed revised mechanism with CPA.

enantio- stereo-
determining T, specific step
"Well-ordered"|
step (EDS) reactive H Nu »N“
1G S migration intermediate
s L (major) | ma/or
\H O, P O
‘R =
QS O oH - B
"Well-ordered"
2 reactive
S migration intermediate s Nu
(minor)
minor

Mechanistic study-2: Reaction with different nucleo-
philes.

In the previous section, it was proposed that the 1,2-sulfur
rearrangement step should be EDS. It can be considered that in
principle, enantioselectivity should be determined irrespective
of the nucleophile employed, because only the substrate and
CPA are involved in this step (Scheme 6). On the basis of this
working hypothesis of EDS, coupled with the subsequent ste-
reospecific addition, products with the same ee value should
be obtained even when different nucleophiles are used
(Scheme 7).

Scheme 7. Hypothesis: different nucleophiles give products
with the same ee.
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To validate our hypothesis, indole (3b) was employed as the
nucleophile because of the similarity in reactivity of indole
(3b) and pyrrole (3a). As shown in Table 2, the reaction of
indole (3b) (1.5 equiv.) was performed with five 1,3-dithiane
derivatives 2 using 5 mol % of optimized CPA catalyst (R)-1a
at -40 °C for 6 h. Analogous products 7 were obtained in ex-
cellent yields. However, it is noteworthy that the enantiomeric
excess of all the five products 7 was obviously lower than that
of the corresponding products 4 derived from pyrrole (3a)
(Table 2 vs. Table 1). This result is not consistent with our
hypothesis that products with the same enantioselectivity
would be formed even if the nucleophile was changed, as
shown in Scheme 7.

Table 2. Reactions of 1,3-dithiane derivatives with indole.?

NH
(R)-1a (5 mol %)
0" "CCly indole (3b) (1.5 eq)
S5
2P Rt CH,Cl, (0.1 M)
RZ*E\/S 40°C,6h
R 2

s NH
K/s “Ph
Ta
91% vyield, 65% ee 97% yield, 71% ee 78% vyield, 72% ee
(4a: 79% ee) (4b: 80% ee) (4d: 80% ee)
s NH
K/ P S —
S ’ “y
F/© 7(/3 Ph
Te 7i

93% yield, 74% ee
(4e: 79% ee)

81% vyield, 85% ee
(4i: 90% ee)

2 All reactions were carried out using 0.005 mmol of (R)-1a (5
mol %), 0.1 mmol of 1,3-dithiane derivative 2, and 0.15 mmol of
indole (3b) (1.5 equiv) in dichloromethane (1.0 mL, 0.1 M) at -
40 °C for 6 h. Ee values of corresponding 4 are shown in paren-
theses.

Before discussing this contradiction, to ascertain that the
nucleophilic attack by indole (3b) is stereospecific, we con-
ducted the reactions using substrates 2k and 21 under the opti-
mized reaction conditions. As shown in Scheme 8, products
7k and 71 were formed from 2k and 2, respectively, in excel-
lent yields with perfect diastereoselectivity and hence the reac-
tion of indole (3b) is also stereospecific.”* In addition, the ee
value of 7k was much higher than that of 71, similar to that
observed in the reaction of pyrrole (3a) (Scheme 2). Further
analysis of these diastereomeric products showed that the ee
value of 7k (Scheme 8a: 95% ee) was slightly lower than that
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of 4k (Scheme 2a: 96% ee), whereas 71 (Scheme 8b: 73% ee)
had an obviously lower ee than 41 (Scheme 2b: 78% ee).

Scheme 8. Reactions of 2k and 2l with indole.

a)

LG
s\# (R)-1a (10 mol %), 3b (1.5 eq) s NH
L P N
B S CH,Cl, (0.1 M)
n Ph
2Kk MS 4A,-40°C,6 h Bn S
7k
95% vyield, >99:1 dr, 95% ee
b)
LG

same conditions as above

s NH

NH
LG=y L

B (/ g Ph

71
95% yield, 99:1 dr, 73% ee

0~ >CCly

From the results of these diastereomeric products as well as
those shown in Table 1 [pyrrole (3a)] and Table 2 [indole
(3b)], it can be concluded that enantioselectivity is dependent
on the nucleophile employed even though the reaction pro-
ceeds in a stereospecific manner. It implies that further
amendment of the mechanism proposed in Scheme 6 is neces-
sary to rationalize the stereochemical outcome governed by
nucleophiles. A plausible mechanism is that the nucleophile is
involved in EDS, because the nucleophile is the only differing
factor in these reactions (Scheme 9). Based on the dual activa-
tion mode of CPA (Figure la), it is considered that the
Bronsted acidic site of CPA activates the leaving group, tri-
chloroacetimidate, in the initial step of this reaction. Mean-
while, a hydrogen bond is formed between the Brgnsted basic
site of CPA, the phosphoryl oxygen, and N-H moiety of pyr-
role or indole nucleophile (Scheme 9), which would stabilize
the phosphate anion generated by the protonation of the leav-
ing group. Subsequently, the 1,2-sulfur rearrangement occurs
under the chiral environment created by CPA that bears the
nucleophile through the hydrogen bond."” This would rational-
ize why pyrrole and indole gave products with different enan-
tioselectivities.

