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Abstract—The sulfonyl carbanion derived from 2,3-dihydro-1-benzothiophene-1,1-dioxide and its lithium salt has been investigated by DFT
calculations. NMR and IR spectroscopic analyses showed that the lithium sulfonyl carbanion exists in solution as a monomer in equilibrium
with a dimer. The lithium carbanion was treated with aldehydes and azomethynes to give chiral hydroxy and amino derivatives. The stereo-
chemistry of the products and the diastereoselectivity of the reaction were investigated.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Sulfones constitute an important class of organic compounds
with pharmacological activity1,2 and technological applica-
tions3 and are useful intermediates in organic synthesis.4,5

Among cyclic sulfones, 2,3-dihydrobenzo-1-thiophene-1,1-
dioxide (1) has been recently studied as an acceptor chromo-
phore in the construction of organic nonlinear optic (NLO)
materials.6

In connection with our previous studies on benzocondensed
sulfur heterocycles and their stereoselective functionaliza-
tion,7,8 we decided to examine the 2,3-dihydrobenzo-1-thio-
phene-1,1-dioxide by studying its functionalization by
means of metalation reactions and deducing the structure
of the intermediate lithium carbanion 3 by means of density
functional theory (DFT) calculations and spectroscopic
investigations.

The functionalization of 1 through metalation reactions
has received little attention: the a-sulfonyl carbanion de-
rived from tetrahydrothiophene-1,1-dioxide and Grignard
reagents was reacted with aldehydes to give two
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diastereoisomeric b-hydroxysulfonic derivatives in a 50:50
ratio.9 The benzocondensed compound was treated with
Grignard reagents and then with aldehydes or ketones show-
ing the same lack of diastereoselectivity.10

As regards the structures of sulfonyl carbanions, only some
acyclic sulfones have been studied by NMR,11,12 IR,13

X-ray,14–16 and by theoretical calculations,17–22 while cyclic
lithiated sulfones have been examined only to determine the
hybridization state of the a-carbanion.23–25 These studies in-
dicated that lithium always interacts with the oxygen
atoms11,14–16 and that the carbanion is stabilized by Coulom-
bic interactions, hyperconjugation, and polarization.11,19

The thermodynamically more stable conformation of the
carbanion showed the lone pair on the a carbon to assume
a gauche conformation with respect to the sulfonyl
oxygens.19,20

2. Results and discussion

2.1. Structural elucidation of the lithiated sulfone

The sulfonyl carbanions derived from acyclic sulfones are
chiral and show a hybridization state intermediate between
sp2 and sp3, or pure sp2 when the a carbon is bound to a
phenyl group.12,16 Corey23,24 and then Whitney25 from base-
catalyzed hydrogen–deuterium exchange and racemization
experiments, deduced that the sulfonyl carbanion obtained

mailto:ecadoni@unica.it


11123E. Cadoni et al. / Tetrahedron 63 (2007) 11122–11134
7a 3a

2

1
7

6
5

4

3
2

1S

H

H
O

O

Ha

2a

7a 3a

2

1
7

6
5

4

3
2

1S

H

H
O

O

Hb

2b

7a 3a

2

1
7

6
5

4

3

2
1

S

H

H
O

O H
2c

7a 3a

2

1
7

6
5

4

3
2

1S

H

H
O

O

Hb

Ha

1

Figure 1.
by decarboxylation of the 2-methyl-2,3-dihydrobenzothio-
phene-2-carboxylic acid was planar and therefore achiral.

Geometry optimizations carried out with Gaussian0326 on
the cyclic sulfone 1 gave a non-planar structure with the a
hydrogens Ha and Hb diastereotopics (Fig. 1). By removing
either the hydrogen Hb or Ha, the carbanions 2a and 2b were
originated: geometry optimization gave two structures with
almost equal energy and with the C2 atom pyramidal (Table
1). Geometry optimization of 2 starting from a planar
arrangement at C2 led to the structure 2c with an energy
value close to 2a and 2b (Fig. 1 and Table 1).

Geometry optimization of the lithiated sulfone starting from
2a–c and with the lithium ion located between an oxygen
and the C2 gave three structures (3a–c) showing the cation
interacting with one oxygen atom and the C2 pyramidal
(Fig. 2). When the lithium atom was placed between the
two oxygen atoms in 2c, the geometry optimization gave
the planar structure 3d featuring a slightly higher energy
(0.56 kcal/mol).

The NMR spectroscopic analysis consisted in recording sev-
eral spectra of the lithiated sulfone at different temperatures
(�30/�80 �C) and concentrations (0.30, 0.15, and 0.08 M
corresponding to samples 1, 2, and 3). The 13C NMR chem-
ical shift values and the coupling constants were quite con-
stant through the various samples.

The 1H NMR spectrum of 3 showed all signals as broad sin-
glets: the comparison with the spectrum of the sulfone 1 re-
vealed an upfield shift at all aromatic protons, except at H7,
that resulted shifted downfield: the deshielding effect at H7

can be due to the closeness of the positive lithium atom
(Table 3).11 The 7Li NMR spectrum showed a single signal
at �0.48 ppm, W1/2¼18 Hz: this value is consistent with
an ionic bond, as demonstrated by the bond lengths values
obtained with DFT calculations (Table 2). The value does
not change significantly on changing the temperature or
concentration, thus indicating a slightly different chemical
environment.

Several 1H NMR spectra of 3 were recorded at different tem-
peratures (�30,�60, and�80 �C) and concentrations (0.30,
0.15, and 0.08 M corresponding to samples 1, 2, and 3 in
Table 4). The chemical shifts of the three samples did not
differ in the temperature range �30 to �60 �C. The sample
1 does not show any change even at�80 �C. At�80 �C sam-
ples 2 and 3 showed the signals of H2, H3 and, H7 splitted in
doublets (da and db) while the remaining aromatic protons
did not change their aspect (Table 4). The data reported in
Table 4 showed that this splitting (D¼da�db) follows the
order DH7>DH2>DH3. Because of the poor resolution of
these doublets it was impossible to determine the integral
value exactly, however, for the sample 2 the downfield
peak area is about twice the other. For the sample 3 the
chemical shift values remained unchanged but the integral
ratio is inverted.

The data reported in Table 4 clearly indicate that the splitting
of H2 and H7 signals depends upon both the temperature and
the concentration, and DH7 is greater than DH2. Therefore, it
is likely that an equilibrium between a monomeric and a di-
meric form exists in solution (Fig. 3), the former being de-
scribed by structure 3d. Moreover, the C2–H2 coupling
constant in the lithiated sulfone is 29.54 Hz higher than
that in the sulfone, suggesting that the carbanion should be
planar.12,27 The literature reports that the lithium salts of
Table 1. Relative energies DE (kcal/mol), selected bond lengths (Å; Wiberg bond indexes in parentheses) and angles (�), and NBO charges Q (e) calculated for 1
and 2a–c

1 2a 2b 2c

DE — �0.063 0 0
S–O1 1.442 (1.273) 1.463 (1.193) 1.468 (1.175) 1.468 (1.175)
S–O2 1.445 (1.259) 1.464 (1.168) 1.479 (1.130) 1.479 (1.130)
C2–S 1.814 (0.825) 1.690 (1.083) 1.682 (1.116) 1.682 (1.116)
C7a–S 1.778 (0.834) 1.818 (0.768) 1.790 (0.817) 1.790 (0.817)
C7a–S–C2–C3 25.11 22.61 24.19 24.18
Ha(SC2C3) 115.30 120.15 140.90 143.31
Hb(SC2C3) 118.39

Q(C2) �0.592 �0.868 �0.841 �0.841
Q(S) 2.163 2.142 2.114 2.114
Q(O1) �0.941 �1.010 �1.013 �1.013
Q(O2) �0.945 �1.011 �1.031 �1.031
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acyclic sulfones in solution exist as monomers22,28–30 or as
dimers in equilibrium with monomers:11 in this case it was
impossible to detect these two forms by NMR spectroscopy
not even at�110 �C. In the solid state, they were detected by
XRD only as dimers.14–16

Unfortunately, in contrast with the reported acyclic lithiated
sulfones, which are stable even at room temperature, thus al-
lowing for the determination of their structure by XRD, lithi-
ated sulfone 3 was quite unstable under these conditions.

The DFT calculations allowed us to determine geometrical
parameters (bond lengths and angles) of the intermediate 3
hardly measurable otherwise because of its instability.
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Figure 2.
These calculations stated the lacking of the stabilizing
nc–s*C7a–S interaction, typical of acyclic sulfones, in
the cyclic 3 and its replacement with a nc–s*S–O interac-
tion leading to a lengthening of the S–O bond with its
consequent instability.

In fact the lithium salt 3 was prepared at �60 �C by treating
1 with MeLi in diethyl ether to give, after quickly evaporat-
ing the solvent at low temperature, a yellow-brown solid,
subsequently used to record IR and Raman spectra. After
spectra recording, the sample was dissolved in anhydrous
THF at low temperature and then treated with D2O: analysis
of this mixture revealed only the monodeuterated sulfone
and other products derived from carbanion decomposition.

The experimental frequency values for C–Harom and
C–Haliph Raman-active stretching modes and IR-active sym-
metric and asymmetric SO2 stretching modes of sulfone 1
are in good agreement with the scaled values calculated at
DFT level. The same frequencies calculated for 3 are in
good agreement with the experimental ones. Although the
lithium salt of the sulfone in the solid state is probably a di-
mer, analogously to the reported acyclic sulfones, the pres-
ence of IR bands corresponding to those calculated
showed that the sulfonic group structure does not change sig-
nificantly between the two structures (monomer–dimer).
Table 3. 1H NMR, 13C NMR, and 7Li NMR data of sulfone 1 and lithiated sulfone 3a

dH2 dH3 dH4 dH5 dH6 dH7 dC2
1J C2–H2 dLib

1 t 3.70 t 3.52 d 7.67 t 7.80 t 7.68 d 7.92 t 50.54 143.02
3c s 2.52 s 3.62 s 7.40 s 7.40 s 7.40 s 8.22 d 39.40 172.56 �0.48
D(3�1) �1.18 0.10 �0.27 �0.40 �0.28 0.30 �11.14 29.54

a Chemical shift values d are given in parts per million relative to TMS; coupling constants J are given in hertz.
b Shift value given in parts per million relative to a LiCl saturated solution in H2O.
c Compound 3 of 0.30 M in THF-d8 at �60 �C.

