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Data on the apparent dipole moment of thianthrene-5-oxide (1) and 'H NMR spectra in different
solvents support the conformational mobility of 1, which flaps between two limit boat conformations
with the sulfinyl group in pseudoequatorial and pseudoaxial positions, respectively. The confor-
mational equilibrium of 1 occurs too fast for the 'H NMR (500 MHz) time-scale even at —130 °C,
and the equilibrium constant has not been determined. The apparent dipole moments of 1 in
n-hexane and 1,4-dioxane and the 'H NMR spectra of 1 and the model compounds cis- and trans-
thianthrene-5,10-dioxides (2) and thianthrene (5) in different solvents and at various temperatures
confirm that the relative position of the conformational equilibrium of 1 is solvent-dependent, and
more polar solvents favor the conformation with the sulfoxide group in the pseudoaxial position
(1.5). Variable-temperature 'H NMR spectra have established the interconversion barrier of trans-2
and confirmed that the conformational equilibrium of cis-2 is strongly displaced toward the
conformation with both sulfinyl groups in the pseudoequatorial position. The 'TH NMR data support

the transannular interaction of the functional groups in 1 and trans-2.

Introduction

Thianthrene-5-oxide (1) was introduced! in 1984 as a
general mechanistic probe for determining the electro-
philic or nucleophilic character of a given oxidant. Thus,
electrophilic oxidants should prefer to react with the
sulfide moiety of 1 to yield disulfoxide 2, while nucleo-
philic oxidants should preferably react at the sulfoxide
sites of 1 and 2 to give sulfones SSO; (3) and SOSO; (4),
respectively (Scheme 1). Oxidants are classified as either
electrophilic or nucleophilic according to the value yso,
which is defined by the ratio of oxidation at the SO site
to total oxidation. Thianthrene-5-oxide (1) has been used
extensively to determine the electronic nature of many
classes of oxidants such as peroxometal complexes,?
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SCHEME 1. Thianthrene-5-oxide Mechanistic
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carbonyl oxides,! peracids,® dioxiranes,? and several metal
oxidants.10

This mechanistic probe has been introduced and ap-
plied with the assumption! that the thianthrene-5-oxide
molecule (1) exists in solution in a single geometry folded
along the axis defined by the sulfur atoms and the
pseudoequatorial oxygen atom. However, in a recent
density functional study, Deubel!' found a moderate
energy barrier for conformational ring inversion of thi-
anthrene-5-oxide (1) and suggested that this could affect
the chemo- and stereoselectivity of the oxidation reaction.

Early findings'? on dipole moment and UV and IR
spectroscopic measurements in solution showed that
thianthrene and its dioxides were conformationally flex-
ible in solution and switched between two boat-type limit
conformations about the line joining the sulfur atoms.
Although UV and IR analyses of thianthrene-5-oxide (1)
and theoretical calculations'® have pointed out the con-
formational mobility of this molecule in solution, there
have been no previous systematic studies on this sub-
strate.

In our study'* on the oxidation of sulfides with diox-
iranes, we found a clear discrepancy between the results
obtained with simple sulfides and thianthrene-5-oxide (1).
This prompted us to further examine the conformational
flexibility of this mechanistic probe in solution, since this
could allow transannular interaction between the reac-
tion intermediates and the second functional group
present in the molecule.!® This interaction could divert

(2) (a) Bonchio, M.; Conte, V.; De Conciliis, M. A.; DiFuria, F.;
Ballistreri, F. P.; Tommaselli, G. A.; Toscano, R. M. J. Org. Chem. 1995,
60, 4475. (b) Ballistreri, F. P.; Tommaselli, G. A.; Toscano, R. M.;
Bonchio, M.; Conte, V.; DiFuria, F. Tetrahedron Lett. 1994, 35, 8041.
(c) Ballistreri, F. P.; Tommaselli, G. A.; Toscano, R. M.; Conte, V.;
DiFuria, F. J. Am. Chem. Soc. 1991, 113, 6209. (d) Adam, W.; Lohray,
B. B. Angew. Chem., Int. Ed. Engl. 1986, 25, 188.
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113, 3, 9898.

(4) Alvarez, J. C.; Ortiz de Montellano, P. R. Biochemistry 1992, 31,
8315.

(5) Hamamoto, M.; Nakayama, K.; Nishiyama, Y.; Ishii, Y. J. Org.
Chem. 1993, 58, 6421.

(6) Plesnicar, B.; Cerkovnik, J.; Koller, J.; Kovac, F. J. Am. Chem.
Soc. 1991, 113, 4946.
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Oxygen in Chemistry and Biochemistry. In Studies in Organic Chem-
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33. (b) Bloodworth, A. J.; Melvin, T.; Mitchell, J. C. J. Org. Chem. 1988,
53, 1078.

(8) (a) Erzen, E.; Koller, J.; Plesnicar, B. J. Org. Chem. 2001, 66,
5155. (b) Adam, W.; Golsch, D. J. Org. Chem. 1997, 62, 115.

(9) Adam, W.; Chan, Y.-Y.; Cremer, D.; Gauss, J.; Sheutzow, D.;
Shindler, M. J. Org. Chem. 1987, 52, 2800.
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1967, 89, 4815. (e) Purcell, K. F.; Berschied, J. R., Jr. J. Am. Chem.
Soc. 1967, 89, 1579. (f) Ternay, A. L., Jr.; Baack, J. C.; Chu, S. S. C,;
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FIGURE 1. Conformational equilibrium of 1.

the course of the reaction and cause the probe to behave
abnormally in these oxidation reactions.