Scheme 9. Further amended mechanism and proposed
EDS.

*(\()\
o8 //O /P;O-“-"H—Nu
* /P\ ©
0" "OH o,
s H-Nu ‘H.®

nucleophile
involved in EDS

Proposed activation mode of EDS

"Well-ordered"
reactive

intermediate
(major)

S
vNu
g "R stereospecific

Mechanistic study-3: reaction without nucleophile or
with N-Me-pyrrole and N-Me-indole as nucleophile

As proposed in the previous section, pyrrole and indole are
involved in EDS by forming a hydrogen bond with phosphoryl
oxygen. In order to verify this interaction,"” we excluded the
hydrogen bond from the reaction system in which reactions
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were performed without a nucleophile or by using an N-
methyl substituted pyrrole and indole as the nucleophile.

Based on our examination of previous reports,” we expect
that a ring expansion/deprotonation product would be formed
in the absence of a nucleophile (Scheme 1a). The reaction of
2k or 21 in the absence of nucleophile affords the correspond-
ing elimination product in an enantioselective manner because
of the generation of the stereogenic center at the 6-position,
which reflects the chiral information of EDS. The enantiose-
lectivity of these products may offer some clues to help us
determine to what extent pyrrole and indole affect the enanti-
oselectivity of EDS.

The reaction of 2k and 2l in the absence of nucleophile was
carried out using 10 mol % of optimized catalyst (R)-1a and
MS 4A at -40 °C for 12 h. As shown in Scheme 10, ring ex-
pansion/deprotonation product 6k was obtained from 2k and
21 with 96% ee (S) and 79% ee (R), respectively.™ In the reac-
tion of 2k, the ee value of (S)-6k (96% ee) is the same as that
of 4k (96% ee) and slightly higher than that of 7k (95% ee)
(Schemes 10a, 2a, and 8a). Likewise in the reaction of 2I, up-
on comparing the enantioselectivities of (R)-6k (79% ee), 41
(78% ee), and 71 (73% ee) (Schemes 10b, 2b, and 8b), it be-
came clear that the addition of indole (3b) resulted in an obvi-
ous decrease in enantioselectivity. It can be concluded that
indole (3b) influences the ee values, whereas pyrrole (3a) has
little effect.

Scheme 10. Reactions of 2k and 21 without nucleophile (H-
Nu).

a) LG
s

S\H (R)-1a (10 mol %) \
Bn S CH,Cl, (0.1 M) Bn s
2 MS 4A, -40 °C, 12 h (S)-6k

96% yield, 96% ee

3
Bn“ S

NH
- (R)-6k
te SSS\O)J\CCB 96% yield, 79% ee

S same conditions as above

The reactions with N-methylpyrrole (3c) and N-
methylindole (3d) were also carried out (Scheme 11). In these
cases, ring expansion/addition products N-Me-4a*® and N-Me-
7a were obtained in 23% and 32% vyields, respectively and
ring expansion/deprotonation product 6a was the major prod-
uct. The ee values of N-Me-4a and N-Me-7a are not suitable
for mechanistic discussion, because the existence of two com-
peting reaction pathways would probably lead to the partial
resolution of the enantio-enriched (“well-ordered”) reactive
intermediate under the influence of the chiral catalyst.*

Scheme 11. Reactions with N-methylpyrrole and N-
methylindole.

(R)-1a (10 mol %) N
N-methylpyrrole (3c) (1.5 eq) S \ S
2a / NMe K/\ Ph
CH,Cl, (0.1 M) g Ph I
MS 4A, -40 °C, 12 h
i 6a
complete conversion

N-Me-4a
23% yield 71% yield
61% ee

(R)-1a (10 mol %)

N-methylindole (3d) (1.5 eq) s NMe S
2a + (/\ Ph
CH,Cl, (0.1 M) g “Ph s
MS 4A, -40 °C, 6 h N-Me.7a 6a

91% conversion 32% yield 59% yield
63% ee

The vyields of ring expansion/addition products N-Me-4a
and N-Me-7a were low in the reactions with N-methylpyrrole
(3c) and N-methylindole (3d), respectively (Scheme 11). In
sharp contrast, pyrrole (3a) and indole (3b) underwent the ring
expansion/addition reaction in excellent yields without the
formation of ring expansion/deprotonation product 6 (Tables 1
and 2). These observations contradict the idea that, in principle,
a more reactive nucleophile should give a ring expan-
sion/addition product in higher yield, because 3c and 3d are
more nucleophilic than 3a and 3b, respectively.’ The results
obtained using N-methyl derivatives 3c and 3d clearly reveal
that the N-H moiety of 3a and 3b is the key to achieving high
chemoselectivity. It is considered that the N-H moiety of these
nucleophiles stabilizes the chiral phosphate anion generated
throughout the ring expansion/addition process. The hydrogen
bonding interaction between the N-H moiety and the oxygen
atom of the phosphate anion is probably essential to circum-
vent the formation of ring expansion/deprotonation product 6
because of a decrease in basicity of the phosphate anion.