Table 2. Relative energies DE (kcal/mol), selected bond lengths (Å; Wiberg bond indexes in parentheses) and angles (�), NBO charges Q (e) and hyperconju-
gative interactions (kcal/mol) calculated for 3a–d

3a 3b 3c 3d

DE 0 0 0 0.56
S–O1 1.449 (1.254) 1.502 (1.050) 1.502 (1.050) 1.521 (1.000)
S–O2 1.502 (1.050) 1.450 (1.254) 1.450 (1.254) 1.521 (0.999)
C2–S 1.730 (1.027) 1.730 (1.027) 1.730 (1.028) 1.618 (1.322)
C7a–S 1.775 (0.848) 1.775 (0.848) 1.775 (0.848) 1.760 (0.893)
Li–O1 3.680 1.827 1.827 1.827
Li–O2 1.827 3.680 3.681 1.827
Li–C2 2.097 2.097 2.097 3.761
Li–H2 2.687 2.686 2.686 4.027
Li–H7a 4.655 4.653 4.651 3.563
C7a–S–C2–C3 20.24 20.36 20.38 0.05
Ha(SC2C3) 121.77 — — 179.69
Hb(SC2C3) — 121.81 121.86 —

Q(C2) �0.978 �0.978 �0.978 �0.761
Q(S) 2.106 2.106 2.107 2.034
Q(O1) �0.944 �0.944 �1.101 �1.120
Q(O2) �1.101 �0.101 �0.944 �1.120
Q(Li) 0.914 0.915 0.915 0.947

nc–s*S–O1 11.11 7.23 7.24 18.17
nc–s*S–O2 7.25 11.15 11.18 18.20
nc–s*C7a–S 0.00 0.00 0.00 0.00
nc–Li 17.72 17.72 17.72 0
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Table 4. 1H NMR data of lithium sulfone 3 at �60/�80 �C

Sample Concentration (M)a
dH2 (ppm) Ia/Ib dH3 (ppm) dH7 (ppm) Ia/Ib

�60 �C �80 �C �60 �C �80 �C �60 �C �80 �C

1 0.30 2.52 2.54 3.62 3.64 8.22 8.23
2 0.15 2.61 da 2.64 2 3.71 da 3.75 8.29 da 8.36 2

db 2.60 db 3.71 db 8.29
3 0.08 2.61 da 2.63 0.5 3.71 da 3.74 8.27 da 8.36 0.5

db 2.58 db 3.71 db 8.28

a Solutions in THF-d8.
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To obtain a better insight into the carbanion structure we
tried to prepare its potassium salt using the method reported
by Chassing et al. for the methylphenylsulfone.13 When 1
was treated with KH in THF at low temperature no reaction
occurred even after 8 h; at room temperature the reaction
was slow and did not afford the desired potassium salt. If
D2O was added to the reaction mixture, a rapid reaction oc-
curred giving the multi-deuterated sulfone. By treating 1
with the potassium salt of dimethylsulfoxide in DMSO, as
reported by Bordwell,31–33 a rapid transformation occurred
not giving the desired product: in fact, immediately after
adding D2O, the deuterated sulfone was not obtained, and
the addition of a stronger acid such as CH3COOH34 did
not give the starting material.

The low stability of the potassium salt of 1 can hardly ex-
plain the pKa value (28.7) reported by Bordwell31–35 in order
to prove that the gauche conformation of the lone pair with
respect to the sulfonyl oxygens was the one kinetically
favored but not the thermodynamically more stable.19
2.2. Reaction of 3 with electrophiles

Sulfone 1 was metalated with BuLi or LDA to give the
lithium intermediate 3, which was reacted with aldehydes
(4a–n) or azomethines (5a–c) as electrophiles to give two
series of diastereomeric hydroxy derivatives 6a–n and 7a–n,
and two series of diastereomeric amino derivatives 8a–c and
9a–c, respectively (Scheme 1).

The erythro structure of 6a–n and 8a–c and the threo structure
of 7a–n and 9a–c have been assigned on the basis of the Ha–Hb

coupling constant values (see 1H NMR data in Section 4).

The product distribution for the reactions with aldehydes is
reported in Table 5. The erythro diastereoisomer always pre-
vailed over the threo one (except in the case of 4-N,N-di-
methylaminobenzaldehyde 4a), the diastereomeric ratios
ranges from erythro/threo¼54:46 for the 4-methoxybenzal-
dehyde (4b) to erythro/threo¼69:31 for the 1-benzothio-
phene-2-carbaldehyde (4n).
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The structures of the obtained compounds were assigned by
means of NMR spectroscopic analysis. The magnetic equiv-
alence of the ortho protons in the phenyl group (R1), due to
free rotation of the phenyl ring, can be achieved only for an
antiperiplanar arrangement of the phenyl ring and the sulfo-
nyl group (Fig. 4).

Table 5. Distribution of the products obtained by reacting 1 and 4a–n

R1CHO R1 Starting
material (%)

Global
yield (%)

6 erythro
(%)

7 threo
(%)

4aa 4-Me2NC6H4 0 42 40 60
4ab 4-Me2NC6H4 4 86 26 74
4ba 4-MeOC6H4 0 70 54 46
4bb 4-MeOC6H4 2 50 54 46
4ca 4-MeC6H4 0 50 54 46
4cb 4-MeC6H4 0 56 68 32
4da C6H5 0 56 66 34
4db C6H5 0 34 65 35
4ea 4-FC6H4 0 40 66 34
4eb 4-FC6H4 3 44 66 34
4fa 4-CF3C6H4 9 40 54 46
4fb 4-CF3C6H4 3 75 59 41

4ga

O
0 74 60 40

4ha

S
0 43 60 40

4ia Me2CH 25 75 58 42
4ib Me2CH 3 77 59 41
4la n-C5H11 100 0 0 0
4lc n-C5H11 0 57 53 47
4ld n-C5H11 15 40 53 47
4mb CH3CH2CH2 6 74 64 36

4nb

S
13 77 69 31

a Compound 1 of 3 mmol in 10 mL THF, 2.50 equiv LDA, �60 �C, 4 after
10 min, hydrolysis after 10 min.

b Compound 1 of 6 mmol in 10 mL THF, 1.75 equiv LDA, �60 �C, 4 after
10 min, hydrolysis after 10 min.

c Compound 1 of 3 mmol in 10 mL THF, 2.50 equiv LDA,�60 �C, 4l after
10 min (�30 �C), hydrolysis after 45 min.

d Compound 1 of 6 mmol in 10 mL THF, 1.75 equiv LDA,�60 �C, 4l after
10 min (�30 �C), hydrolysis after 45 min.
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Since the spectroscopic and theoretical investigations on the
lithium salt 3 suggested an equilibrium between the mono-
meric and dimeric forms, all reactions were performed by
using different concentrations of 1 and of the metalating re-
agent, with the aim of testing the effect of the aggregation
state on the diasteroselectivity (Table 5).

Butyl- (4m) and isobutylaldehyde (4i) showed reactivity
analogous to that of the aromatic aldehydes. The increase
of number of the carbon atoms lowered the reactivity: in
fact n-hexanal (4l) needed a longer reaction time and higher
temperature to react (Table 5).

4-N,N-Dimethylaminobenzaldehyde (4a) gave a greater
amount of threo isomer (erythro/threo¼40:60): this result
became even more evident (erythro/threo¼24:76) perform-
ing the reaction with a greater concentration of both metal-
ating reagent and substrate (Table 5).

These results can be rationalized by hypothesizing that the
electrophile can approach the lithiated anion according to
two different ways (Fig. 4): with a direct interaction between
the carbonyl carbon and the C2, with the carbonyl oxygen
pointing toward the aromatic benzothiophene ring (erythro
derivative), or with the carbonyl oxygen coordinating the
lithium ion (threo derivative) (Fig. 4). We believe that the
first one is the preferred by analogy with the cyclic sulfox-
ides studied in our previous works.7,8

When the electrophilic character of the carbonyl carbon is
high (high value of sp) and the nucleophilicity of the carbonyl
oxygen is low, the erythro transition state is favored with re-
spect to the threo one, so among arylaldehydes the 4-trifluoro-
methylphenyl should have given the highest erythro/threo
diastereoselectivity. Indeed, this is not the case because the
erythro diastereoisomer is the kinetic product while the threo
is the thermodynamic one. This was proved by reacting the
erythro isomer (6f) in the reaction conditions as reported in
Table 5 and finding that it converted 65% into the threo (7f)
(Table 6). When the reaction was performed at �80 �C
(keeping all other parameters constant) the diastereoselectiv-
ity remained unchanged (erythro/threo¼54:46).

At this temperature the erythro is converted more slowly into
the threo isomer: since the ratio between the diastereoisomer
is constant, the rate of formation of the erythro isomer must
be lowered as compared to that of the threo isomer. Such
a behavior could be explained by assigning to the erythro
isomer a greater activation energy and a higher pre-

Table 6. Equilibrium between erythro and threo diastereoisomers (LDA in
THF)

Compound sp Initial ratio
erythro/threo %

Final ratio
erythro/threo %

6a �0.83 100:0 56:44
7a 0:100 12:82
6b �0.27 100:0 45:55
6ba 100:0 61:39
7b 0:100 22:78
6f 0.54 100:0 35:65
7f 0:100 30:70

a Solvent: THF/HMPA 1:5.
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exponential factor than the threo. The two possible transition
states should confirm the proposed mechanism (Fig. 4), with
the erythro isomer being derived by a direct attack of the car-
bonyl carbon on the carbanion (statistically more probable)
and the threo isomer derived from a six-centered transition
state (less probable). In the reaction conditions reported in
Table 5, we found the erythro–threo interconversion to occur
to a lesser extent as the electron withdrawing power de-
creases (Table 6). This explains the similar diastereoselectiv-
ity observed for all arylaldehydes.

erythro threo

A peculiar case is constituted by the 4-N,N-dimethylamino
group where the threo isomer is the kinetically and thermo-
dynamically favored product. Consequently the diastereo-
meric ratios are the highest obtained (Table 5). As
expected, by increasing the reaction time (30 min+30 min)
we observed the disappearance of the starting material 1
and the decrease of the erythro/threo ratio (erythro/
threo¼50:50).

Probably, the lack of diastereoselectivity observed in previ-
ous studies9,10 was due to the interconversion between dia-
stereoisomers caused by higher temperatures and longer
reaction times.

With the aim of achieving a better diastereoselectivity, we
changed the solvent polarity. An increase in the polarity
resulted in an increase in the diastereoselectivity under the
reaction conditions reported in Table 5, but the yield was sig-
nificantly reduced for the solvent mixture THF/HMPA¼1:5
(Table 7).