We report here the apparent dipole moment and low-
temperature 'H NMR measurements of thianthrene-5-
oxide (1) in different solvents. The results provide
evidence for the conformational mobility of 1 in solution,
and the relative populations of pseudoequatorial and
pseudoaxial conformers are solvent- and temperature-
dependent. The conformational equilibrium of 1 occurs
too fast for the 'TH NMR time-scale, and the equilibrium
constant has not been determined quantitatively. Vari-
able-temperature spectra in different solvents have al-
lowed us to establish the energy barrier for the confor-
mational interchange of ¢rans-2 and also the strong
displacement of the conformational equilibrium of cis-2
toward the pseudoequatorial conformer. The 'TH NMR
data also indicate transannular interactions between the
functional groups of thianthrene-5-oxide (1) and ¢rans-
2.

Results and Discussion

Thianthrene-5-oxide (1) can be depicted in two equili-
brating boat-type limit conformations with the oxygen
atom placed either in a pseudoequatorial (1.,) or pseudo-
axial (1,y) position (Figure 1). Switching between these
limit conformations occurs through a planar form by
flapping of the aromatic rings.

The sulfoxide moiety in conformation 1.4 is flanked by
aromatic peri-C—H bonds, which allows electrostatic
interactions between the oxygen and hydrogen atoms. In
conformation 1., electronic repulsion exists between the
pseudoaxial sulfoxide group and the cis electron lone-pair
of the sulfide-type opposite sulfur atom. Theoretical
calculations! show the existence of two potential energy
minima that correspond to these conformations, where
1, is 3.8—6.8 kcal mol™! more stable than 1,. The
theoretical predicted!' activation energy for the ring
inversion of 1 is 3.8—7.4 kcal mol-!. MOPAC PM3
semiempirical calculations give values of 2.609 and 4.367
D for the dipole moments of 1..q and 1., respectively. In
the following sections, we report the results of our
analysis of the conformational equilibrium of 1 by means
of dipole moments and 'H NMR spectra in different
solvents at different temperatures.

Dipole Moment. The apparent molecular polarization
at infinite dilution (Ps.,), molecular refraction (Rp), dipole
moment (ug), polarizabilities (o), and partial molar
volumes (V3?) of 1 were determined in n-hexane and 1,4-
dioxane solutions following reported methods'® based on
measurements of the dielectric permittivity, density, and
refractive index at 25 °C. The apparent dielectric constant

(15) Codorier, A.; Monzé, I.; Tomés, F.; Valero, R. J. Phys. Chem.
1986, 90, 2244.
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TABLE 1. Polarization Data and Dipole Moments of
Thianthrene-5-oxide (1) in n-Hexane and 1,4-Dioxane®

magnitude hexane 1,4-dioxane
a 2.58 £ 0.07 6.7+ 0.3
B -0.7+0.1 —0.29 + 0.02
y 0.3+0.1 -0.2+0.1
(d€1,2/dY2)Y2=0 0.91 +£0.05 1.54+0.1
Py (cm® mol™1) 228 £ 13 303 £ 13
Rp (cm? mol™1) 64+5 26 + 4
V30 (em3 mol 1) 197 £ 10 158 £ 6
€' 6.5+ 0.3 12+1
n2IR 1.6 +0.3 1.3+0.1
dipole moment? (D) 2.8+0.3 3.7+0.1
dipole moment¢ (D) 2.8+0.1 3.7+0.1
dipole moment? (D) 2.8+05 4.0+05

@ Averages of at least four independent runs. ®From the method
of Lange,62 Errera,'®® and Williams.1%¢ <From the method of
Guggenheim—Smith.16h=J dFrom the method of Onsanger—
Kirkwood. 16k

(e2') and the refraction index extrapolated in the IR region
(nr) were estimated for the solute. The apparent dipole
moments were determined by the method of Lange,!62
Errera,'® and Williams and co-workers,'%¢~2 the approach
of Guggenheim—Smith,'®"- and the more complex equa-
tion obtained from the Onsanger—Kirkwood liquid
theory.'®*! For a detailed description of the method used,
see the Experimental Section. The results are shown in
Table 1.

The relative increase in molecular polarization (Ps..)
and the strong decrease in the magnitudes of molecular
refraction (Rp) and partial molar volume (V5°) observed
on going from n-hexane to 1,4-dioxane reflect structural
changes in the solute promoted by the differences in the
electrical field associated with each solvent. In n-hexane,
the absence of interactions and external electric fields
results in poor solvation and induces the solute molecules
to chiefly adopt conformation 1.4, with the oxygen atom
in the pseudoequatorial position. The strong external
interactions or fields exerted by 1,4-dioxane allow better
solvation and stabilize conformation 1.,,, with the oxygen
atom in the pseudoaxial position. Thus, in the less-polar
solvent, we found lower values for polarization and the
average dipole moment and a higher value for the molar
volume. These results support the conformational flex-
ibility of thianthrene-5-oxide (1) and also the solvent-
dependence of the conformational equilibrium.