Possible structures of “well-ordered” reactive interme-
diate

From the experimental studies demonstrated above, we con-
clude that this reaction proceeds through an enantioselective
1,2-sulfur rearrangement/stereospecific nucleophilic addition
sequence and a nucleophile, pyrrole or indole, is involved in
the initial 1,2-sulfur rearrangement step.”* However, the struc-
ture of the “well-ordered” reactive intermediate and the intrin-
sic nature of the stereospecific nucleophilic addition have re-
mained unclear.

Three pathways are theoretically conceivable to fulfill the
requirements of the stereospecific addition (Scheme 12).

[1] Path A: As the 1,2-sulfur rearrangement with the elimi-
nation of a leaving group is well recognized as an Sy2 process,
episulfonium intermediate INT-A should be firstly generated.
The product is formed from INT-A through Sy2-like transition
state TS-A.

[2] Path B: Episulfonium intermediate INT-A undergoes
ring opening to form INT-B immediately.”? Meanwhile, thio-
nium ion and phosphate anion maintain their relative positions
in INT-B, namely, the formation of a “fixed” contact ion pair.
Phosphate stays on one side of the thionium basal plane and
does not change its original position to the other side. It is
entirely different from the ion-pair structure presumed initially
because the relative positions of thionium and phosphate are
not restricted in the conventional assumption (Scheme 1b).
Then, phosphate anion directs a nucleophilic attack from the
same side on the thionium basal plane, affording the product
through TS-B in a stereospecific manner.
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[3] Path C: By directly transforming from INT A or through
INT-B, the generation of covalently bonded phosphate inter-
mediate INT-C'®? is also considered possible by the addition
of phosphate to episulfonium or thionium. Subsequent syn
displacement of phosphate by the nucleophile from INT-C
affords the product through concerted asynchronous transition
state TS-C, namely, the Syi reaction pathway.*

Scheme 12. Possible intermediates and reaction pathways.
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As mentioned in the previous section, the hydrogen bonding
interaction between phosphate and nucleophile (H-Nu) shown
in all the proposed intermediates not only decreases the basici-
ty of phosphate but also increases the nucleophilicity of N-
heterocyclic nucleophiles. Thus, the elimination is decelerated
whereas the nucleophilic addition is accelerated.

To identify the structure of the “well-ordered” reactive in-
termediate, we performed NMR analyses and experimental
studies by using achiral acid catalyst 1b or other acid catalysts
and changing the reaction solvents. At the outset, the reaction
of 2a with or without 3a in the presence of 1b (20 mol %) was
monitored by 'H and *P NMR spectroscopy (Figures S1 and
S2). In the presence of 3a, the gradual consumption of both
reactants and the generation of ring expansion/addition prod-
uct 4a were observed and no other side products or intermedi-
ates, such as phosphate ester derivative INT-C, were detected
by 'H NMR measurement (Figure S1). Similarly, in the ab-
sence of 3a, the *'P NMR spectra displayed one slightly broad
peak presumed to be phosphoric acid 1b (Figure S2). No other
phosphorus peaks were observed during the measurement,
despite the fact that the phosphate anion would be one of the
most nucleophilic species in the reaction system. We also con-
ducted the reaction of 2k and 21 with 3a using achiral acid
catalysts with different acidities and in different solvents
(Scheme 13: also see Tables S4-S6). The results indicate that
high stereospecificity of the nucleophilic addition step is main-
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tained in the reaction of 2k even by changing the acidity of the
catalyst and the polarity of the solvent employed, whereas in
the reaction of 2l the stereospecificity is highly dependent on
these parameters. The reaction of 2| using trifluoroacetic acid
(TFA) (pKa 3.37 in DMSO),” of which acidity is slightly
higher than that of phosphoric acid 1b (pKa 3.72 in DMSO),”
resulted in a decrease in stereospecificity to afford a diastere-
omeric mixture of 4k and 4l in 7:93 (Scheme 13a). The reduc-
tion of stereospecificity was also observed in the reaction of 2l
using 1b in polar acetonitrile, instead of less polar dichloro-
methane, affording 4k and 4l in 10:90 (Scheme 13b). En-
hancement of the catalyst acidity and the solvent polarity re-
sulted in the reduction of stereospecificity in the reaction of 2.