The higher diastereoselectivity obtained in the more polar
solvent can be ascribed to a destabilization of the threo tran-
sition state, due to a competition in the coordination of lith-
ium ion between the aldehydic oxygen atom and the HMPA
(Fig. 4). Furthermore the erythro isomer (6b) showed
a greater stability in the mixture THF/HMPA¼1:5 than in
THF alone (Table 7).

Table 7. Distribution of the products obtained by reacting 1 and 4b in
various THF/HMPA ratiosa

Solvent Starting
material (%)

Global
yield (%)

6b erythro
(%)

7b threo
(%)

THF 0 70 54 46
THF/HMPA 4:1 0 71 59 41
THF/HMPA 1:5 0 39 68 32

a Compound 1 of 3 mmol in 10 mL of solvent, 2.5 equiv LDA, �60 �C, 4b
in THF/HMPA after 10 min, hydrolysis after 10 min.
Finally, the intermediate 3 was made to react with aromatic
imines 5a–c to give two series of diastereomeric amino de-
rivatives 8a–c and 9a–c (Scheme 1 and Table 8): imines
5b and 5c gave a slightly lower diastereoselectivity com-
pared with the same reactions in the same conditions with
the corresponding aldehydes. The lower diastereoselectivity
can be ascribed to the stronger electrophilic character of ni-
trogen with respect to oxygen that, by increasing the coordi-
nation to lithium, gives mainly the threo isomer. Contrary to
the reactions of 3 with aldehydes, these reactions are not
reversible (Table 8).

3. Conclusions

The lithium carbanion optimized structures 3a–d turned out
to be nearly isoenergetic, and none of them presented a signif-
icant hyperconjugative interaction nc–s*S–C (Table 2). The
structure 3d showed two hyperconjugative contributions
nc–s*S–O of 18.20 kcal/mol; in the structures 3a–c these
contributions are smaller (11.18 and 7.24 kcal/mol), but there
is another stabilization nc–Li of 17.72 kcal/mol (Table 2).

All four structures 3a–d resulted are equally stabilized
by hyperconjugation, but the lithium atom preferred to
form a O–Li–O scissor-like contact ion pair with the O
atoms showing the higher negative charges (structure 3d).
Moreover, the structure 3d well agrees with NMR chemical
shifts and coupling constants typical of a planar structure
(Table 3).

A comparison of these data with those reported in the liter-
ature pointed out that the structure of 3 does not differ
from those of the lithium salts of acyclic sulfones.11 Acyclic
lithiated sulfones are stable at room temperature and have
been examined both in the solid state and in solution, for ex-
ample, the carbanion of methylphenyl sulfone (slightly dif-
ferent from 3) resulted quite stable as lithium or potassium
salt, or in polar solvents such as DMSO.12,31

The lower stability of 3 with respect to lithium salts of acy-
clic sulfones can be due to the higher stability of the trans-
formation products of 3d, or due to the loss of sulfonyl
oxygens caused by the decreased bond order S–O, derived
by the Li–O interaction or by the nc–s*S–O hyperconjugation.
A comparison of the S–O bond lengths in the sulfone 1 and
in the lithiated sulfone 3, showed a lengthening of 0.077 Å:
the corresponding difference between methylphenyl sulfone
and the lithium salt of methylphenyl sulfone, where nc–s*S–O

hyperconjugation is absent, is only 0.001 Å.16 As a proof,
when 3 in the solid state was treated with D2O, we detected
a discrete amount of deuterated benzothiophene (10% with
respect to the deuterated sulfone).
Table 8. Distribution of the products obtained by reacting 1 and 4a–ca

R2CH¼NR3 R2 R3 Starting material
recovered (%)

Global
yield (%)

8 erythro (%) 9 threo (%)

5a 4-MeOC6H4 4-MeOC6H4 12 74 54 46
5b C6H5– 4-MeOC6H4 8 52 62 38
5c 4-FC6H4 4-MeOC6H4 0 67 58 42

a Compound 1 of 6 mmol in 10 mL THF, 1.75 equiv BuLi, �60 �C, 5a–c after 10 min, hydrolysis after 10 min.
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As regards the low diastereoselectivity of the reaction of 3
with aldehydes it can be better ascribed to the smooth trans-
formation erythro/threo than to the slightly different rate
of formation of the two diastereoisomers. The rate of this
transformation is higher for stronger electron withdrawing
substituents on the phenyl ring of the aldehyde, thus leveling
the distereoselectivity for different substituents.

4. Experimental section

4.1. General

Commercially available reagent-grade starting materials and
solvents were used. Solutions of butyllithium in hexane were
obtained from Aldrich Chemical Company and were ana-
lyzed before use.36 Imines 5a–c were prepared from 4-
methoxybenzaldehyde and 4-methoxyaniline, aniline, and
4-fluoroaniline, respectively.37 The compound 1 was pre-
pared by literature methods.38 NMR spectra were recorded
on a Varian VXR-300 spectrometer with tetramethylsilane
as internal reference. IR spectra were recorded on a FTIR
Bruker Equinox 55 spectrophotometer. Raman spectra
were recorded on a FT-Raman Bruker RFS 100/S spectro-
photometer. The GC–MS analyses were performed with
a Hewlett-Packard 5989A MS spectrometer using the direct
insertion probe (DIP) method. All chromatographies were
performed on silica gel 60, 0.04–0.063 (Fluka). Microanaly-
ses were carried out with a Carlo Erba 1106 elemental ana-
lyzer. Melting points were obtained on a Kofler hot stage
microscope and are uncorrected. In order to determine yields
and molar fractions HPLC analyses were performed by a Wa-
ters 600 HPLC instrument employing a Spherisorb-CN nor-
mal phase column of 250 mm length and 4.6 mm id, hexane/
isopropanol (75:25) as eluant (1 mL/min). The UV detector
diode array was positioned at lmax. All determinations were
carried out on the basis of calibration plots of the pure com-
pounds. Quantum-chemical DFT calculations were carried
out with the commercial suite Gaussian0326 on the sulfone
1, on its deprotonated anionic derivatives 2a–c, and on the
corresponding lithium salts 3a–d (Fig. 2). All calculations
exploited the well-known three parameters hybrid functional
B3LYP.39 For all atoms the valence triple-zeta 6-311++G-
(3df,3pd) basis set including extended and polarization func-
tions was used throughout.40,41 Force constants and the
resulting vibrational IR- and Raman-active frequencies
were computed by analytically determining the second de-
rivatives of the energy with respect to the Cartesian nuclear
coordinates at the optimized geometries. Vibrational fre-
quencies were scaled by a factor of 0.963, obtained by com-
paring selected groups of calculated and experimental
frequencies measured for 1. For all compounds NBO popu-
lations42 and Wiberg bond indexes43 were also calculated at
the optimized geometries.44 The programs Gabedit 2.0.745

and Molden 4.646 were used to investigate the charge distri-
butions and MO’s shapes.

4.1.1. Synthesis of the lithiated sulfone (3) for NMR ana-
lysis. An amount of 1 (50, 25, or 12 mg) was dissolved in
THF-d8 (0.5 mL) in an NMR tube equipped with screw
cap and Teflon septum. The solution was cooled to �60 �C
and a 0.66 M solution of methyl lithium in THF-d8

(0.5 mL), cooled at �20 �C, was slowly added by a syringe
through the septum. The methyl lithium solution was pre-
pared by dissolving solid MeLi (7.3 mg), obtained by diethyl
ether evaporation from a commercial 1.5 M solution
(0.22 mL), in THF-d8 (0.5 mL).

All samples were prepared in a dry box (1 ppm H2O, 1 ppm
O2), and in 10 min the NMR spectra were recorded.

4.1.2. Synthesis of the lithiated sulfone (3) for IR and
Raman analysis. To a solution of 1 (3 mmol) in dry diethyl
ether (20 mL) cooled at �60 �C, was added dropwise
a stirred solution of MeLi (4.0 mmol). After stirring for
10 min at the same temperature the diethyl ether was evap-
orated in vacuum in a dry box. One portion of the yellow
solid was mixed with Nujol for the IR spectra, another por-
tion was placed in a capillary tube (then flame sealed) for the
Raman spectra.

After IR measurements, the solid was poured into anhydrous
THF and D2O at�60 �C and the organic layer was analyzed
by GC–MS: the MS spectrum showed the presence of the
deuterated molecular ion (m/z 169).

4.1.2.1. 2,3-Dihydro-1-benzothiophene-1,1-dioxide
(1). IR (Nujol) 1600, 1580, 1411, 1292, 1265, 1196, 1147,
1119, 1059, 982, 852, 787, 747, 697, 599, 549, 517, 453,
436, 378 cm�1; Raman (solid) 3076, 3056, 3010, 2959,
2943, 1600, 1582, 1442, 1414, 1285, 1195, 1146, 1113,
1021, 982, 790, 698, 598, 546, 521, 454, 378, 249, 193,
134 cm�1; dH (300 MHz, THF-d8, �60 �C): 7.83 (1H, d,
J¼7.8 Hz, H7), 7.73 (1H, t, J¼7.5 Hz, H6), 7.64–7.58 (2H,
m, H4–H5), 3.62–3.57 (2H, m, H2), 3.52–3.48 (2H, m, H3);
dC (75.4 MHz, THF-d8, �60 �C): 138.5 (s, C7a), 137.0 (s,
C3a), 133.2 (dd, 1J¼161.8 Hz, 2J¼7.3 Hz, C5), 128.5 (dd,
1J¼165.3 Hz, 2J¼6.1 Hz, C4), 127.1 (dd, 1J¼163.1 Hz,
2J¼7.3 Hz, C6), 121.0 (dd, 1J¼167.2 Hz, 2J¼8.5 Hz, C7),
50.4 (d, 1J¼143.0 Hz, C2), 25.1 (t, 1J¼136.2 Hz, C3).