The experimental method used yields an average dipole
moment u given by eq 1:

u= (ZiniﬂiZ)w 1)

(16) (a) Lange, L. Z. Physik. 1925, 33, 169. (b) Errera, J. Z. Phys.
1926, 27, 764. (c) Williams, J. W.; Krchma, 1. J. J. Am. Chem. Soc.
1927, 49, 1676. (d) Krchma, I. J.; Williams, J. W. J. Am. Chem. Soc.
1927, 49, 2408. (e) Williams, J. W.; Allgeier, R. T. J. Am. Chem. Soc.
1927, 49, 2416. (f) Williams, J. W.; Ogg, E. F. J. Am. Chem. Soc. 1928,
50, 94. (g) Williams, J. W.; Schwingel, C. H. J. Am. Chem. Soc. 1928,
50, 362. (h) Guggenheim, E. A. Trans. Faraday Soc. 1949, 45, 714. (i)
Smith, J. W. Trans. Faraday Soc. 1950, 46, 394. (j) Guggenheim, E.
A. Trans. Faraday Soc. 1951, 47, 573. (k) Onsager, L. J. Am. Chem.
Soc. 1936, 58, 1486. (1) Kirkwood, J. G. J. Chem. Phys. 1934, 2, 351.
(m) Jungers, J. C.; Sajus, L.; De Aguirre, 1.; Decroocq, D. L’Analyse
Cinétique de la Transformation Chimique; Technip: Paris, 1968;
Collection Science et Technique du Pétrole No. 9, Vol. II, p 805. (n)
Bottcher, C. F. J. Theory of Electric Polarisation; Elsevier: Amsterdam,
1952. See also: Boéttcher, C. F. J. Theory of Electric Polarisation, 2nd
ed.; Elsevier: Amsterdam, 1993; Vol. II.
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where n; is the molar fraction of each conformer and w;
is the corresponding dipole moment.!” Substitution in eq
1 of the u; values calculated for conformers 1.4 and 1.
and the average experimental dipole moment 4 measured
in each solvent allows us to estimate that the molar
fraction of 1., at equilibrium is 31% in n-hexane and 67%
in 1,4-dioxane. Accordingly, the population of the flagpole
conformer 1., at equilibrium is expected to increase with
an increase in the polarity of the solvent.

TH NMR. 'H NMR spectroscopy could presumably be
used to determine the equilibrium population of conform-
ers leq and 1, in solution provided that the rate of
interconversion is slow enough to observe two sets of
signals for the peri hydrogen atoms adjacent to the
sulfoxide group. However, the 'H NMR spectra (500
MHz) of SSO (1) measured in CDCls, toluene-dg, THF-
ds, and THF-dg:diethyl ether-d;, from 25 to —130 °C
showed only averaged signals of variable chemical shifts,
indicating that, as predicted by theoretical calculations,!!
this process is too fast for the NMR time-scale and that
it is not possible to determine the equilibrium constant
(Figures 2 and S14 (Supporting Information)).

The chemical shifts of the 'TH NMR signals correspond-
ing to a rapidly equilibrating population of conformers
under different conditions of solvent and/or temperature
can evidence the effect of these factors on the relative
position of the conformational equilibrium. Assuming
that the shielding of the peri hydrogen atoms adjacent
to the sulfoxide group depends on the spatial orientation
of the sulfinyl oxygen atom, the relative 1.,/1.x ratio
could be estimated provided that the shielding effects
exerted by the sulfoxide in the pseudoequatorial or
pseudoaxial position are known. Since the conformational
equilibrium of thianthrene-5-oxide (1) does not become
slow at the NMR time-scale, we considered the structur-
ally related thianthrene (5) and cis- and trans-thian-
threne-5,10-dioxides (2) as references to estimate the
effects of the spatial orientation of the sulfoxide moiety,
the solvent, and the temperature on the chemical shifts
of the peri hydrogen atoms. With this information in
hand, it may be possible to interpret the displacement
of the TH NMR signals of thianthrene-5-oxide (1) under
different conditions of solvent and temperature.

Previous '"H NMR studies have examined the effects
of temperature and aromatic solvent-induced shift (ASIS)'®
on a series of related tricyclic diaryl sulfides and sulfox-
ides with the sulfur atom in the meso position'® such as
9-substituted thioxanthene derivatives. However, to the
best of our knowledge, there have been only two reports!2ef
on the 'H NMR analysis of the conformational equilib-
rium of 1, thianthrene-5,10-dioxides (2), and thianthrene
(5). The absence of data on 1 and our model compounds
2 and 5 prompted us to obtain variable-temperature 'H
NMR spectra for these systems in different solvents.

(17) Eliel, E. L.; Wilen, S. H. Stereochemistry of Organic Compounds;
John Wiley & Sons: New York, 1994.

(18) ASIS refers to the changes in dy observed on passing from a
weakly interacting solvent such as chloroform to an aromatic solvent
such as benzene or toluene. (a) Laszlo, P. Prog. Nucl. Magn. Reson.
Spectrosc. 1967, 3, 231. (b) Nakagawa, N.; Niki, K. Chem. Lett. 1972,
1239.

