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1,3-Bis(methylthio)propane, bis(methylthio)methane, and meso-
4,6-dimethyl-1,3-dithiane were oxidized with 1-4 equivalents of
hydrogen peroxide, meta-chloroperbenzoic acid, sodium peri-
odate, or potassium permanganate, respectively, and the
amounts of oxidized substrates (sulfoxides and/or sulfones)
were determined by NMR spectroscopy. Sulfanyl groups in the
former starting material turned out to behave like independent
functions, while a mutual influence of the sulfur functions was
verified in the latter compounds. A meaningful investigation
was possible in the conformationally constrained dithiane
derivative. Oxidation of the dithiane with stoichiometric

Introduction

Oxidations of sulfides to sulfoxides or sulfones, and of
sulfoxides to sulfones are widely applied methods for the
synthesis of the latter compounds which are given even in basic
textbooks and have been summarized repeatedly.™ A plethora
of reagents have been presented for these transformations,
where the oxidation of sulfides either to sulfoxides or to
sulfones is usually ruled by the amount of oxidant used. During
our efforts on the synthesis and evaluation of oxidized
derivatives of 1,3-dithianes” we noticed a distinct interference
between the sulfur atoms and a mutual influence on their
oxidations. Oxidations of monosulfides and monosulfoxides
with different types of oxidants are mechanistically well under-
stood, while the oxidation of 1,3-dithia compounds (i.e., of
dithioacetals) and of other disulfides has never been inves-
tigated systematically and comparatively. We thus decided to
undertake a thorough and systematic investigation on the
oxidation of dithia compounds to provide a deeper under-
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amounts of periodate led to exclusive formation of bissulf-
oxides, while hydrogen peroxide and meta-chloroperbenzoic
acid yielded the possible products less specifically and
permanganate preferentially furnished sulfones. The experimen-
tal investigations were supported by calculations on energies
and stereoelectronic effects of starting materials, products, and
transition states. The unique property of permanganate to
exclusively yield sulfones might be due to its special oxidation
mechanism, where the sulfur is not only acting as nucleophile,
but concomitantly as electrophilic moiety.

standing of the interactions in these compounds, which are the
basis for their structure, their stability, and their reactivity,
including their stereochemical reactivity. For this purpose, we
used 1,3-bis(methylthio)propane (2,6-dithiaheptane, 1), in which
both sulfanyl groups should be virtually independent, bis
(methylthio)methane (2,4-dithiapentane, 2), in which a strong
interaction could be expected, and meso-4,6-dimethyl-1,3-
dithiane (3), in which the two sulfur atoms (and all involved
bonds and lone pairs) are in defined orientations with respect
to each other. The methyl substituents in dithiane 3 fix an
unambiguous chair conformation of the six-membered ring
with the methyl groups adopting equatorial positions.”’ The
utilized test compounds 1-3 and all possible oxidized deriva-
tives 4-23 are given in Figure 1.

We chose a selection of four oxidizing agents for this
investigation: hydrogen peroxide (35% H,0,, acetic acid), meta-
chloroperbenzoic acid (mcpba), sodium periodate (NalO,),”’ and
potassium permanganate (KMnO,). Hydrogen peroxide was
reported to oxidize sulfides to sulfoxides and, albeit significantly
slower, sulfoxides to sulfones.”’ Since its reactions are quite
sluggish, it is occasionally used together with activating agents,
e.g. with acids (especially carboxylic acids) or with transition
metal catalysts.”) Oxidations of sulfides or sulfoxides involve the
nucleophilic attack of the sulfurs’ lone pairs at one of the
hydrogen peroxide’s oxygens with concomitant leaving of
hydroxide (Scheme 1, 1* reaction). Transprotonation eventually
delivers the sulfoxide or the sulfone, respectively, and one
equivalent of water.”? It has been proposed that a further
equivalent of water is participating in the transition state.® A
different mechanism seems to be relevant for the attack of
hydrogen peroxide at sulfoxides in basic media (Scheme 1, 2™
reaction).”” Nucleophilic attack of the hydroperoxide anion at
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Figure 1. Investigated dithia compounds and their possible oxidized deriva-
tives. Compounds in squared brackets could not be synthesized up to now.
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Scheme 1. Mechanistic rationales for the attack of H,0,, HO,~, mcpba,