4.1.2.2. Lithium-2,3-dihydro-1-benzothiophene-1,1-
dioxide (3). IR (Nujol) 1299, 1264, 1190, 1097, 1058,
972, 884, 811, 748, 703, 657, 546, 521, 438 cm�1; Raman
(solid) 3059, 2941, 1588, 1544, 1439, 1310, 1195, 1160,
1038, 1019, 796, 706, 491, 454, 84 cm�1; dH (300 MHz,
THF-d8, �60 �C): 8.22 (1H, br s, W1/2 26.6 Hz, H7),
7.40 (3H, br s, W1/2 14.9 Hz, H4, H5, H6), 3.62 (2H, br
s, W1/2 20.3 Hz, H3), 2.52 (1H, br s, W1/2 29.8 Hz, H2);
dC (75.4 MHz, THF-d8, �60 �C) 144.5 (s, C7a), 141.7
(s, C3a), 128.9 (d, 1J¼164.7 Hz, C4), 127.7 (d,
1J¼162.7 Hz, C6), 126.5 (d, 1J¼156.6 Hz, C5), 121.5
(d, 1J¼170.0 Hz, C7), 39.4 (d, 1J¼172.6 Hz, C2), 33.0 (t,
1J¼132.7 Hz, C3).

4.2. General procedure

To a stirred solution of LDA (11 mL, 7.5 mmol) or n-BuLi
(4.8 mL, 7.5 mmol) in dry THF (5 mL), cooled at �60 �C,
a solution of 1 (0.5 g, 3 mmol) in dry THF (10 mL) was
added dropwise. After stirring for 10 min at the same tem-
perature, the aldehydes (4a–n) (3.3 mmol) were added.
The stirring was continued for further 10 min and the reac-
tion was quenched at �60 �C with aqueous saturated
NH4Cl, extracted with dichloromethane, dried with
Na2SO4, filtered, and the solvent removed in vacuo.
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In order to increase the reaction diastereoselectivity different
temperatures, concentrations, and solvent polarities were
used, as reported in Tables 5 and 7.

When the reactions were performed on 6 mmol of substrate
in 5 mL of dry THF, 10.5 mmol of LDA in 10 mL of dry
THF or 10.5 mmol of BuLi, and 6.6 mmol of aldehyde
were employed.

When imines 5a–c were employed as electrophiles, after
adding the electrophile the temperature was kept at
�30 �C, the stirring was continued for 45 min, and the reac-
tion was quenched at�30 �C with aqueous saturated NH4Cl
and worked up in the same manner.

The following compounds were isolated as racemic
mixtures.

4.2.1. (2S)-2-[(1R)-1-Hydroxy-1-(4-dimethylamino-
phenyl)-methyl]-2,3-dihydro-1-benzothiophene-1,1-di-
oxide (6a). Purified by chromatography (diethyl ether/
petroleum ether, 2:1); white crystals, 424 mg, yield 22%,
mp 152–153 �C (EtOH/H2O). IR (Nujol) 3500, 1290,
1145 cm�1; dH (300 MHz, CDCl3): 7.70 (1H, d, J¼7.5 Hz,
ArH), 7.55 (1H, t, J¼7.5 Hz, ArH), 7.43 (1H, t, J¼7.5 Hz,
ArH), 7.34 (1H, d, J¼7.5 Hz, ArH), 7.30 (2H, d,
J¼8.8 Hz, ArH), 6.74 (2H, d, J¼8.8 Hz, ArH), 5.57 (1H,
d, J¼1.8 Hz, CHOH), 3.72 (1H, m, SO2CH), 3.63 (1H, dd,
J¼7.5, 15.9 Hz, CH2), 3.11 (1H, dd, J¼7.8, 15.9 Hz,
CH2), 3.07 (1H, s, OH, D2O exchangeable), 2.95 (6H, s,
CH3); dC (75.4 MHz, CDCl3): 151.2, 138.2, 134.8, 133.3,
132.2, 131.7, 127.8, 127.1, 121.4, 111.8, 72.9, 67.4, 40.0,
30.3; m/z (EI) 317 (22, M+), 299 (21), 150 (100), 120 (12),
77 (11%). Anal. Calcd for C17H19NO3S: C, 64.33; H, 6.03;
N, 4.41; S, 10.10. Found: C, 64.15; H, 6.08; N, 4.56; S,
10.15.

4.2.2. (2S)-2-[(1S)-1-Hydroxy-1-(4-dimethylamino-
phenyl)-methyl]-2,3-dihydro-1-benzothiophene-1,1-di-
oxide (7a). Purified by chromatography (diethyl ether/
petroleum ether, 2:1); white crystals, 1210 mg, yield 64%,
mp 151–152 �C (EtOH). IR (Nujol) 3480, 1300,
1150 cm�1; dH (300 MHz, CDCl3): 7.78 (1H, d, J¼7.5 Hz,
ArH), 7.49 (2H, m, ArH), 7.29 (2H, d, J¼9.0 Hz, ArH),
7.20 (1H, d, J¼7.5 Hz, ArH), 6.74 (2H, d, J¼9.0 Hz,
ArH), 5.05 (1H, d, J¼9.6 Hz, CHOH), 3.90 (1H, m,
SO2CH), 3.37 (1H, s, OH, D2O exchangeable), 2.98 (6H,
s, CH3), 2.93 (2H, m, CH2); dC (75.4 MHz, CDCl3): 150.7,
139.1, 135.7, 133.3, 128.6, 127.7, 127.3, 126.8, 121.7,
112.4, 72.9, 67.2, 40.3, 29.9; m/z (EI) 318 (28), 317 (30,
M+), 300 (17), 150 (100), 120 (15), 77 (7%). Anal. Calcd
for C17H19NO3S: C, 64.33; H, 6.03; N, 4.41; S, 10.10.
Found: C, 64.45; H, 5.98; N, 4.36.

4.2.3. (2S)-2-[(1R)-1-Hydroxy-1-(4-methoxyphenyl)-
methyl]-2,3-dihydro-1-benzothiophene-1,1-dioxide (6b).
Purified by chromatography (diethyl ether/petroleum ether,
3:1); white crystals, 346 mg, yield 38%, mp 127–129 �C
(EtOH). IR (Nujol) 3525, 1295, 1145 cm�1; dH (300 MHz,
CDCl3): 7.69 (1H, d, J¼7.5 Hz, ArH), 7.55 (1H, t,
J¼7.5 Hz, ArH), 7.43 (1H, t, J¼7.5 Hz, ArH), 7.34 (3H,
m, ArH), 6.91 (2H, d, J¼8.7 Hz, ArH), 5.59 (1H, s,
CHOH), 3.80 (3H, s, OCH3), 3.70 (1H, m, SO2CH), 3.59
(1H, dd, J¼7.8, 16.2 Hz, CH2), 3.51 (1H, d, J¼2.7 Hz,
OH, D2O exchangeable), 3.06 (1H, dd, J¼8.1, 16.2 Hz
CH2); dC (75.4 MHz, CDCl3): 159.3, 138.4, 136.9, 133.6,
131.7, 128.6, 127.3, 126.8, 121.4, 114.0, 67.9, 66.3, 55.2,
25.7; m/z (EI) 304 (7, M+), 287 (12), 137 (100), 135 (74),
109 (30), 94 (19), 77 (40%). Anal. Calcd for C16H16O4S:
C, 63.14; H, 5.30; S, 10.53. Found: C, 63.02; H, 5.35; S,
10.56.

4.2.4. (2S)-2-[(1S)-1-Hydroxy-1-(4-methoxyphenyl)-
methyl]-2,3-dihydro-1-benzothiophene-1,1-dioxide (7b).
Purified by chromatography (diethyl ether/petroleum ether,
3:1); white crystals, 291 mg, yield 32%, mp 146–147 �C
(EtOH/H2O). IR (Nujol) 3465, 1305, 1145 cm�1; dH

(300 MHz, CDCl3): 7.77 (1H, d, J¼7.5 Hz, ArH), 7.50
(2H, m, ArH), 7.36 (2H, d, J¼8.7 Hz, ArH), 7.22 (1H, d,
J¼7.5 Hz, ArH), 6.94 (2H, d, J¼8.7 Hz, ArH), 5.09 (1H,
dd, J¼3.0, 9.8 Hz, CHOH), 3.86 (1H, m, SO2CH), 3.83
(3H, s, OCH3), 3.26 (1H, d, J¼3.0 Hz, OH, D2O exchange-
able), 2.89 (2H, m, CH2); dC (75.4 MHz, CDCl3): 160.1,
139.0, 135.7, 133.5, 131.9, 128.9, 128.2, 126.9, 122.0,
114.4, 73.0, 67.3, 55.3, 29.9; m/z (EI) 304 (8, M+), 137
(100), 135 (23), 109 (14), 86 (20), 77 (19%). Anal. Calcd
for C16H16O4S: C, 63.14; H, 5.30; S, 10.53. Found: C,
62.94; H, 5.36; S, 10.44.

4.2.5. (2S)-2-[(1R)-1-Hydroxy-1-(4-methylphenyl)-meth-
yl]-2,3-dihydro-1-benzothiophene-1,1-dioxide (6c). Puri-
fied by chromatography (diethyl ether/petroleum ether,
1:1); white crystals, 657 mg, yield 38%, mp 138–140 �C
(EtOH). IR (Nujol) 3570, 1300, 1150 cm�1; dH (300 MHz,
CDCl3): 7.65 (1H, d, J¼7.5 Hz, ArH), 7.52 (1H, t,
J¼7.5 Hz, ArH), 7.39 (1H, t, J¼7.5 Hz, ArH), 7.29 (3H,
m, ArH), 7.17 (2H, d, J¼7.8 Hz, ArH), 5.56 (1H, s,
CHOH), 3.68 (1H, m, SO2CH), 3.56 (1H, dd, J¼7.5,
16.5 Hz, CH2), 3.54 (1H, d, J¼3.0 Hz, OH, D2O exchange-
able), 3.01 (1H, dd, J¼8.4, 16.5 Hz, CH2), 2.33 (3H, s, CH3);
dC (75.4 MHz, CDCl3): 138.4, 137.6, 136.9, 136.7, 133.5,
129.2, 128.5, 127.2, 125.5, 121.4, 68.1, 66.3, 25.6, 21.0;
m/z (EI) 288 (1, M+), 271 (29), 121 (84), 119 (100), 93
(48), 91 (79), 77 (75%). Anal. Calcd for C16H16O3S: C,
66.64; H, 5.59; S, 11.12. Found: C, 66.47; H, 5.50; S, 11.06.