Scheme 13. Effects of acids and solvents.

a)

Le CFsCOO0H _ PhO..O
3 Pz
s °" pho” “OH S B
Co L) Ok
"Ph o H
S Ph
Bn acid catalyst (10 mol %) Bn S
2k 3a(1.5eq) ()-4k
or +
LG CH,Cly (0.1 M)
S\H 0°C,05~2h Sw
"'Ph Q - N
Bn\“\\& s B ~_g PhH
21 (£)-41
NH 2k { TFA(0.5h)  84% yield, (+)-4k/(x)-4l = 99:1
Le=y J\cc “lef. b @2h)  97% yield, ()-4k/(+)-41 = 99:1
|
3 . { TFA(1h)  97% yield, (+)-4k/(x)-4l = 7:93
“lef. b @2h) 89% yield, ()-4k/(+)-4l = 2:98
b) 1b (10 mol %), 3a (1.5 eq)
2k or 21 )4k + ()4l

CH4CN (0.1 M), 0°C, 2 h

2k: 78% yield, (x)-4k/()-4l = 98.5:1.5
21: 81% vyield, (+)-4k/()-41 = 10:90

It should be pointed out that the reaction of 2k proceeded in
a stereospecific manner even by changing the acid catalyst and
the solvent used. These results suggest that these parameters
do not significantly affect the reaction mechanism when using
2k as the substrate. It would be postulated that the reaction
mechanism is maintained even by using 2I, instead of 2k, un-
der these reaction conditions. On the basis of this postulation,
Path A is unlikely because Sy2-like transition state TS-A is the
origin of the stereospecificity in Path A, which is initiated
from stereochemically well-defined episulfonium intermediate
INT-A. Even if the catalyst acidity and the solvent polarity
were changed, the stereospecificity originated from this as-
sumed mechanism should be preserved in Path A. However,
this is not consistent with the experimental observations in the
reactions of 2l. Furthermore, the experimental results, coupled
with the NMR monitoring data, imply that Path C is also un-
likely on the basis of the above postulation. In Path C, in prin-
ciple, the stereospecificity is presumably preserved even by
changing the reaction conditions because it would originate
from the Syi reaction of stereochemically defined intermediate
INT-C via transition state TS-C. INT-C would be generated
from phosphate and episulfonium or thionium through the
formation of a configurationally stable covalent bond that
should aid the stereospecific process. However, the decrease in
stereospecificity was observed in the reactions of 2I. In addi-
tion, intermediate INT-C could not be observed clearly
throughout the NMR monitoring process. Therefore, Path C is
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probably not the plausible pathway, although the concerted Syi
reaction is mechanistically intriguing.*

Based on the above considerations, the “fixed” contact ion
pair of ring-expanded thionium ion and phosphate anion is the
best candidate for the “well-ordered” reactive intermediate
(Scheme 12, INT-B) and hence Path B is the plausible path-
way for the stereospecific addition process. However, experi-
mental evidence is not sufficient to completely rule out other
possible pathways. Therefore, we further conducted DFT cal-
culation to understand the reaction mechanism and identify the
“well-ordered” reactive intermediate and the stereospecific
reaction pathway.

DFT Calculation: model study

To simplify the calculation, phosphoric acid 1c having a bi-
phenol backbone as well as standard substrate 2a and pyrrole
(3a) were used in the model study (Scheme 14)."?% All cal-
culations were performed with the Gaussian 09 package (Re-
vision C.01).”” Geometries were optimized and characterized
using frequency calculations at the B97D/6-31G(d,p) level,
unless otherwise noted.?®* Energies in the solution phase were
calculated using single-point energy calculations at the same
level according to the CPCM solvation model for the opti-
mized structures.*

As 1c has an axially chiral structure [(R)-isomer], the gener-
ation of major enantiomer (R)-4a was calculated as observed
in the experimental results. From the mechanistic studies
shown above, we added pyrrole in the calculation from the

initial 1,2-sulfur rearrangement step even for the model studies.

Scheme 14. Model system for calculation.

O ° o
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X o°
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The reaction is known to be initiated by a nucleophilic at-
tack by one of the sulfur atoms of 1,3-dithiane and the elimi-
nation of the leaving group via the Sy2 mechanism.”*" In cal-
culating the transition states of this initial step, the orientation
of the leaving group and the location of phosphoric acid cata-
lyst were carefully considered. The trichloroacetimidate group
would adopt an axial or equatorial orientation. In the mean-
time, phosphoric acid would locate in the proximity of 1,3-
dithiane or far from it. Considering various combinations of
these orientations, four possible transition states were calculat-
ed.*> As shown in Figure 2a, TS-1-axial-in, in which the leav-
ing group is located at the axial position and phosphoric acid
is close to 1,3-dithiane, turned out to be the most favorable
transition state. In contrast, TS-1-axial-out is energetically
disfavored even though the steric congestion between phos-
phate and 1,3-dithiane is avoided. More interestingly, as ob-
served in TS-l-equatorial-in and TS-1-equatorial-out, the
optimization of transient structures, which was performed
from the initial structures having the leaving group at the
equatorial position, enforced a conformational change in 1,3-
dithiane from the chair form to the boat-like one with the leav-
ing group occupying the axial position (Figure 2a). These re-
sults clearly indicate that the axial orientation of the leaving
group is much more favorable for the nucleophilic attack by