(19) (a) Evans, S. A.; Ternay, A. L., Jr. J. Org. Chem. 1975, 40, 2993.
See also: (b) Klein, R. F. X.; Svoronos, P. D. N.; Horak, V.; Jameson,
G. B.; Koritsadnszky, T.; Kdlmén, A. J. Org. Chem. 1991, 56, 3259. (c)
Morita, H.; Kawaguchi, H.; Yoshimura, T.; Tsukurimichi, E.; Shi-
masaki, C.; Horn, E. Chem. Eur. J. 2000, 6, 3976.
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TABLE 2. 'H NMR (500 MHz) Resonances dg (in ppm) of
1, cis-2, trans-2, and 5 in Different Solvents and at
Various Temperatures

X
- 1,X=:, Y==
8 CC 0:© 2 Cis-2, X=Y= =04yjeq
7 S 3 trans-2, X= =0gq, Y= =04y
6 i 4 5 X=Y=:
Y

compd solvent T(¢°C) O6H! O6H* OH2 OH3
1 CDCl, 25 7.63 787 754 7.42

—100 754 772 747 7.35
cis-2 CDCl, 25 8.07 7.76

—-100 7.99 7.75
trans-2 CDyCly 25 8.12 7.71

—100 8.14 8.02 774 1764
5 CDCl, 25 7.54 7.3

—100 7.51 7.29
1 toluene-dg 25 711 791 696 6.79

—100 6.99 817 6.84 6.68
cis-2 toluene-dg 25 7.8 6.86

—100 7.83 6.57
trans-2 toluene-dg 25 7.55 6.75

-100 8.03 6.68 649 6.38
5 toluene-dsg 25 7.21 6.8

—100 7.13 6.65
1 THF-ds 25 7.71 791 763 75

-100 789 791 775 7.64
cis-2 THF-ds 25 8.05 7.78

—100 8.07 7.9
trans-2 THF-dg 25 8.13 7.71

—100 826 821 789 7.81
5 THF-ds 25 7.52 7.29

—100 7.65 7.42

The 'H NMR spectra at 500 MHz of samples of
thianthrene 5, cis-2, and trans-2 dissolved in CDyCl,
toluene-ds, THF-dg, and 3:2 THF-dg/Et,0-d1o were mea-
sured from 25 to —130 °C. The 'H NMR data of 1, cis-2,
trans-2, and 5 at 25 and —100 °C are summarized in
Table 2 (data for 3:2 THF-dg/Et,O-d1y are collected in
Table S1 in Supporting Information). Figures 3 and 4
show the variable-temperature 'TH NMR spectra in CD-
Cl, for trans-2 and cis-2, respectively. The NMR spectra
measured for all of these compounds in CD,Cl,, toluene-
ds, THF-dg, and 3:2 THF-dg/Et20-d1y are depicted in
Figures S1—S17 (Supporting Information).

The variable-temperature "H NMR spectra in CDyCl,
showed that at low temperatures, the conformational
equilibration of ¢rans-2 became slow on the NMR time-

T T T T T T 1
7.8 7.7 7.6 7.5 7.4 7.3 ppm

FIGURE 2. Temperature dependence of the 'H NMR (500
MHz) spectra of 1 in CDyCls.

T25°C

T-100°C

r T
7.9
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FIGURE 3. Temperature-dependence of the 'TH NMR (500
MHz) spectra of trans-2 in CDyCl.

:

-
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;

8.1 8.0 79 7.8 7.7 ppl

3

FIGURE 4. Variable-temperature 'H NMR spectra (500 MHz)
of cis-2 measured in CDyCls.

scale and the AA'XX' spin system observed at 25 °C
evolved into a first-order one formed by four anisochro-
nous protons (Figure 3). To the best of our knowledge,
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this is the first time that this phenomenon has been
observed for trans-2. Coalescence of the peri protons takes
place at —60 °C. Since the separation between H*6/H'®
measured at —100 °C is 60 Hz, the activation energy for
the conformational inversion at the coalescence temper-
ature is AG¥ = 10.2 kcal mol~!, which agrees very well
with the calculated value'! of 9.7 kecal mol~!. The known
diamagnetic anisotropy effect of the sulfinyl moiety!2:2°
enables us to assign the doublets at 0 8.14 3J = 7.4 Hz)
and 8.02 (3J = 7.4 Hz) ppm to the H? and H*® hydrogen
atoms adjacent to the pseudoequatorial and pseudoaxial
sulfinyl groups, respectively. The triplets at 0 7.74 (3J =
7.4 Hz) and 7.64 (°J = 7.4 Hz) ppm were assigned to the
H?28 and H37 hydrogen atoms, respectively, via a COSY
experiment (Figure S5).

trans-2 also showed a slow conformational equilibra-
tion on the NMR time-scale in toluene-ds, THF-ds, and
3:2 THF-dg/Et;O-d1o (Figures S8, S12, and S16), with a
coalescence temperature of —60 °C and activation ener-
gies of 9.2, 10.6, and 9.9 kcal mol™!, respectively (Table
S2). In toluene-dg at —100 °C, H? and H*6 exhibit an
extremely large chemical shift difference of 675 Hz
(Av(HY? — H*$)_100°cy = 675 Hz). The most deshielded
doublet was assigned to H® in the proximity of the
pseudoequatorial sulfinyl group (6 8.03 ppm, %J = 6.7 Hz)
(Table 2).