NalO,~, and MnO,", respectively.

the electrophilic sulfur could here be facilitated by the partial
positive charge at this position. Nevertheless, hydrogen
peroxide is usually used in acetic acid or acetone, where the
reactive moieties should be peracetic acid'® and acetone
peroxides, respectively. The former agent could be expected to
react like meta-chloroperbenzoic acid (mcpba, vide infra), while
the latter oxidants possibly show similar behavior as dimeth-
yldioxirane (DMDO)"" or comparable epoxides.

Eur. J. Org. Chem. 2021, 5430 - 5442 www.eurjoc.org

5431

Oxidations of sulfides and sulfoxides with peracids like
mcpba yield the respective sulfoxides and sulfones; these
reactions can be expected to proceed in one step as depicted
in Scheme1 (3" reaction)."” It has been reported that
oxidations of sulfides proceed much faster (even at —78°C)
than reactions of sulfoxides, what can be utilized for the clean
formation of sulfoxides without over-oxidation."

Sodium periodate is known to selectively oxidize sulfides to
sulfoxides; the reaction of sulfoxides to the respective sulfones
is scarcely observed. Theoretical investigations suggest a one-
step mechanism in which the sulfur’s lone pair attacks at one of
the four equivalent periodate oxygens with concomitant
cleavage of the O—l bond and liberation of the respective
sulfoxide and of iodate (Scheme 1, 4™ reaction)."”

Potassium permanganate turned out to be the ideal reagent
for the formation of sulfones from sulfides since oxidations of
both sulfides and of sulfoxides proceed fast."” The even faster
reaction of sulfoxides was suggested to be an entropic rather
than enthalpic effect," although this could not be confirmed in
theoretical investigations."” A multi-stage mechanism has been
proposed for this oxidation: Simultaneous attack of the sulfur’s
lone pair at one of the permanganate’s oxygens and concom-
itant attack of another oxygen’s lone pair at the sulfur (as given
in Scheme 1, last reaction) leads to a four-membered ring.
Several possibilities for the final liberation of the sulfoxides or
sulfones, respectively, have been proposed, but only a meta-
thesis dissociation has been investigated by quantum chemical
methods; it turned out to be a possible reaction path."”! A
previous proposal that sulfides are oxidized by initial attack of
the sulfur's lone pair at the permanganate’s central atom seems
to be not very likely in view of the more recent findings and is
here not taken into further consideration."

At this stage it could be mentioned that the usually given
double bonds in sulfoxides and sulfones should be understood
as simplified depictions. The character of these bonds has been
investigated previously by us"® and by others." They are much
better described as single bonds with charge separation and an
unambiguous depiction would give a resonance hybrid of
contributing formulae A and B (Figure 2). A simplified represen-
tation C is occasionally used to face this problem. This
argumentation is similarly valid for sulfones, where the sulfurs
carry a charge of close to +2 and the S—O bonds should
possibly better be depicted as single rather than double bonds
(D).[19a,c,20]

Results and Discussion

We started our investigations with the synthesis of dithia
compounds 1 and 3 (2 could be purchased) and of their
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Figure 2. Possible representations of sulfoxides and sulfones.
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oxidized derivatives 4-18, 20, and 22, which should be used as
reference compounds. For most of these compounds we could
come back to published procedures or we could use protocols,
which had been developed for similar compounds. Details on
the utilized procedures are given in the Experimental Section.
All dithiaheptane and dithiapentane derivatives were thus
accessible, where the bissulfoxides 5a (meso) and 5b (rac) could
not be separated by the applied chromatographic methods.
Since their '"H NMR spectra turned out to be virtually identical,
we used these compounds as a mixture of isomers. The
similarity of their physical characteristics supported our assump-
tion, that sulfur functions separated by three carbons should
behave as virtually independent functionalities. Synthesis of
dithiane-derived sulfoxides with two axial S=O bonds (19 and
21) could not be synthesized to date. Consequently, they
should not result as possible products in oxidations of dithiane
3 and were thus not needed as reference compounds in our
investigations.