4.2.6. (2S)-2-[(1S)-1-Hydroxy-1-(4-methylphenyl)-meth-
yl]-2,3-dihydro-1-benzothiophene-1,1-dioxide (7c). Puri-
fied by chromatography (diethyl ether/petroleum ether,
1:1); white crystals, 553 mg, yield 18%, mp 195–197 �C
(EtOH/H2O). IR (Nujol) 3430, 1300, 1150 cm�1; dH

(300 MHz, CDCl3): 7.76 (1H, d, J¼7.5 Hz, ArH), 7.49
(2H, m, ArH), 7.32 (2H, d, J¼7.8 Hz, ArH), 7.22 (3H, m,
ArH), 5.10 (1H, d, J¼9.6 Hz, CHOH), 3.87 (1H, dd,
J¼8.1, 9.6 Hz, SO2CH), 3.27 (1H, br s, OH, D2O exchange-
able), 2.89 (2H, m, CH2), 2.37 (3H, s, CH3); dC (75.4 MHz,
CDCl3): 139.0, 138.9, 136.8, 135.7, 133.5, 129.7, 128.9,
126.9, 126.8, 121.9, 73.2, 67.2, 29.8, 21.2; m/z (EI) 288 (6,
M+), 121 (100), 119 (23), 93 (28), 91 (29), 77 (29%).
Anal. Calcd for C16H16O3S: C, 66.64; H, 5.59; S, 11.12.
Found: C, 66.51; H, 5.64; S, 11.19.

4.2.7. (2S)-2-[(1R)-1-Hydroxy-1-phenylmethyl]-2,3-dihy-
dro-1-benzothiophene-1,1-dioxide (6d). Purified by chro-
matography (diethyl ether/petroleum ether, 3:1); white
crystals, 304 mg, yield 37%, mp 134–136 �C (EtOH/H2O).
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IR (Nujol) 3485, 1290, 1150 cm�1; dH (300 MHz, CDCl3):
7.68 (1H, d, J¼8.1 Hz, ArH), 7.54 (1H, t, J¼7.5 Hz, ArH),
7.36 (7H, m, ArH), 5.63 (1H, s, CHOH), 3.72 (1H, m,
SO2CH), 3.59 (1H, dd, J¼7.8, 16.2 Hz, CH2), 3.58 (1H, d,
J¼3.0 Hz, OH, D2O exchangeable), 3.00 (1H, dd, J¼8.4,
16.2 Hz, CH2); dC (75.4 MHz, CDCl3): 139.6, 138.2,
136.9, 133.6, 128.6, 128.5, 127.9, 127.2, 125.5, 121.4,
68.1, 66.2, 25.4; m/z (EI) 274 (13, M+), 257 (71), 238 (47),
223 (15), 207 (27), 168 (98), 151 (34), 137 (52), 107 (63),
105 (100), 91 (36), 77 (95%). Anal. Calcd for C15H14O3S:
C, 65.67; H, 5.14; S, 11.69. Found: C, 65.79; H, 5.21; S,
11.52.

4.2.8. (2S)-2-[(1S)-1-Hydroxy-1-phenylmethyl]-2,3-dihy-
dro-1-benzothiophene-1,1-dioxide (7d). Purified by chro-
matography (diethyl ether/petroleum ether, 3:1); white
crystals, 156 mg yield 19%, mp 138–140 �C (EtOH/H2O).
IR (Nujol) 3450, 1295, 1140 cm�1; dH (300 MHz, CDCl3):
7.69 (1H, t, J¼7.5 Hz, ArH), 7.50 (1H, t, J¼7.5 Hz, ArH),
7.37 (6H, m, ArH), 7.18 (1H, d, J¼7.5 Hz, ArH), 5.12
(1H, d, J¼10.2 Hz, CHOH), 3.85 (1H, dd, J¼8.5, 10.2 Hz,
SO2CH), 3.66 (1H, br, OH, D2O exchangeable), 2.84 (2H,
d, J¼8.5 Hz, CH2); dC (75.4 MHz, CDCl3): 139.8, 138.9,
135.5, 133.4, 128.8, 128.7, 128.6, 126.9, 126.8, 121.7,
73.0, 67.1, 29.6; m/z (EI) 274 (13, M+), 257 (100), 168
(68), 137 (29), 107 (44), 105 (37), 91 (21), 77 (51%).
Anal. Calcd for C15H14O3S: C, 65.67; H, 5.14; S, 11.69.
Found: C, 65.80; H, 5.23; S, 11.59.

4.2.9. (2S)-2-[(1R)-1-Hydroxy-1-(4-fluorophenyl)-meth-
yl]-2,3-dihydro-1-benzothiophene-1,1-dioxide (6e). Puri-
fied by chromatography (diethyl ether/petroleum ether, 3:1);
white crystals, 508 mg, yield 29%, mp 43–45 �C (EtOH/
H2O); IR (Nujol) 3420, 1295, 1155 cm�1; dH (300 MHz,
CDCl3): 7.59 (1H, d, J¼7.5 Hz, ArH), 7.52 (1H, t,
J¼7.5 Hz, ArH), 7.34 (6H, m, ArH), 5.49 (1H, s, CHOH),
3.65 (1H, m, SO2CH), 3.48 (1H, dd, J¼8.0, 16.4 Hz, CH2),
3.40 (1H, s, OH, D2O exchangeable), 3.03 (1H, dd, J¼8.4,
16.4 Hz, CH2); dC (75.4 MHz, CDCl3): 162.0 (JCF¼
246.6 Hz), 138.0, 136.6, 135.5 (JCF¼2.4 Hz), 133.6, 128.5,
127.4 (JCF¼8.6 Hz), 127.2, 121.2, 115.3 (JCF¼22.0 Hz),
67.8, 66.1, 25.8; m/z (EI) 292 (4, M+), 275 (47), 256 (28),
241 (13), 225 (21), 210 (17), 168 (57), 151 (30), 137 (39),
125 (67), 123 (100), 109 (41), 97 (51), 95 (28), 77 (30%).
Anal. Calcd for C15H13FO3S: C, 61.63; H, 4.48; F, 6.50; S,
10.97. Found: C, 61.78; H, 4.55; F, 6.43; S, 10.89.

4.2.10. (2S)-2-[(1S)-1-Hydroxy-1-(4-fluorophenyl)-meth-
yl]-2,3-dihydro-1-benzothiophene-1,1-dioxide (7e). Puri-
fied by chromatography (diethyl ether/petroleum ether, 3:1);
white crystals, 262 mg, yield 15%, mp 204–206 �C (EtOH/
H2O). IR (Nujol) 3445, 1305, 1150 cm�1; dH (300 MHz,
CDCl3): 7.78 (1H, d, J¼7.8 Hz, ArH), 7.50 (4H, m, ArH),
7.24 (1H, d, J¼7.5 Hz, ArH), 7.11 (2H, m, ArH), 5.14 (1H,
d, J¼9.9 Hz, CHOH), 3.85 (1H, m, SO2CH), 3.42 (1H, br s,
OH, D2O exchangeable), 2.91 (2H, m, CH2); dC (75.4 MHz,
CDCl3): 163.3 (JCF¼247.8 Hz), 138.8, 135.6 (JCF¼3.7 Hz),
135.5, 133.7, 129.0, 128.7 (JCF¼8.5 Hz), 127.0, 122.0,
116.0 (JCF¼20.7 Hz), 72.7, 67.2, 29.8; m/z (EI) 292 (14,
M+), 168 (100), 137 (30), 125 (47), 123 (36), 109 (18), 97
(31), 95 (21), 77 (36%). Anal. Calcd for C15H13FO3S: C,
61.63; H, 4.48; F, 6.50; S, 10.97. Found: C, 61.46; H, 4.43;
F, 6.49; S, 10.91.
4.2.11. (2S)-2-[(1R)-1-Hydroxy-1-(4-trifluoromethyl-
phenyl)-methyl]-2,3-dihydro-1-benzothiophene-1,1-di-
oxide (6f). Purified by chromatography (diethyl ether/
petroleum ether, 1:1); white crystals, 902 mg, yield 44%,
mp 158–160 �C (EtOH/H2O). IR (Nujol) 3440, 1325,
1160 cm�1; dH (300 MHz, CDCl3): 7.65 (1H, d, J¼7.5 Hz,
ArH), 7.59 (2H, d, J¼8.4 Hz, ArH), 7.50 (3H, m, ArH),
7.39 (1H, t, J¼7.5 Hz, ArH), 7.26 (1H, d, J¼7.5 Hz, ArH),
5.67 (1H, s, CHOH), 3.67 (1H, m, SO2CH), 3.61 (1H, d,
J¼2.7 Hz, OH, D2O exchangeable), 3.51 (1H, dd, J¼7.5,
16.4 Hz, CH2), 2.93 (1H, dd, J¼8.4, 16.4 Hz, CH2); dC

(75.4 MHz, CDCl3): 143.6, 138.1, 136.6, 133.9, 130.3
(JCF¼33.0 Hz), 128.8, 127.4, 126.0, 125.7 (JCF¼3.7 Hz),
123.8 (JCF¼272.3 Hz), 121.6, 67.7, 65.9, 25.2; m/z (EI)
342 (2, M+), 324 (12), 306 (16), 275 (10), 260 (16), 173
(38), 168 (100), 151 (17), 145 (21), 137 (37), 127 (34), 91
(20), 77 (35%). Anal. Calcd for C16H13F3O3S: C, 56.14;
H, 3.83; F, 16.65; S, 9.37. Found: C, 55.96; H, 3.79; F,
16.53; S, 9.48.

4.2.12. (2S)-2-[(1S)-1-Hydroxy-1-(4-trifluoromethyl-
phenyl)-methyl]-2,3-dihydro-1-benzothiophene-1,1-di-
oxide (7f). Purified by chromatography (diethyl ether/
petroleum ether, 1:1); white crystals, 636 mg, yield 31%,
mp 163–164 �C (EtOH). IR (Nujol) 3480, 1330,
1160 cm�1; dH (300 MHz, CDCl3): 7.68 (1H, d, J¼7.5 Hz,
ArH), 7.60 (2H, d, J¼8.1 Hz, ArH), 7.52 (2H, d, J¼
8.1 Hz, ArH), 7.47 (1H, t, J¼7.5 Hz, ArH), 7.39 (1H, t, J¼
7.5 Hz, ArH), 7.17 (1H, d, J¼7.5 Hz, ArH), 5.17 (1H, dd,
J¼3.6, 9.6 Hz, CHOH), 3.80 (1H, m, SO2CH), 3.76 (1H,
br s, OH, D2O exchangeable), 2.84 (2H, d, J¼8.1 Hz,
CH2); dC (75.4 MHz, CDCl3): 143.8, 138.7, 135.3, 133.6,
130.9 (JCF¼32.9 Hz), 128.9, 127.3, 127.0, 125.8 (JCF¼
3.7 Hz), 123.8 (JCF¼272.3 Hz), 121.8, 72.5, 66.9, 29.6;
m/z (EI) 342 (2, M+), 168 (100), 145 (11), 137 (28), 127
(22), 91 (15), 77 (25%). Anal. Calcd for C16H13F3O3S: C,
56.14; H, 3.83; F, 16.65; S, 9.37. Found: C, 56.31; H, 3.89;
F, 16.53; S, 9.36.