The variable-temperature "H NMR spectra of cis-2 in
Cchlz, toluene-dg, THF-dg, and 3:2 THF-dg/EtzO-dlo
(Figure 4 and Figures S2, S7, S11, and S15) exhibited
an AA'XX' spin system from 25 to —130 °C. This lack of
variation in the multiplicity pattern of cis-2 could be
attributed to interconversion between conformers cis-2 .«
and cis-2 that is still rapid on the NMR time-scale.
However, considering that the energy barrier calculated
for this interconversion is 13.5 kcal mol™! (3.8 kcal mol™!
higher than that predicted for trans-2) and that the cis-
2. conformer is 1.9—3.6 kcal mol~! more stable!! than
the cis-2.,, the presence of only one set of AA'XX' signals
in the 'TH NMR spectrum of cis-2 at —100 °C indicates
that the conformational equilibrium is highly shifted
toward the cis-2¢, conformer in all of the solvents
investigated. This conclusion agrees well with those
drawn by other authors on the basis of IR and UV spectra
and dipole moment measurements.!?

The 'H NMR chemical shifts of the different hydrogen
atoms in SSO (1), cis-2, trans-2, and 5 depend on the
solvent and the temperature. The chemical shifts under
different conditions and the displacement of the signals
on going from CDyCly; or THF-dg to toluene-dg at —100
°C and with a decrease in temperature from 25 to —100
°C are shown in Tables 3 and 4, respectively.

The most salient feature of the ASIS study is the strong
deshielding observed for the H%® hydrogens of 1 adjacent
to the sulfinyl group on going from the polar solvents CD»-
Cl; and THF-dg to toluene-dg, in clear contrast to the
consistent upfield shielding observed for all the signals
of structurally related thianthrene (5) and its disulfoxides
(2) (Table 3). A comparison of the spectra in CD,Cly and
toluene-ds (Table 3) shows that the aromatic solvent

(20) (a) Pritchard, J. G.; Lauterbur, P. C. J. Am. Chem. Soc. 1961,
83, 2105. (b) Tanaka, S.; Sugihara, Y.; Sakamoto, A.; Ishii, A
Nakayama, J. J. Am. Chem. Soc. 2003, 125, 9024 and references
therein.
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TABLE 3. Effect of the Solvent on the Proton
Resonances of 1, cis-2, trans-2, and 5 at — 100 °C®

solvent compd AvH' AvH* AvH2 AvH?
CDsCl; to toluene-dg 1 275 —225 315 335
cis-2 80 80 590 590
trans-2 55 670 625 630
5 190 190 320 320
THF-ds to toluene-ds 1 450 -130 455 480
cis-2 120 120 665 665
trans-2 115 765 700 715
5 260 260 385 385

@ AvH = [VH(solvent) — vHtoluene)] in Hz.

TABLE 4. Effect of Temperature on the Proton
Resonances of 1, cis-2, trans-2, and 5¢

solvent compd AvH! AvH* AvH? AvH3
CDCl, 1 45 75 35 35
cis-2 40 40 5 5
trans-2 20 20 10 10
5 15 15 5 5
toluene-ds 1 60 —130 60 55
cis-2 -15 —15 145 145
trans-2 98 98 157 157
5 40 40 75 75
THF-dg 1 -90 0 —60 =70
cis-2 -10 —10 —-70 =70
trans-2 —52 —52 —-70 =70
5 —65 —65 —65 —65

a BH = [vH2s ¢y — "H(-100 °c)] in Hz.

shields the signals corresponding to 1, cis-2, trans-2, and
5 to different degrees ranging between 80 and 670 Hz,
except that of the H*6 of 1, which is deshielded by —225
Hz. The same trend is observed on going from THF-ds to
toluene-dg (Table 3). In this case, the signal of H*6 in 1
is deshielded by —130 Hz, while the rest of the signals
are shielded by 115—765 Hz.

These results point out the existence of a superimposed
deshielding factor that affects the hydrogen atoms peri
to the sulfinyl group of 1, which overwhelms the upfield
shift due to the aromatic solvent. The 'H NMR data on
trans-2 and cis-2 and the known diamagnetic anisotropy
of the sulfoxide group establish that the chemical shifts
of the hydrogen atoms adjacent to a pseudoequatorial
sulfinyl group appear at lower fields than those adjacent
to a pseudoaxial sulfinyl group, and this difference is 675
Hz for trans-2 in toluene-dg (Table 2). Therefore, the
downfield displacement of the signal for H%¢ of 1 from
7.72 and 7.91 ppm in CDyCl; and THF-ds, respectively,
to 8.17 ppm in toluene-ds, despite the intense shielding
effect of the aromatic solvent observed on the peri
hydrogen atoms of ¢rans-2 and cis-2, can be attributed
to an increased contribution of the conformer with the
sulfoxide group in the pseudoequatorial position (1.,) to
the average signal of H%6 in toluene-ds (u = 0.30 D) with
respect to that in the polar solvents CDyCl, (4 = 1.56 D)
and THF-dg (u = 1.74 D). Thus, the results suggest that
the conformational equilibrium of 1 is shifted toward the
conformer with the sulfoxide group in a pseudoaxial
position (1.,;) in polar solvents and toward the conformer
with a pseudoequatorial sulfoxide group (1..,) in nonpolar
solvents, according to the dipole moment of each con-
former, which agrees well with the observed apparent
dipole moment data. The hydrogen atoms H?® of trans-
2, in the meta position with respect to a pseudoequatorial
sulfinyl group, also appear at higher chemical shifts than



Conformational Mobility of Thianthrene-5-oxide

RO )¢
o:{_:/\: %:/ o
\2:5 \2:5

1 trans-2

FIGURE 5. Transannular interactions.

those of H37 in the meta position with respect to a
pseudoaxial group. However, in this case, the difference
between the chemical shifts in toluene-ds is only 55 Hz,
and consequently the displacement of the conformational
equilibrium of 1 toward the conformer 1., cannot over-
come the shielding derived from the aromatic solvent.