Oxidations of 2,6-dithiaheptane

Table 1 summarizes the results of the oxidations of 2,6-
dithiaheptane (1) as determined by 'H NMR spectroscopy.
Normalized ratios of the oxidation products 4-8 together with
yields (measured in relation to the internal standard o-xylene)
in brackets are given for the oxidants H,0,, mcpba, NalO,, and
KMnO,, where 1, 2 3, and 4 equivalents, respectively, of the
respective oxidant were used. Recovery rates and yields of the
oxidation equivalents are furthermore given for comparison in
the last column. Amounts of the products were determined
after a minimum of work-up (see Experimental Section) to avoid
losses of material. Nevertheless, it seems as if especially the

starting material could not fully be recovered in some of the
experiments, possibly due to its volatility and/or water
solubility. This has to be considered in the respective evalua-
tions.

The oxidations with H,0, were performed in acetic acid as
solvent. Utilization of 1eq. H,0, led to a roughly statistic
formation of monosulfoxide 4 and bissulfoxides 5a and 5b. A
clearly statistic oxidation would give rise to a 25:50:25 ratio of
non-oxidized starting material 1, mono-oxidized product 4, and
of the bis-oxidized product(s) 5.2" This allows the conclusion
that both sulfanyl groups in 1 seem to behave as independent
functionalities. Only bissulfoxides 5 were obtained with 2 eq. of
the oxidant and even with 3 and 4 eq. hardly any overoxidation
to the sulfones 6-8 was observed.

Oxidation of 2,6-dithiaheptane (1) with 1eq. of mcpba
again led to a roughly statistical ratio of the non-oxidized, the
singly, and the doubly oxidized products 1, 4, and 5. With 2 eq.
of mcpba a predominant formation of bissulfoxides 5 together
with somewhat smaller amounts of sulfoxide/sulfone 7 was
observed. Oxidation to sulfones 7 and 8 became dominant with
3 or 4 eq. of the oxidant. No intermediate monosulfone 6 was
observed in neither of these experiments, giving clear evidence
for the much slower oxidation of sulfoxides to sulfones as
compared with the oxidation of sulfides to sulfoxides.

The product ratios in reactions of 1 with NalO, suggest that
formation of the sulfoxides again is much faster than their
further oxidation to the respective sulfones. Monosulfoxide 4
was the major product with 1eqg. of the oxidant, while
bissulfoxides 5 were the only products observed with 2 eq. of
NalO,. Reaction with 3 eq. of the oxidant led to a statistical
oxidation of the intermediate bissulfoxides 5 with a roughly
25:50:25 formation of 5, 7, and 8 (actually a 27:56:17 ratio).

Table 1. Oxidation of 1,3-bis(methylthio)propane (1; 2,6-dithiaheptane).”’
1 O 4 050 o7 8
Oxidant E s__s S__s & 8. " O‘\sfp s Q§9 S Qé’p Q‘s”o Recovered material
Q- TS ITTYS TS R AT - A I A (yield of oxidation equivalents'®) [%]

H,0, 1 3(1) 55 (27) 42 (21) 49 (69)

2 3(2) 97 (65) 67 (132/2=166)

3 99 (75) 1(1) 76 (153/3=51)

4 97 (69) 3(2 71 (144/4=36)
mcpba 1 28 (16) 41 (23) 31(17) 56 (57)

2 6(2) 4(1) 67 (26) 23 (9) 1(1) 39 (84/2=42)

3 15 (8) 58 (30) 26 (14) 52 (162/3=54)

4 14 (7) 86 (45) 52 (201/4=50)
NalO, 1 70 (54) 30 (23) 77 (100)

2 100 (87) 87 (174/2=287)

3 27 (25) 56 (53) 17 (16) 94 (273/3=91)

4 51 (37) 49 (36) 73 (255/4=64)
KMnO, 1 3(1) 83 (29) 4(1) 10 (3) 34 (74)