sulfur atom than the equatorial one, although these conforma-
tional changes eventually lead to the destabilization of these
transition states.

a) Four possible transition states

N4
Sy~ Na-CCls Cl,C._N._ , P
o OHTN POUTH-0TN
0 o
§>\Ph §>\Ph
L[58 /83
TS-1-axial-in TS-1-axial-out

0.00 kecal/mol +3.87 kcal/mol

& “ph \—/SSJ\ Ph
TS-1-equatorial-in TS-1-equatorial-out
+4.80 kcal/mol +7.95 kcal/mol

start from chair-equatorial,
became boat-axial after optimization

b) 3D structure of TS-1-axial-in

O'-H% 242 A
O'-H* 1.99 A
O'-H5%: 241 A
0%-C": 1.98 A O%-H% 246 A
s'.ct:2.32A N-H': 1.08 A
S'-C% 1.93A O'-H": 155 A
S2-C% 1.82 A O%H% 1.88 A

H2/Q

Figure 2. Transition states for sulfur rearrangement. Geometries
were optimized and characterized using frequency calculations at
the B97D/6-31G(d,p) level. Relative free energies (kcal/mol)
obtained by single-point energy calculations at the same level for
the optimized structures with the SCRF method based on CPCM
(€ = 8.93 for CH,Cl,) are shown.

The 3D structure of energetically most favorable TS-1-
axial-in is shown in Figure 2b. Phosphoric acid 1c protonates
the nitrogen atom of the leaving group to form a hydrogen
bond and pyrrole also forms a hydrogen bond with phosphoryl
oxygen. More importantly, four non-classical C-H---O hydro-
gen bonds are also clearly observed between 1,3-dithiane and
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phosphate anion. These C-H---O hydrogen bonds, namely,
electrostatic interaction,*** stabilize the transition structures
of partially generated phosphate anion, the location of which is
regulated in proximity to 1,3-dithiane by these interactions.
This orientation results in the efficient reduction of the degree
of charge separation in this transition state, albeit causing ste-
ric congestion between these partially charged moieties.

Based on the calculations shown in Figure 2, the difference
in reactivity between substrates 2k and 21 is well rationalized
(Scheme 15). The experimental results revealed that 2k was
more reactive than 2l (Scheme 2, condition 1: 100% conver-
sion of 2k, 56% conversion of 2I). As shown in Figure 2a, the
sulfur rearrangement is more favorable for the leaving group
located at the axial position than for that located at the equato-
rial position. 2k-ax and 2l-ax should be the reactive conform-
ers for 2k and 2lI, respectively (Scheme 15). However, 2k-ax
and 2l-eq were the favored conformers on the basis of the ‘H
NMR analysis of 2k and 2I, respectively, involving NOE ex-
periments (based on coupling constants and NOE, see NMR
spectra of 2k and 2l in Sl for details). A conformational
change is required of 21 from thermodynamically stable 2I-eq
to less stable 2I-ax, because the axial orientation of the leaving
group is necessary for the sulfur rearrangement. In contrast, no
conformational change is necessary for thermodynamically
favorable 2k-eq and hence 2k exhibits higher reactivity than
2l. 1t is therefore considered that the sulfur rearrangement
would be the rate-determining step (RDS) of the overall reac-
tion. The results of NMR monitoring showed that no other
species were observed except the starting material, the catalyst,
and the product (Figures S1 and S2) also suggests that the
initial sulfur rearrangement is RDS.'" In order to confirm
whether the sulfur rearrangement is RDS or not and to further
elucidate the “well-ordered” reactive intermediate, we clarified
the energy profile of this reaction.