The chemical shift of the H*¢ hydrogen atoms of 1 in
toluene-dg at —100 °C (0H*® 8.17 ppm) is higher than
those corresponding to the peri hydrogen atoms of cis-2
(0H*¢ 7.83 ppm) and H"? of trans-2 (0H 8.03 ppm),
which are adjacent to a sulfoxide group in a pseudoequa-
torial position. This observation suggests that thian-
threne-5-oxide (1) with the sulfinyl group in a pseu-
doequatorial position is the preferred conformation in the
nonpolar solvent toluene-dg but also indicates that there
is some type of interaction between the functional groups
of 1. Thus, the stronger deshielding of the peri hydrogen
atoms exerted by the sulfinyl group in 1 compared to that
exerted by the pseudoequatorial sulfinyl group of cis-2
and ¢rans-2 could be interpreted in terms of an electron
donation from the sulfide group to the pseudoequatorial
sulfoxide in 1, which results in a higher electron popula-
tion in the S—O bond and a stronger diamagnetic effect.
This electron donation could be the result of the resonant
electron-releasing effect of the sulfide group (in the ortho
position with respect to the sulfoxide group) or alterna-
tively could be due to through-space transannular inter-
action between both functional groups (Figure 5).

A topological analysis!! of the electron density of 1
indicates the feasibility of this transannular interaction
in 1., since the area of charge depletion of the sulfoxide
group points toward the transannular electron density
of the sulfide moiety. Conversely, the region of charge
depletion of the flagpole sulfoxide group of 1. points
inward to the free concave space of the folded molecule
and is far from aligning with the electron density regions
of the transannular sulfide group.

Concerning the interaction between the functional
groups in these systems, the data in Table 2 also show
that, for all of the solvents and at —100 °C, the hydrogen
atoms H'? of cis-2 appear at higher fields than those of
trans-2 even though they are adjacent to a pseudoequa-
torial sulfinyl group in both isomers. These results
indicate that in ¢rans-2, the pseudoaxial sulfinyl group
boosts the diamagnetic anisotropic effect of the transan-
nular pseudoequatorial sulfinyl group with respect to
that in cis-2, where both oxygen atoms are in a pseu-
doequatorial position. This effect is analogous to that
mentioned above for 1 and could be attributed to a
through-space transannular electron donation from the
pseudoaxial oxygen atom to the opposite electron-
deficient sulfinyl group (Figure 5). The increase in
electron density at the pseudoequatorial sulfinyl group
would enhance its diamagnetic effect. Interaction be-
tween the functional groups of the thianthrene deriva-
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tives 1 and ¢trans-2 has also been proposed?? on the basis
of the lower energy requirement for the UV excitation of
the flagpole sulfinyl group of trans-2 and 1., and also of
the relative rate of oxidation?? of 1, cis-2, trans-2, and 5
with the oxo-diperoxomolybdenum complex MoOs-HMPT,
which was found to depend on the relative orientation of
the sulfinyl groups.

On the other hand, the data in Table 2 show that in
the polar solvents CDoCl, and THF-dg, the chemical shifts
of the H*® hydrogen atoms of 1 (0H*% 7.72 ppm in CD,-
Cly and 0H*® 7.91 ppm in THF-ds) are lower than those
found for the H4% hydrogen atoms peri to the pseudoaxial
sulfinyl group of trans-2 (0H*% 8.02 ppm in CD,Cl; and
O0H*% 8.21 ppm in THF-ds). This difference is consistent
with the lack of a second electron-withdrawing sulfoxide
group in 1; however, it may also indicate that the
conformation with the sulfinyl group in a pseudoaxial
position comprises a significant population in these polar
solvents since the deshielding exerted by a pseudoequa-
torial sulfoxide group is more intense in 1 than in
disulfoxides 2, as seen above.

The data in Table 3 show that the lowest shielding
effect of the aromatic solvent corresponds to the hydro-
gens peri to a sulfinyl group in a pseudoequatorial
position, while the highest shielding corresponds to the
hydrogen peri to a sulfinyl group in a pseudoaxial
position. Thus, the data show upfield shifts of 80 and 55
Hz upon moving from CDCl; to toluene-ds for cis-2 and
the H hydrogen atoms of trans-2, respectively, and
upfield shifts of 120 and 115 Hz upon moving from THF-
ds to toluene-ds for cis-2 and the H'® hydrogen atoms of
trans-2. The upfield shifts for the H*® hydrogen atoms
of trans-2 are 670 and 765 Hz upon moving from CDyCl,
and THF-ds to toluene-ds, respectively.