4.2.13. (2S)-2-[(1R)-1-Hydroxy-1-(2-furyl)-methyl]-2,3-
dihydro-1-benzothiophene-1,1-dioxide (6g). Purified by
chromatography (diethyl ether/petroleum ether, 2:1); white
crystals, 348 mg, yield 44%, mp 94–96 �C (EtOH/H2O).
IR (Nujol) 3410, 1285, 1140 cm�1; dH (300 MHz, CDCl3):
7.71 (1H, d, J¼7.5 Hz, ArH), 7.58 (1H, t, J¼7.5 Hz, ArH),
7.42 (3H, m, ArH), 6.40 (2H, m, ArH), 5.61 (1H, s,
CHOH), 3.92 (1H, m, SO2CH), 3.68 (1H, dd, J¼7.0,
16.6 Hz, CH2), 3.34 (2H, m, OH, D2O exchangeable,
CH2); dC (75.4 MHz, CDCl3): 152.0, 142.6, 138.2, 136.9,
133.7, 128.6, 127.3, 121.5, 110.5, 107.8, 64.0, 63.4, 26.5;
m/z (EI) 264 (5, M+), 247 (11), 246 (11), 228 (73), 213
(18), 197 (66), 151 (38), 135 (40), 97 (81), 95 (100), 91
(18), 77 (39%). Anal. Calcd for C13H12O4S: C, 59.08; H,
4.58; S, 12.13. Found: C, 59.07; H, 4.49; S, 12.26.

4.2.14. (2S)-2-[(1S)-1-Hydroxy-1-(2-furyl)-methyl]-2,3-
dihydro-1-benzothiophene-1,1-dioxide (7g). Purified by
chromatography (diethyl ether/petroleum ether, 2:1); white
crystals, 237 mg, yield 30%, mp 147–148 �C (EtOH/H2O).
IR (Nujol) 3485, 1305, 1145 cm�1; dH (300 MHz, CDCl3):
7.70 (1H, d, J¼7.5 Hz, ArH), 7.49 (1H, m, ArH), 7.41
(2H, m, ArH), 7.21 (1H, d, J¼7.5 Hz, ArH), 6.36 (2H, m,
ArH), 5.14 (1H, dd, J¼4.0, 9.4 Hz, CHOH), 4.02 (1H, m,
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SO2CH), 3.34 (1H, d, J¼4.0 Hz, OH, D2O exchangeable),
3.12 (1H, dd, J¼8.4, 16.6 Hz, CH2), 2.90 (1H, dd,
J¼8.0, 16.6 Hz, CH2); dC (75.4 MHz, CDCl3): 152.2,
143.2, 138.7, 135.5, 133.7, 128.9, 127.0, 121.9, 110.5,
108.8, 66.8, 64.8, 29.3; m/z (EI) 264 (8, M+), 247 (28),
228 (52), 213 (12), 197 (42), 168 (23), 151 (25), 137 (29),
97 (100), 95 (49), 77 (29%). Anal. Calcd for C13H12O4S:
C, 59.08; H, 4.58; S, 12.13. Found C, 58.91; H, 4.63; S,
12.03.

4.2.15. (2S)-2-[(1R)-1-Hydroxy-1-(2-thienyl)-methyl]-
2,3-dihydro-1-benzothiophene-1,1-dioxide (6h). Purified
by chromatography (diethyl ether/petroleum ether, 2:1);
white crystals, 218 mg, yield 26%, mp 93–94 �C (EtOH).
IR (Nujol) 3430, 1300, 1150 cm�1; dH (300 MHz, CDCl3):
7.71 (1H, d, J¼7.5 Hz, ArH), 7.58 (1H, t, J¼7.5 Hz, ArH),
7.45 (1H, t, J¼7.5 Hz, ArH), 7.36 (1H, d, J¼7.5 Hz, ArH),
7.31 (1H, t, J¼4.5 Hz, ArH), 7.04 (2H, m, ArH), 5.89 (1H,
s, CHOH), 3.84 (1H, m, SO2CH), 3.67 (1H, dd, J¼7.2,
16.6 Hz, CH2), 3.60 (1H, d, J¼2.4 Hz, OH, D2O exchange-
able), 3.26 (1H, dd, J¼8.0, 16.6 Hz, CH2); dC (75.4 MHz,
CDCl3): 143.1, 139.8, 136.7, 133.7, 128.6, 127.3, 126.9,
126.2, 125.8, 121.4, 71.5, 65.9, 26.1; m/z (EI) 280 (7, M+),
263 (67), 262 (24), 244 (41), 229 (14), 213 (51), 151 (38),
113 (78), 111 (100), 85 (41), 77 (22%). Anal. Calcd for
C13H12O3S2: C, 55.69; H, 4.31; S, 22.87. Found: C, 55.80;
H, 4.39; S, 22.75.

4.2.16. (2S)-2-[(1S)-1-Hydroxy-1-(2-thienyl)-methyl]-2,3-
dihydro-1-benzothiophene-1,1-dioxide (7h). Purified by
chromatography (diethyl ether/petroleum ether, 2:1); white
crystals, 142 mg, yield 17%, mp 93–94 �C (EtOH/H2O).
IR (Nujol) 3440, 1305, 1145 cm�1; dH (300 MHz, CDCl3):
7.78 (1H, d, J¼7.5 Hz, ArH), 7.57 (1H, t, J¼7.5 Hz, ArH),
7.49 (1H, t, J¼7.5 Hz, ArH), 7.39 (1H, d, J¼5.1 Hz, ArH),
7.28 (1H, d, J¼7.5 Hz, ArH), 7.14 (1H, d, J¼3.0 Hz,
ArH), 7.04 (1H, m, ArH), 5.49 (1H, dd, J¼3.3, 9.6 Hz,
CHOH), 3.95 (1H, m, SO2CH), 3.62 (1H, d, J¼3.3 Hz,
OH, D2O exchangeable), 3.13 (1H, dd, J¼8.2, 16.8 Hz,
CH2), 2.98 (1H, dd, J¼8.2, 16.8 Hz, CH2); dC (75.4 MHz,
CDCl3): 143.2, 138.8, 135.4, 133.6, 128.9, 127.0, 126.9,
126.4, 125.8, 121.9, 69.2, 67.3, 29.9; m/z (EI) 280 (9, M+),
263 (13), 244 (17), 213 (19), 168 (21), 151 (18), 137 (20),
113 (100), 111 (53), 85 (33), 77 (23%). Anal. Calcd for
C13H12O3S2: C, 55.69; H, 4.31; S, 22.87. Found: C, 55.67;
H, 4.21; S, 22.95.

4.2.17. (2S)-2-[(1R)-1-Hydroxy-2-methylpropyl]-2,3-di-
hydro-1-benzothiophene-1,1-dioxide (6i). Purified by
chromatography (diethyl ether/petroleum ether, 2:1); white
crystals, 648 mg, yield 45%, mp 105–107 �C (EtOH/H2O).
IR (Nujol) 3480, 1285, 1145 cm�1; dH (300 MHz, CDCl3):
7.59 (1H, d, J¼7.5 Hz, ArH), 7.46 (1H, t, J¼7.5 Hz, ArH),
7.33 (1H, t, J¼7.5 Hz, ArH), 7.28 (1H, d, J¼7.5 Hz, ArH),
4.02 (1H, d, J¼7.2 Hz, CHOH), 3.55 (1H, m, SO2CH),
3.48 (1H, dd, J¼7.5, 15.6 Hz, CH2), 3.18 (1H, dd, J¼8.0,
15.6 Hz, CH2), 3.03 (1H, d, J¼3.0 Hz, OH, D2O exchange-
able), 1.76 (1H, m, CH), 0.98 (3H, d, J¼6.6 Hz, CH3), 0.88
(3H, d, J¼6.6 Hz, CH3); dC (75.4 MHz, CDCl3): 138.2,
137.0, 133.5, 128.5, 127.2, 121.3, 71.7, 62.6, 32.0, 26.0,
18.9, 18.4; m/z (EI) 241 (1, MH+), 222 (16), 197 (100),
168 (28), 151 (45), 143 (34), 137 (23), 135 (31), 115 (24),
105 (37), 91 (38), 77 (56), 55 (27), 43 (66%). Anal. Calcd
for C12H16O3S: C, 59.98; H, 6.71; S, 13.34. Found: C,
60.12; H, 6.79; S, 13.22.

4.2.18. (2S)-2-[(1S)-1-Hydroxy-2-methylpropyl]-2,3-di-
hydro-1-benzothiophene-1,1-dioxide (7i). Purified by
chromatography (diethyl ether/petroleum ether, 2:1); white
crystals, 460 mg, yield 32%, mp 182–184 �C (EtOH). IR
(Nujol) 3480, 1300, 1150 cm�1; dH (300 MHz, CDCl3):
7.66 (1H, d, J¼7.5 Hz, ArH), 7.49 (1H, t, J¼7.5 Hz, ArH),
7.38 (1H, t, J¼7.5 Hz, ArH), 7.28 (1H, d, J¼7.5 Hz, ArH),
3.85 (1H, m, CHOH), 3.66 (1H, m, SO2CH), 3.20 (2H, m,
CH2), 2.78 (1H, d, J¼7.2 Hz, OH, D2O exchangeable),
1.95 (1H, m, CH), 1.04 (3H, d, J¼6.6 Hz, CH3), 0.97 (3H,
d, J¼6.6 Hz, CH3); dC (75.4 MHz, CDCl3): 139.0, 135.9,
133.5, 128.8, 127.0, 121.6, 74.8, 64.0, 31.4, 29.2, 19.8,
16.2; m/z (EI) 241 (4, MH+), 223 (6), 197 (100), 168 (13),
105 (14), 91 (10), 77 (14), 43 (16), 41 (14%). Anal. Calcd
for C12H16O3S: C, 59.98; H, 6.71; S, 13.34. Found: C,
59.93; H, 6.62; S, 13.19.