Scheme 15. Possible reason for the difference in reactivity
between 2k and 2I.
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The energy profile is shown in Figure 3. The largest energy
barrier is the initial step, namely, the 1,2-sulfur rearrangement
with elimination of the leaving group (TS-l-axial-in), and
hence this step is indeed RDS. After this transition state, in
principle, the episulfonium ion should be formed as the prox-
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imate intermediate. However, subsequent analysis of the in-
trinsic reaction coordinate (IRC) from TS-1-axial-in revealed
the formation of ion-pair intermediate INT-1 consisting of
ring-expanded thionium ion, phosphate anion, and trichloroa-
cetamide as the next meta-stable intermediate. The IRC analy-
sis clearly indicates that episulfonium undergoes ring opening
immediately, even if episulfonium would form with a small
energy barrier, and thus it should not be the intermediate for
the nucleophilic addition (Scheme 12: Path A is ruled out). A
clue for the immediate ring expansion is also obtained from
the bond length data of TS-1-axial-in (Figure 2b). The S'-C?
bond elongates to 1.93 A, thus becoming weaker, whereas the
S?-C? bond measures 1.82 A, which is in the normal range of a
S-C single bond.*

From INT-1, after trichloroacetamide is cleaved off, more
stable contact ion-pair intermediate INT-2 is generated and is
consistent with INT-B (Scheme 12). Followed by a small en-
ergy barrier, 4.3 kcal/mol, nucleophilic addition takes place
smoothly to afford C-C bond formation intermediate INT-4
via TS-2. After a proton shift to aromatize, addition product
4a complexed with 1c is formed. The formation of a C-O bond
from INT-2 affords covalent bonded phosphate INT-3, con-
sistent with INT-C (Scheme 12), and INT-3 is energetically
disfavored compared to INT-2. The energy level of INT-3 is
comparable to that of TS-2. Even when pyrrole is removed,
adduct INT-3” is still less stable than INT-2. This indicates
that phosphate adducts INT-3” and INT-3 should not be the
reactive intermediate in this reaction (Scheme 12: Path C is
ruled out).

The energy profile of the overall processes clearly reveals
that the ion pair of ring-expanded thionium and phosphate
INT-2 (= INT-B) can be regarded as the “well-ordered” reac-
tive intermediate. In order to understand how and why the
stereospecific addition proceeded via this intermediate, we
carefully analyzed the 3D structures of INT-2 and the transi-
tion state of nucleophilic addition, TS-2. As shown in Figure
4a, in INT-2, five C-H---O hydrogen bonds are formed be-
tween thionium and phosphate, similar to that observed in TS-
1-axial-in (Figure 2b). In addition, phosphate directs pyrrole
to locate in close proximity through the O---H---N hydrogen
bond and hence phosphate as well as pyrrole is localized on
the same side of the thionium framework.

The structure of TS-2 (Figure 4b) is apparently the same as
that of INT-2 (Figure 4a) except for the slight variation of the
relative positions between these ternary fragments. Most of the
key interactions in INT-2 are observed in TS-2 with a minor
change of the interaction pattern of the multiple C-H---O hy-
drogen bonds between thionium and phosphate. Besides these
hydrogen bonding interactions, o-hyperconjugation, o*(S'-C)-
6(C-C)sormation, Should also be taken into consideration. TS-2 is
stereo-electronically preferred for the nucleophilic attack on
thionium, because the forming C-C bond is stabilized by the
antiperiplanar effect of the S*-C bond (Figure 4b).*
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"well-ordered”
reactive intermediate

Page 10 of 16

S /
N—H--O0 C o
4 0 0---H__H
C|3c—<o /j Hoyr
s>[;xs s o)\cm3
PH TS-1-axial-in Qs Ph (C’\P,/o‘__“ VS
- - e i i -R ~| t
TS-1-axial-i 0 6.2 ., episulfonium o Q
axiak-in e (not observed) s—, o o, //OKHNS
1ct2at3a  ,ssociation, - z] 7 o — o
e BN Clation rodesermining stus: ‘~-S' “Ph oo ( 0@
- = rate-determining step *. . R “H-
1.0 g step ., INT=3 (= INT-C) S/\Slgph fo) \oe . N7 )
_ - . /\‘/ E s—.
0_0--HN__ e INT INT-3 TS-2 ¢
( P’ = R (= INT-C) - ~-S Ph
0 “OH. -10.1 / %, INT-2 - ene e, Ts-2 INT-4
“NH WFINTBL" 430 .0 T L LT INT-4 ...
leaving amide PAFUURPPPTIEL M *INT-3' . mo s,
o~ >ccl, _ = 16.8 . 5
sﬁg B HN@ — leaving pyrrole .
Ph o o0 o 0’"HN/D 5
QS C o ( Plo 7 o o “product
— -~ - O O---H_ H o o <P
association N s o o -26.3
S )\ »—Ph S—, o
2 ccl (\._s ‘ PO ( 2 _o
}a\PhO 3 @ v SAPh O/P\ y \\
INT-1 |NT-2(ﬂ— INT-B) INT-3' /So§/:.. NH
8 "Ph

Figure 3. Energy profile of model reaction. The potential energy for the sum of 1c, 2a, and 3a was set to zero. Geometries were optimized
and characterized using frequency calculations at the B97D/6-31G(d,p) level. Energies (kcal/mol) in solution phase were calculated using
single-point energy calculations at the same level for the optimized structures according to the SCRF method based on CPCM (CH,Cl,).

a) Structure of INT-2

O'-H": 252 A
0'-H% 2.01A
O'-H3: 2.48 A
0%H'": 253 A
0%-H% 251 A

Figure 4. 3D models of INT-2 and TS-2.