These results contrast with the aromatic solvent-
induced shifts (ASISs) reported!'*® for a series of 9-alkyl
derivatives of thioxanthene-S-oxide. In these substrates,
the change from DCCI; to C¢Dg induces an upfield shift
of the peri protons of substrates with a pseudoaxial
sulfoxide group but a downfield shift for peri protons of
systems with a pseudoequatorial sulfoxide group. Al-
though these data were obtained'®® on conformationally
flexible systems, the conclusions were drawn without
considering that the polarity of the solvent could modify
the relative position of the conformational equilibrium
of the solute and thus contribute to the displacement of
the chemical shifts. The conformational equilibria in our
model systems trans-2 and 5 are degenerate, and conse-
quently the present results regarding the ASIS effect
should not be contaminated by any superimposed shift
arising from its displacement. The same applies for the
model system cis-2, since in this case the conformational
equilibrium is strongly shifted toward the conformer cis-
24 in all of the solvents.

Finally, the data show that the shielding effect of the
aromatic solvent toluene-dg at —100 °C on the signals
corresponding to the H?>8 and H?" hydrogen atoms is
stronger for the disulfoxides (2) than for thianthrene (5)
and thianthrene-5-oxide (1). This could be related to the
increased electron acceptor ability of the aromatic rings
in the more oxidized derivatives, which favors the charge-
transfer interactions with the aromatic solvent.

The effects of the temperature on the chemical shifts
of 1, cis-2, trans-2, and 5 in different solvents are shown
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in Table 4. The 'H NMR data in CDyCl; at 25 °C and
—100 °C show a consistent upfield shift for all of the
hydrogen atoms of the model compounds. The hydrogen
atoms peri to the sulfinyl group shift upfield 40 Hz
in cis-2 (AvH*25 4, -100 °c) = 40 Hz and 20 Hz in trans-2
(AvH*®55 1+, —100 -c) = 20 Hz), indicating that the shielding
effects derived from changes in the solvent with a
decrease in the temperature are more intense for hydro-
gen atoms adjacent to a pseudoequatorial sulfinyl group
than for those adjacent to a pseudoaxial sulfinyl group.
However, the data for 1 show upfield shifts for all of the
signals that are significantly more intense than those
found for the model compounds; the highest value cor-
responds to the H*® hydrogen atoms in 1 and is shifted

upfield 75 Hz (AvH*®q5 +, —100 °cy) = 75 Hz). Since the
upfield shifts of the signals observed for the model
compounds 2 and 5 with a decrease of the temperature
do not account for the displacements observed in 1, there
must be another factor that further shields the averaged
'H NMR signals of 1. The '"H NMR data for trans-2 in
CDyCl; (Table 2) indicate that the hydrogen atoms peri
and meta to a pseudoaxial sulfinyl group are more
shielded than those corresponding to a pseudoequatorial
sulfinyl group (0H® — 6H* = 0.12 ppm, 6H?® — 0H3" =
0.10 ppm). Therefore, the effect of the temperature on
the chemical shifts of 1 can be interpreted as the sum of
the shielding effects derived from changes in the solvation
and anisotropy of the solvent and the displacement of
the conformational equilibrium of 1 toward the conformer
with the sulfoxide group in a pseudoaxial position (1..x)
with a decrease in temperature.

The same trend is observed in THF-dg. In this case, a
decrease in temperature promotes a consistent downfield
shift for all of the signals of compounds 1, cis-2, trans-2,
and 5 except for those of the H*® hydrogen atoms of
thianthrene-5-oxide (1), which are not affected by the
change in temperature. In this case, the deshielding effect
due to the solvent at low temperature is balanced by the
shielding effect resulting from displacement of the con-
formational equilibrium of 1 toward the conformer with
the sulfoxide group in a pseudoaxial position (1.,x) with
a decrease in temperature. In THF-ds, the differences
between the chemical shifts corresponding to the hydro-
gen atoms peri and meta to pseudoaxial and pseudoequa-
torial sulfinyl groups (WH? — vH*% = 0,05 ppm, vH>% —
vH?37 = 0.07 ppm) are not as intense as those in CD5Cls.

The data for toluene-dg indicates an opposite trend,
consistent with the nonpolar nature of this solvent. Thus,
on going from 25 to —100 °C, the signals corresponding
to the hydrogen atoms peri to the sulfinyl groups of cis-2
and 1 shift downfield —15 and —130 Hz, respectively,
while the rest of the signals shift upfield 40—158 Hz. The
98 Hz upfield shift of the H4% and H'® hydrogen atoms
of trans-2 corresponds to the averaged contributions of
the pseudoequatorial and pseudoaxial sulfinyl groups.
Considering that the hydrogen atoms peri to the pseu-
doequatorial sulfinyl group of cis-2 shift downfield —15
Hz, we can estimate that the hydrogen atoms peri to the
pseudoaxial sulfinyl group in ¢rans-2 contribute an
upfield shift of ca. 200 Hz to this average. The higher
value of the downfield shift of the H*® hydrogen atoms
in 1 (=130 Hz) with respect to that of cis-2 (=15 Hz)
indicates that some additional deshielding factor con-
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tributes to the observed displacement of the signal. The
difference in chemical shifts between the hydrogen atoms
peri to pseudoequatorial and pseudoaxial sulfinyl groups,
where the former is more deshielded than the latter,
indicates displacement of the conformational equilibrium
of 1 toward the conformation with a pseudoequatorial
sulfinyl group (1.,) with a decrease in temperature.