4.2.19. (2S)-2-[(1R)-1-Hydroxyhexyl]-2,3-dihydro-1-ben-
zothiophene-1,1-dioxide (6l). Purified by chromatography
(diethyl ether/petroleum ether, 1:1); oil, 241 mg, yield
30%, nD¼1.5335. IR (neat) 3510, 1295, 1150 cm�1; dH

(300 MHz, CDCl3): 7.70 (1H, d, J¼7.5 Hz, ArH), 7.57
(1H, t, J¼7.5 Hz, ArH), 7.44 (1H, t, J¼7.5 Hz, ArH), 7.39
(1H, d, J¼7.5 Hz, ArH), 4.48 (1H, m, CHOH), 3.59 (1H, dd,
J¼7.5, 15.4 Hz, CH2), 3.50 (1H, m, SO2CH), 3.29 (1H, dd,
J¼7.5, 15.4 Hz, CH2), 3.04 (1H, d, J¼3.0 Hz, OH, D2O
exchangeable), 1.68 (2H, m, CH3(CH2)3CH2CHOH), 1.53
(2H, m, CH3(CH2)2CH2CH2CHOH), 1.34 (4H, m,
CH3CH2CH2(CH2)2CHOH), 0.91 (3H, t, J¼6.2 Hz, CH3);
dC (75.4 MHz, CDCl3): 138.4, 136.9, 133.6, 128.6, 127.3,
121.4, 66.7, 64.6, 34.8, 31.4, 25.7, 25.2, 22.5, 13.9; m/z
(EI) 269 (4, MH+), 251 (10), 250 (11), 197 (27), 168 (43),
151 (25), 137 (34), 129 (47), 115 (23), 104 (36), 91 (43),
77 (54), 55 (50), 43 (100), 41 (89%). Anal. Calcd for
C14H20O3S: C, 62.66; H, 7.51; S, 11.95. Found: C, 62.47;
H, 7.44; S, 11.94.

4.2.20. (2S)-2-[(1S)-1-Hydroxyhexyl]-2,3-dihydro-1-ben-
zothiophene-1,1-dioxide (7l). Purified by chromatography
(diethyl ether/petroleum ether, 1:1); white crystals,
277 mg, yield 27%, mp 90–92 �C (H2O). IR (Nujol) 3480,
1310, 1155 cm�1; dH (300 MHz, CDCl3): 7.58 (1H, d,
J¼7.5 Hz, ArH), 7.45 (1H, t, J¼7.5 Hz, ArH), 7.33 (1H, t,
J¼7.5 Hz, ArH), 7.25 (1H, d, J¼7.5 Hz, ArH), 4.01 (1H,
m, CHOH), 3.49 (1H, m, SO2CH), 3.23 (2H, m, CH2),
3.11 (1H, s, OH, D2O exchangeable), 1.59 (2H, m,
CH3(CH2)3CH2CHOH), 1.47 (2H, m, CH3(CH2)2CH2CH2-
CHOH), 1.23 (4H, m, CH3CH2CH2(CH2)2CHOH), 0.81
(3H, t, J¼6.3 Hz, CH3); dC (75.4 MHz, CDCl3): 138.8,
135.7, 133.2, 128.4, 126.9, 121.2, 70.0, 65.9, 34.5, 31.3,
29.1, 24.6, 22.3, 13.8; m/z (EI) 269 (4, MH+), 251 (8), 250
(13), 197 (95), 168 (68), 151 (24), 137 (39), 129 (40), 115
(25), 105 (36), 91 (50), 77 (64), 55 (56), 43 (100), 41
(96%). Anal. Calcd for C14H20O3S: C, 62.66; H, 7.51; S,
11.95. Found: C, 62.43; H, 7.47; S, 12.04.

4.2.21. (2S)-2-[(1R)-1-Hydroxybutyl]-2,3-dihydro-1-ben-
zothiophene-1,1-dioxide (6m). Purified by chromato-
graphy (diethyl ether/petroleum ether, 3:1); oil, 677 mg,
yield 47%, nD¼1.5430. IR (neat) 3520, 1290, 1150 cm�1;
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dH (300 MHz, CDCl3): 7.64 (1H, d, J¼7.5 Hz, ArH), 7.52
(1H, t, J¼7.5 Hz, ArH), 7.37 (2H, m, ArH), 4.38 (1H,
m, CHOH), 3.48 (2H, m, CH2 and SO2CH), 3.29 (2H,
m, OH, D2O exchangeable and CH2), 1.50 (4H, m,
CH2CH2CH3), 0.94 (3H, t, J¼6.8 Hz, CH3); dC (75.4 MHz,
CDCl3): 138.2, 136.8, 133.3, 128.2, 127.1, 121.0, 66.5,
64.5, 36.8, 26.0, 18.4, 13.5; m/z (EI) 241 (5, MH+), 223
(13), 222 (9), 197 (27), 168 (35), 158 (25), 151 (34), 137
(35), 129 (75), 115 (24), 105 (32), 91 (48), 77 (67), 55
(42), 43 (100), 41 (81%). Anal. Calcd for C12H16O3S: C,
59.98; H, 6.71; S, 13.34. Found: C, 60.14; H, 6.59; S,
13.45.

4.2.22. (2S)-2-[(1S)-1-Hydroxybutyl]-2,3-dihydro-1-ben-
zothiophene-1,1-dioxide (7m). Purified by chromatography
(diethyl ether/petroleum ether, 3:1); white crystals, 389 mg,
yield 27%, mp 116–118 �C (H2O). IR (Nujol) 3475, 1305,
1155 cm�1; dH (300 MHz, CDCl3): 7.72 (1H, d, J¼7.5 Hz,
ArH), 7.56 (1H, t, J¼7.5 Hz, ArH), 7.46 (1H, t, J¼7.5 Hz,
ArH), 7.35 (1H, d, J¼7.5 Hz, ArH), 4.12 (1H, m, CHOH),
3.59 (1H, m, SO2CH), 3.28 (2H, m, CH2), 3.13 (1H, d,
J¼7.2 Hz, OH, D2O exchangeable), 1.64 (4H, m, CH2CH2-
CH3), 0.81 (3H, t, J¼7.1 Hz, CH3); dC (75.4 MHz, CDCl3):
139.1, 136.0, 133.5, 128.8, 127.1, 121.6, 70.3, 66.0, 37.0,
29.4, 18.6, 13.8; m/z (EI) 222 (7), 197 (100), 168 (50), 151
(18), 137 (28), 129 (27), 115 (21), 105 (36), 91 (41), 77
(63), 55 (36), 43 (69), 41 (59%). Anal. Calcd for
C12H16O3S: C, 59.98; H, 6.71; S, 13.34. Found: C, 59.95;
H, 6.65; S, 13.31.

4.2.23. (2S)-2-[(1R)-1-Hydroxy-1-(2,3-dihydrobenzo-
thien-2-yl)-methyl]-2,3-dihydro-1-benzothiophene-1,1-
dioxide (6n). Purified by chromatography (diethyl ether/pe-
troleum ether, 4:1); pale yellow crystals, 1049 mg, yield
53%, mp 134–136 �C (EtOH). IR (Nujol) 3500, 1290,
1145 cm�1; dH (300 MHz, CDCl3): 7.88 (1H, d, J¼6.9 Hz,
ArH), 7.80 (1H, d, J¼6.9 Hz, ArH), 7.74 (1H, d,
J¼7.5 Hz, ArH), 7.61 (1H, s, ArH), 7.55 (1H, t, J¼7.5 Hz,
ArH), 7.40 (3H, m, ArH), 7.32 (1H, d, J¼7.5 Hz, ArH),
6.05 (1H, s, CHOH), 3.93 (1H, m, SO2CH), 3.68 (1H, dd,
J¼7.5, 16.6 Hz, CH2), 3.62 (1H, d, J¼2.7 Hz, OH, D2O ex-
changeable), 3.00 (1H, dd, J¼8.7, 16.6 Hz, CH2); dC

(75.4 MHz, CDCl3): 140.8, 138.3, 136.9, 135.7, 134.1,
133.7, 128.7, 127.3, 124.8, 124.5, 123.7, 123.2, 121.5,
121.1, 64.8, 64.0, 25.6; m/z (EI) 330 (16, M+), 313 (53),
163 (100), 161 (78), 147 (15), 135 (64), 91 (76), 77 (43%).
Anal. Calcd for C17H14O3S2: C, 61.80; H, 4.27; S, 19.41.
Found: C, 61.69; H, 4.35; S, 19.52.

4.2.24. (2S)-2-[(1S)-1-Hydroxy-1-(2,3-dihydrobenzo-
thien-2-yl)-methyl]-2,3-dihydro-1-benzothiophene-1,1-
dioxide (7n). Purified by chromatography (diethyl ether/
petroleum ether, 4:1); pale yellow crystals, 475 mg, yield
24%, mp 198–200 �C (EtOH/H2O). IR (Nujol) 3500, 1300,
1150 cm�1; dH (300 MHz, CDCl3): 8.08 (1H, m, ArH),
7.90 (1H, m, ArH), 7.80 (1H, d, J¼7.2 Hz, ArH), 7.52
(3H, m, ArH), 7.41 (2H, m, ArH), 7.20 (1H, d, J¼7.2 Hz,
ArH), 5.56 (1H, dd, J¼3.6, 9.6 Hz, CHOH), 4.23 (1H, m,
SO2CH), 3.51 (1H, d, J¼3.6 Hz, OH, D2O exchangeable),
2.96 (2H, m, CH2); dC (75.4 MHz, CDCl3): 140.9, 138.8,
136.9, 135.5, 134.7, 133.6, 128.9, 127.0, 125.2, 124.9,
124.5, 123.1, 122.6, 121.9, 68.9, 66.1, 29.8; m/z (EI) 330
(14, M+), 163 (100), 161 (23), 135 (48), 91 (42), 77
(21%). Anal. Calcd for C17H14O3S2: C, 61.80; H, 4.27; S,
19.41. Found: C, 61.99; H, 4.35; S, 19.30.