2 1(1) 72 (56) 3(2) 24 (19) 78 (195/2=98)

3 0.6 (1)9 58 (54) 42 38 (35) 92 (255/3=85)

4 50 (49) 3(3) 47 (46) 98 (291/4=73)
[a] Normalized percentage of the respective product. The detected share of the respective compound based on an internal standard (o-xylene) is given in
brackets (%). [b] As mixtures of diastereoisomers 5a and 5b. [c] All values are given as determined. Obviously, the precision especially of the small values is
much lower than suggested by the precise numbers. [d] Percentage of the oxidant found in the products (as oxygen).
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The sulfones 7 and 8 were the only products with 4 eq. of NalO,
employed.

KMnO, is known to preferentially yield sulfones instead of
the respective sulfoxides. Even application of only 1 eq. of this
oxidant led to almost exclusive formation of monosulfone 6;
only vanishingly small amounts of monosulfoxide 4 could be
detected. Obviously, 4 is rapidly oxidized to sulfone 6.
Analogous observations were made with larger amounts of the
oxidant: Sulfoxide/sulfone 7 was only observed in trace
amounts, since its oxidation to bissulfone 8 seems to be
similarly fast. The smaller total yields with 1 eq. and to some
extend with 2 eq. KMnO, account for the necessarily significant
shares of non-oxidized bissulfide 1, which again seem to have
partly been lost during the work-up procedures.

From these results one can deduce that oxidation of sulfides
to sulfoxides is probably best achieved with H,0, in acetic acid
since this oxidant leads to hardly any overoxidation. On the
other hand, KMnO, turned out to be the best oxidant for the
oxidation of sulfides to sulfones. High yields and effective
transfer of oxidation equivalents are observed with this reagent.
The data given in Table 1 furthermore suggest that the two
sulfanyl groups in 2,6-dithiaheptane (1) essentially behave as
independent functionalities. Small deviations from an unambig-
uous statistical oxidation behavior could be attributed to
inconsistencies arising from the work-up procedures or to
putative intramolecular interactions between the sulfanyl and
the intermediately formed sulfinyl group.”? A discussion on this
kind of interaction is given in the Supporting Information; they
turned out to be of minor significance in the herein inves-
tigated compounds.

Oxidations of 2,4-dithiapentane

The results summarized in Table 2 suggest that both sulfanyl
groups in 2,4-dithiapentane (2) no longer behave like inde-
pendent functionalities. While the oxidation of 2,6-dithiahep-
tane (1) with 1 eq. H,0, led to a roughly statistical oxidation of
both sulfanyl groups, the oxidation of 2 with these conditions
exclusively yielded the mono-oxidized product 9. Only vanish-
ingly small amounts of bissulfoxides 10 and 11, and of sulfone
12 could here be detected. Utilization of further equivalents of
this oxidant furnished increasing amounts of the bissulfoxides,
but no over-oxidation to any of the sulfones 12-14 was
observed. It could be mentioned that in either of the oxidant
stoichiometries a larger fraction of the meso-bissulfoxide 11 was
detected as compared with the chiral (but of course racemic)
bissulfoxide 10. This is in conflict with the fact that meso
compound 11 is about 0.77 kJ/mol less stable than its isomer
10, but is in line with calculated transition states for the
formation of these compounds (vide infra): The formation of 11
is kinetically favored.

Utilization of 1 or 2 eq. mcpba in the oxidation of 2 led to
largely identical results as obtained with H,0,. However, large
fractions of sulfoxide/sulfone 13 and of bissulfone 14 were
observed, when 3 and 4 eq. of mcpba were applied. This could
possibly be attributed to a higher oxidation power of mcpba as
compared with H,0, or peracetic acid (which might be formed
when H,0, is used in acetic acid as solvent).??