In contrast, Purcell and Berschied proposed!?® that
cis-2 is a mixture of two equilibrating conformers in a
solution of 1,1,2,2-tetrachloroethane and chloroform on
the basis of the temperature independence of the differ-
ence OHP — §H™et2 for the proton resonances of 5 and
trans-2 from —20 to 160 °C. However, in our study, from
25 to —100 °C the values of vHreri — pHmeta jn CDyCly,
toluene-dg, and THF-ds change by 10, —35, and 0 Hz and
by 5, —370, and 25 Hz for 5 and trans-2, respectively
(Table 2). The shifts of the signals observed may be
attributed to changes in the solvation and anisotropy of
the solvent with a decrease in temperature.

The effect of the temperature on the relative position
of conformational equilibrium is related to the change
in entropy, where lower temperatures favor a more
ordered system. The change in entropy of the conforma-
tional equilibrium is related to the organization of the
solvent molecules in the solvation sphere induced by each
conformer.?! The conformer with the higher dipole mo-
ment would exert a stronger effect on the dipolar solvent
molecules than the conformer with a lower dipole mo-
ment. Accordingly, the conformer of 1 with a pseudoaxial
sulfinyl group (1., would be better solvated (more
ordered) in polar solvents than its pseudoequatorial
analogue, the change in entropy of the equilibrium would
be negative (Figure 1), and a decrease in temperature
would displace the equilibrium to the right side (Figure
1). Conversely, the less polar conformer would interact
better with the molecules of nonpolar solvents than the
conformer with a higher dipole moment. In this case, the
conformer of 1 with a pseudoequatorial sulfinyl group
(1eg) would be better solvated (more ordered) in the
nonpolar aromatic solvent than the pseudoaxial con-
former, the change in entropy of the equilibrium would
be positive, and a decrease in temperature would shift
the conformational equilibrium to the left side (Figure
1). These considerations are consistent with the experi-
mental results, which support a shift of the conforma-
tional equilibrium toward the conformer that is better
solvated in each solvent.

Conclusion

The data on the apparent dipole moment of 1 in
different solvents and the "TH NMR spectra of 1 and model
compounds cis-2, trans-2, and 5 under different condi-
tions of solvent and temperature support the rapid
conformational equilibrium of 1, which flaps between two
limit boat conformations with the sulfoxide group in a
pseudoaxial or pseudoequatorial position, respectively
(Figure 1). The conformational equilibrium of 1 occurs
too fast for the 'TH NMR time-scale even at —130 °C;
however, the experimental data support the notion that

(21) Reichardt, C. Solvents and Solvent Effects in Organic Chemistry,
2nd ed.; VCH: Weinheim, 1988.



Conformational Mobility of Thianthrene-5-oxide

the relative populations of the conformers depend on the
solvent and the more polar conformer 1., is favored by
more polar solvents. Furthermore, '"H NMR data have
revealed transannular interaction between the functional
groups of 1 and ¢trans-2. Any application of thianthrene-
5-oxide (1) as a mechanistic probe should not disregard
these distinctive features of this molecule to avoid
misleading interpretations.

Experimental Section

General. Solvents and reagents were purified by standard
procedures.?? Thianthrene-5-oxide (1) was prepared by the
oxidation of thianthrene (5) with meta-chloroperbenzoic acid.?
trans-Thianthrene-5,10-dioxide (¢(rans-2) and cis-thianthrene-
5,10-dioxide (cis-2) were prepared following reported proce-
dures.??

n-Hexane (Scharlau) and 1,4-dioxane (Merck), which were
used for measurements of dielectric permittivity, density, and
refractive index, were purified by two rounds of fractional
distillation. The solvents were dried over sodium wire before
use. The measured densities, refractive indices, and dielectric
constants at 25.0 °C for n-hexane and 1,4-dioxane were 0.6551
+ 0.0004 and 1.0285 + 0.0005 g cm ™3, 1.3722 4+ 0.0005 and
1.4201 + 0.0007, and 1.8518 + 0.0006 and 2.2087 + 0.0006,
respectively. Dielectric constants were measured in a W. T.
W. Model DM 01 dipolometer (frequency 2 MHz) using a
thermostated DFL1 precalibrated cell. Refractive indices were
measured for the Dy sodium line (5896 A)on a Pulfrich-type

(22) Perrin, D.; Armarego, W. L. F. Purification of Laboratory
Chemicals, 3rd ed.; Pergamon: New York 1988.
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refractometer from Bellingham and Stanley. A rapid flow of
water was conducted through the heating block supporting the
prism to maintain the temperature to within +0.05 °C. The
solution was preheated before the measurements were per-
formed. The densities were determined using a pycnometer
with a graduated neck that was previously calibrated with
highly pure water.

'H NMR experiments were performed on two spectrometers
working at proton frequencies of 300.13 and 500.13 MHz. Two
5 mm probe heads were used, a QNPZ probe (*H, 13C, 1°N, 31P)
and a direct triple probe "HA'P, BB (31P — 109Ag) for the 300.13
and 500.13 MHz instruments, respectively. Pulse widths for
the 90° pulses were 8.8 (—2 dB)/300.13 MHz and 9.2 (—4 dB)/
500.13 MHz. The figures in brackets correspond to the attenu-
ation levels applied. Tetramethylsilane was used as an internal
standard for reference purposes. Temperature calibration was
achieved through the method of van Geet.??
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