4.2.25. (2S)-2-[(1R)-1-(4-Methoxyphenylamino)-1-(4-me-
thoxyphenyl)-methyl]-2,3-dihydro-1-benzothiophene-
1,1-dioxide (8a). Purified by chromatography (diethyl ether/
petroleum ether, 1:1); white crystals, 984 mg, yield 40%, mp
152–154 �C (EtOH). IR (Nujol) 3360, 1305, 1150 cm�1; dH

(300 MHz, CDCl3): 7.64 (1H, d, J¼7.5 Hz, ArH), 7.48 (1H,
t, J¼7.5 Hz, ArH), 7.38 (1H, t, J¼7.5 Hz, ArH), 7.32 (2H, d,
J¼8.4 Hz, ArH), 7.26 (1H, d, J¼7.5 Hz, ArH), 6.82 (2H,
d, J¼8.4 Hz, ArH), 6.61 (2H, d, J¼8.7 Hz, ArH), 6.46 (2H,
d, J¼8.7 Hz, ArH), 4.93 (1H, d, J¼6.3 Hz, CHNH), 3.77
(1H, m, SO2CH), 3.72 (3H, s, OCH3), 3.62 (3H, s, OCH3),
3.54 (1H, dd, J¼8.7, 16.6 Hz, CH2), 3.21 (1H, dd, J¼8.1,
16.6 Hz, CH2); dC (75.4 MHz, CDCl3): 159.2, 153.0,
140.5, 139.3, 136.2, 133.4, 131.7, 128.7, 128.1, 127.2,
121.6, 116.6, 114.5, 114.3, 66.7, 56.6, 55.6, 55.2, 28.7; m/z
(EI) 410 (23), 409 (61, M+), 287 (57), 242 (100), 121 (23),
77 (7%). Anal. Calcd for C23H23NO4S: C, 67.29; H, 5.56;
N, 3.45; S, 7.90. Found: C, 67.46; H, 5.66; N, 3.42; S, 7.83.

4.2.26. (2S)-2-[(1S)-1-(4-Methoxyphenylamino)-1-(4-me-
thoxyphenyl)-methyl]-2,3-dihydro-1-benzothiophene-
1,1-dioxide (9a). Purified by chromatography (diethyl ether/
petroleum ether, 1:1); white crystals, 836 mg, yield 34%, mp
215–216 �C (EtOH). IR (Nujol) 3360, 1265, 1155 cm�1; dH

(300 MHz, CDCl3): 7.68 (1H, d, J¼7.5 Hz, ArH), 7.43 (1H,
t, J¼7.5 Hz, ArH), 7.36 (1H, t, J¼7.5 Hz, ArH), 7.26 (2H, d,
J¼8.7 Hz, ArH), 7.13 (1H, d, J¼7.5 Hz, ArH), 6.81 (2H,
d, J¼8.7 Hz, ArH), 6.58 (2H, d, J¼9.3 Hz, ArH), 6.53 (2H,
d, J¼9.3 Hz, ArH), 4.77 (1H, d, J¼9.6 Hz, CHNH), 3.72
(1H, m, SO2CH), 3.71 (3H, s, OCH3), 3.60 (3H, s, OCH3),
3.00 (1H, dd, J¼8.0, 16.4 Hz, CH2), 2.75 (1H, dd, J¼10.0,
16.4 Hz, CH2); dC (75.4 MHz, CDCl3): 159.4, 152.9,
140.3, 139.8, 135.6, 133.3, 131.9, 128.8, 128.2, 126.9,
121.8, 116.6, 114.6, 114.5, 67.0, 58.5, 55.6, 55.2, 31.2; m/z
(EI) 410 (10), 409 (35, M+), 287 (25), 242 (100), 121 (22),
77 (8%). Anal. Calcd for C23H23NO4S: C, 67.46; H, 5.66;
N, 3.42; S, 7.83. Found: C, 67.25; H, 5.56; N, 3.41; S, 7.89.

4.2.27. (2S)-2-[(1R)-1-(4-Methoxyphenylamino)-1-phen-
ylmethyl]-2,3-dihydro-1-benzothiophene-1,1-dioxide
(8b). Purified by chromatography (diethyl ether/petroleum
ether, 3:1); white crystals, 727 mg, yield 32%, mp 182–
184 �C (EtOH). IR (Nujol) 3370, 1305, 1165 cm�1; dH

(300 MHz, CDCl3): 7.70 (1H, d, J¼7.5 Hz, ArH), 7.47
(3H, m, ArH), 7.31 (4H, m, ArH), 6.65 (3H, m, ArH), 6.52
(2H, d, J¼8.7 Hz, ArH), 5.05 (1H, d, J¼5.4 Hz, CHNH),
4.47 (1H, s, NH), 3.84 (1H, m, SO2CH), 3.67 (3H, s,
OCH3), 3.62 (1H, dd, J¼8.7, 16.5 Hz, CH2), 3.25 (1H, dd,
J¼8.0, 16.5 Hz, CH2); dC (75.4 MHz, CDCl3): 153.1,
140.6, 139.9, 139.3, 136.2, 133.5, 129.0, 128.8, 128.1,
127.2, 127.0, 121.6, 116.6, 114.6, 66.6, 57.0, 55.6, 28.4;
m/z (EI) 379 (17, M+), 212 (100), 122 (11), 91 (6), 77
(6%). Anal. Calcd for C22H21NO3S: C, 69.63; H, 5.58; N,
3.69; S, 8.45. Found: C, 69.85; H, 5.63; N, 3.63; S, 8.38.

4.2.28. (2S)-2-[(1S)-1-(4-Methoxyphenylamino)-1-phen-
ylmethyl]-2,3-dihydro-1-benzothiophene-1,1-dioxide
(9b). Purified by chromatography (diethyl ether/petroleum
ether, 3:1); white crystals, 454 mg, yield 20%, mp 284–
286 �C (EtOH). IR (Nujol) 3350, 1290, 1150 cm�1; dH
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(300 MHz, CDCl3): 7.68 (1H, d, J¼7.5 Hz, ArH), 7.40 (3H,
m, ArH), 7.26 (2H, d, J¼8.7 Hz, ArH), 7.13 (1H, d,
J¼7.5 Hz, ArH), 6.81 (2H, d, J¼8.7 Hz, ArH), 6.58 (2H,
d, J¼9.3 Hz, ArH), 6.53 (2H, d, J¼9.3 Hz, ArH), 4.89
(1H, d, J¼10.2 Hz, CHNH), 3.78 (1H, m, SO2CH), 3.67
(3H, s, OCH3), 3.10 (1H, dd, J¼9.9, 16.2 Hz, CH2), 2.80
(1H, dd, J¼7.8, 16.2 Hz, CH2); dC (75.4 MHz, CDCl3):
159.4, 152.9, 140.3, 139.8, 135.6, 133.3, 129.0, 128.8,
128.2, 127.0, 126.9, 121.8, 116.6, 114.6, 66.9, 59.1, 55.6,
31.1; m/z (EI) 379 (2, M+), 212 (100), 122 (32), 91 (37),
77 (42%). Anal. Calcd for C22H21NO3S: C, 69.63; H, 5.58;
N, 3.69; S, 8.45. Found: C, 69.53; H, 5.64; N, 3.65; S, 8.56.

4.2.29. (2S)-2-[(1R)-1-(4-Methoxyphenylamino)-1-(4-fluo-
rophenyl)-methyl]-2,3-dihydro-1-benzothiophene-1,1-
dioxide (8c). Purified by chromatography (diethyl ether/
petroleum ether, 3:1); white crystals, 929 mg, yield 39%,
mp 74–75 �C (EtOH/H2O). IR (Nujol) 3370, 1310,
1165 cm�1; dH (300 MHz, CDCl3): 7.70 (1H, d, J¼7.8 Hz,
ArH), 7.56 (1H, t, J¼7.5 Hz, ArH), 7.46 (3H, m, ArH),
7.35 (1H, d, J¼7.5 Hz, ArH), 7.04 (2H, m, ArH), 6.67 (2H,
d, J¼9.0 Hz, ArH), 6.51 (2H, d, J¼9.0 Hz, ArH), 5.02 (1H,
d, J¼6.0 Hz, CHNH), 3.81 (1H, m, SO2CH), 3.69 (3H, s,
OCH3), 3.59 (1H, dd, J¼8.7, 16.5 Hz, CH2), 3.29 (1H, dd,
J¼7.5, 16.5 Hz, CH2); dC (75.4 MHz, CDCl3): 158.9
(JCF¼270.0 Hz), 153.2, 140.1, 139.2, 136.0, 135.4 (JCF¼
2.4 Hz), 133.6, 128.8, 128.6 (JCF¼8.5 Hz), 127.2, 121.6,
116.6, 116.0 (JCF¼20.6 Hz), 114.6, 66.7, 56.6, 55.6, 28.7;
m/z (EI) 397 (5, M+), 230 (11), 169 (100), 137 (22), 120
(45), 103 (46), 91 (29), 78 (49), 77 (30%). Anal. Calcd for
C22H20FNO3S: C, 66.48; H, 5.07; F, 4.78; N, 3.52; S, 8.07.
Found: C, 66.26; H, 5.15; F, 4.84; N, 3.43; S, 8.01.

4.2.30. (2S)-2-[(1S)-1-(4-Methoxyphenylamino)-1-(4-fluo-
rophenyl)-methyl]-2,3-dihydro-1-benzothiophene-1,1-
dioxide (9c). Purified by chromatography (diethyl ether/
petroleum ether, 3:1); white crystals, 666 mg, yield 28%, mp
239–241 �C (EtOH). IR (Nujol) 3340, 1290, 1150 cm�1; dH

(300 MHz, CDCl3): 7.76 (1H, d, J¼7.5 Hz, ArH), 7.48 (4H,
m, ArH), 7.24 (1H, d, J¼7.5 Hz, ArH), 7.07 (2H, t, J¼
8.6 Hz, ArH), 6.68 (2H, d, J¼9.0 Hz, ArH), 6.64 (2H, d,
J¼9.0 Hz, ArH), 4.89 (1H, d, J¼9.6 Hz, CHNH), 3.78
(1H, m, SO2CH), 3.69 (3H, s, OCH3), 3.12 (1H, dd, J¼
9.9, 16.4 Hz, CH2), 2.85 (1H, dd, J¼8.0, 16.4 Hz, CH2); dC

(75.4 MHz, CDCl3): 162.42 (JCF¼248.9 Hz), 141.0, 140.0,
139.5, 135.6, 135.4, 133.5, 128.9, 128.7 (JCF¼7.3 Hz),
126.9, 121.9, 116.5, 116.1 (JCF¼20.8 Hz), 114.7, 66.9,
58.4, 55.6, 31.0; m/z (EI) 397 (28, M+), 230 (100), 122
(19), 91 (5), 77 (8%). Anal. Calcd for C22H20FNO3S: C,
66.48; H, 5.07; F, 4.78; N, 3.52; S, 8.07. Found: C, 66.38;
H, 5.17; F, 4.69; N, 3.47; S, 8.07.
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