Three factors: (i) C-H---O hydrogen bonds between thioni-
um and phosphate, (ii) phosphate anion directing nucleophile
through a hydrogen bond, and (iii) o-hyperconjugation, partic-
ipate synergistically to establish this highly stereospecific ad-
dition process. As regards the origin of this stereospecific ad-
dition, it should result from the location of the phosphoric acid
catalyst in the 1,2-sulfur rearrangement. This is because C-
H---O hydrogen bonds are formed between phosphoric acid 1

b) Structure of TS-2

0%H": 2.38 A :
0"-HZ 230 A 1 o)
O'-H% 238 A
0%-H% 257 A

and 1,3-dithiane substrate 2 in TS-1l-axial-in, the transition
state of the sulfur rearrangement, in which phosphoric acid is
in proximity to 1,3-dithiane on the same side of the axially
oriented leaving group (Figure 2b). Phosphoric acid/phosphate
and 1,3-dithiane/thionium are tethered by the C-H---O hydro-
gen bonds from the initial sulfur rearrangement step and hence
the relative positions of these fragments do not change from
the 1,2-sulfur rearrangement, ring expansion, and elimination
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of the leaving group steps to the nucleophilic addition step. It
can be concluded that the ternary association of phosphoric
acid, substrate, and nucleophile through the C-H---O and
N---H---O hydrogen bonds is the origin not only of the “well-
ordered” reactive intermediate but also of the stereospecific
addition.”

As the ternary association in the initial sulfur rearrangement
step is the origin of the stereospecific addition, it is surmised
that the use of (E)-N-phenyltrifluoroacetimidate as the leaving
group would also allow the reaction to proceed in a stereospe-
cific manner (Figure 5). That is because the (E)-geometry of
the N-phenyl group should form a transient structure similar to
that observed in the substrate having the trichloroacetimidate
group, albeit resulting in low reactivity and enantioselectivity
as expected from Scheme 3.

a) N b) No
H H Ph
o o N ca o0 NS_CF
- N - 3
NERAT VL . Pl oMY
N Vale}
O/ o‘*.:“xH ,,O o ‘\:}\\‘H ,'0
B By
[ [
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Figure 5. Proposed transition states of 1,2-sulfur rearrangement
of substrates with different leaving groups.

With this hypothesis in mind, the reaction of dithiane 5l
having (E)-N-phenyltrifluoroacetimidate with pyrrole 3a (1.5
equiv.) was conducted using 10 mol % of optimized catalyst
(R)-1a and MS 4A in dichloromethane at room temperature
for 4 h (Scheme 16a)."® Substrate conversion was only 34%
and desired product (2S,6S)-41 was obtained in 25% NMR
yield with 98:2 dr and 15% ee. In comparison with 5I, the re-
action of 2l under the same conditions proceeded smoothly
and complete conversion was achieved within 1 h (Scheme
16b). Product (2R,6R)-41 was obtained in 81% NMR vyield
with 99:1 dr and 51% ee. In both cases, ring expan-
sion/deprotonation product (R)-6k was obtained as the by-
product. These results verify our hypothesis that the reaction
using (E)-N-phenyltrifluoroacetimidate as the leaving group is
also stereospecific, although the reactivity was much lower

than that of the substrate having the trichloroacetimidate group.

Once again, the different enantioselectivities of these two re-
actions clearly reveal that EDS should be the 1,2-sulfur rear-
rangement instead of the following nucleophilic addition
(Scheme 9).

Scheme 16. Stereospecificity of reactions using substrates
with different leaving groups.
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DFT calculation of enantio-determining step (EDS): Re-
al system

The reaction pathway and the reactive intermediate were
clarified on the basis of experimental studies and model calcu-
lations. We next turned our attention to elucidation of the
mechanism underlying EDS, in particular, the intriguing sub-
stituent effect at the 5-position of 1,3-dithiane. The substituent
at the 5-position cis to the leaving group of 1,3-dithiane sub-
strate 2k enhances the enantioselectivity markedly, as com-
pared with 2l having a substituent trans to the leaving group
(Table 1 and Scheme 2). In order to gain an insight into the
origin of the stereochemical outcome as well as the substituent
effect at the 5-position of 1,3-dithiane, we calculated EDS,
namely, the 1,2-sulfur rearrangement step, using substrate 2k
and catalyst (R)-1a instead of simplified acid catalyst 1c. To
expedite our calculation, no nucleophile is added because
based on our experimental result with or without using pyrrole
as the nucleophile, the enantioselectivity of ring-
expansion/addition product 4k is identical to that of ring-
expansion/deprotonation product (S)-6k (Schemes 2a and 10a).
This implies that the structures of these transition states are
fundamentally similar in EDS, irrespective of the presence or
absence of pyrrole.

The computed transition states for both major and minor re-
action pathways of the reaction using 2k are shown in Figure 6.
The energy difference between these two transition states is
2.6 kcal/mol with the one resulting in (S)-6k being the ener-
getically favored one. The result of the calculations is con-
sistent with the experimental finding that (S)-6k is the major
enantiomer in the reaction of 2k catalyzed by (R)-1a (Scheme
10), although the expected enantiomeric excess calculated
from the energy difference does not perfectly match the exper-
imental result.”
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Figure 6. Transition states of EDS of 2k with catalyst (R)-1a. Geometries were optimized and characterized using frequency calculations
at the B97D/6-31G(d,p) level. Relative free energies (kcal/mol) obtained by single-point energy calculations at the same level for the opti-
mized structures with the SCRF method based on CPCM (CH,Cl,) are shown.

By carefully analyzing the key interactions in these two
transition states, three non-classical C-H---O hydrogen bonds
were observed in not only TS-major-2k but also TS-minor-
2K. This indicates that these C-H---O hydrogen bonds formed
between the substrate and the catalyst are vital to determine
the relative positions accurately and hence these interactions
are the key to differentiating the major and minor pathways. In
fact, the relative arrangements of 2k and (R)-1a are absolutely
different in these two transition states. In TS-minor-2Kk, 2K is
oriented from side to side as shown in Figure 6b, where the
phenyl group is located close to one of the bulky triphenylsilyl
groups, resulting in steric repulsion. In addition, the steric
congestion between the benzyl group introduced at the 5-
position and the other triphenylsilyl group further destabilizes
this transition state. In contrast, in TS-major-2k (Figure 6a),
substrate 2k is placed back and forth to avoid steric congestion
between the two triphenylsilyl groups and the phenyl group
substituted at the 2-position. Furthermore, the benzyl group
introduced at the 5-position is oriented in such a way as to
avoid steric repulsion with the triphenylsilyl group and further
stabilize this transition state through the T-shape C-H---& in-
teraction®“° with the phenyl ring of the triphenylsilyl group.
The substituent effect at the 5-position of 1,3-dithiane is also
well rationalized based on these transition structures. In the
substrates having the substituent cis to the leaving group,
namely, 2k as well as 2i and 2j, the substituent occupies the
equatorial position of 1,3-dithiane to induce repulsive interac-
tion with the triphenylsilyl group in the minor transition state,
as likely shown in Figure 6b, resulting in a marked increase in
enantioselectivity (Table 1). In contrast, in the reaction of 2I
having a substituent trans to the leaving group, steric conges-
tion does not occur between the triphenylsilyl group and the
substituent in the minor transition state, because the substitu-

ent is located in the axial position and exhibits little effect on
the enantioselectivity.

CONCLUSION

We have reported herein our in-depth mechanistic case
study of a newly developed CPA-catalyzed enantioselective
ring expansion reaction of 1,3-dithiane derivatives. Experi-
mental studies were well-designed to elucidate that an unprec-
edented enantioselective 1,2-sulfur rearrange-
ment/stereospecific nucleophilic addition sequence is the con-
crete mechanism. This discovery is completely different from
conventionally assumed two-step reactions. Moreover, a nu-
cleophile is involved not only in the nucleophilic addition step,
but also in the initial 1,2-sulfur rearrangement step, even
though it does not directly react with the substrate in the initial
step.

The structure of the “well-ordered” reactive intermediate
and the intrinsic nature of the stereospecific nucleophilic addi-
tion were identified by DFT calculation using a simplified
model, where non-classical C-H---O hydrogen bonds formed
between the phosphoric acid catalyst and the substrate were
found to be the key interaction in this reaction. These hydro-
gen bonds not only linked the catalyst with the substrate to
form energetically favored states, but also firmly maintained
their relative positions and stored chiral information as the
“fixed” contact ion pair in the reactive intermediates during
the overall processes.

The origin of the enantio-control by CPA was also elucidat-
ed by DFT calculation of the real reaction system. In EDS,
non-classical C-H---O hydrogen bonds were involved in the
key interaction. Moreover, it was confirmed that the intriguing
substituent effect at the 5-position of 1,3-dithiane originated
from the interaction between the substituent at the 5-position
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cis to the leaving group and the triphenylsilyl groups at the
3,3’-positions of CPA.

This mechanistic case study provided a very clear under-
standing of the nature of the ion-pairing interaction in CPA-
catalyzed reactions. It will be very helpful for the further de-
velopment of novel organocatalytic transformations using a
CPA catalyst. The results of this in-depth mechanistic case
study are expected to hasten the design of new organocatalysts
in the future.
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