Oxidation of 2 with NalO, preferentially led to the mono-
oxygenated product 9. Hardly any bissulfoxide was obtained
with 1 eq. of the oxidant, again giving clear evidence that both
sulfanyl groups are no longer independent. Still a significant
fraction of 9 was observed together with somewhat smaller
amounts of bissulfoxides 10 and 11 when 2 eq. periodate were
used. A predominant oxidation to sulfoxide/sulfone 13 and to

Table 2. Oxidation of bis(methylthio)methane (2; 2,4-dithiapentane).”’
Oxidant E .o. 9 .O| 10 O |O| " 9 Q0 12 O\\ ,9 9 13 Q\ ,,O O\\ ,,O 14 Recovered material
4@ s 8. _Ss_S S _S< S-S SUSS S-S (yield of oxidation equivalents') [%]

H,0, 1 98 (59) 0.8 (0.5) 1(0.7) 0.09 (0.06)" 60 (62)

2 47 (32) 21 (14) 32 (21) 0.1 (0.08)"™ 67 (102/2=51)

3 19 (16) 32(27) 49 (41) 0.2 (0.1)® 74 (152/3=51)

4 8 (6) 37 (30) 56 (45) 81 (156/4=39)
mcpba 1 93 (61 3(2 4(3) 0.07 (0.07) 0.1 (0.07)* 66 (71)

2 33 (15 25(11) 41 (19) 1(0.3) 1(0.5) 46 (77/2=39)

3 8 (4) 10 (5) 71 (38) 12 (6) 53 (156/3=52)

4 0.3 (0.2 0.3 (0.2)"™ 40 (28) 60 (43) 71 (256/4=64)
NalO, 1 94 (87) 2(2) 4(3) 0.1 (0.1)" 92 (97)

2 63 (43) 13 (9) 23 (15) 1(0.5) 0.1 (0.1 68 (92/2=46)

3 8(7) 10 (9) 70 (63) 13(11) 80 (265/3=88)

4 1(0.4) 1(0.7) 58 (32) 41 (23) 56 (190/4 =48)
KMnO, 1 1(0.2) 99 (13) 13 (26)

2 0.6 (0.4)" 99 (66) 66 (132/2=66)

3 100 (60) 60 (120/3=40)

4 100 (65) 65 (130/4=33)
[a] Normalized percentage of the respective product. The detected share of the respective compound based on an internal standard (o-xylene) is given in
brackets (%). [b] All values are given as determined. Obviously, the precision especially of the small values is much lower than suggested by the precise
numbers. [c] Percentage of the oxidant found in the products (as oxygen).
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bissulfone 14 turned out to occur with 3 and 4 eq. of the
oxidant, respectively.

The outcome with KMnO, is quite clear: Regardless of what
stoichiometry of the oxidant was used, only monosulfone 12
was observed as the single product. Obviously, oxidation of
monosulfoxide 9 is significantly faster than that of 2,4-
dithiapentane (2). Oxidations of 9 to bissulfoxides 10 or 11 or of
sulfone 12 to sulfoxide/sulfone 13 are not even observed in
traces. A discussion about the special oxidation behavior of
KMnO, is given below in the context of dithiane oxidations.

Theoretical investigations on the oxidation of
2,4-dithiapentane

Wolfe et al.”®! and Alabugin et al.*® calculated and investigated
the structure of methanedithiol (24). Its preferred conformation
(as given in Figure 3) is stabilized by 0,.5—0%cpeq Oheqc—0*s s
and ng—0*c,, interactions. Apparently, an analogous confor-
mation of bis(methylthio)methane 2 and of other oxidized
derivatives is not favorable due to steric hindrance of the
methyl groups. The most stable conformation of 2 is given in
the Supporting Information where other conformations are at
least 6.1 kJ/mol higher in energy and might thus be less
relevant. A more ambiguous picture is already observed for
monosulfoxide 9, where four conformers 9a-d have to be
considered, differing by at most 3.5 kJ/mol. (See Supporting
Information; all other conformations of 9 are at least 5.3 kJ/mol
higher in energy than conformation 9a.) An NBO analysis®® to
identify relevant stereoelectronic interactions was thus not
considered to be helpful; any stereoelectronic effect stabilizing
one specific conformer might not be present (or might be
significantly smaller) in other relevant conformers. Any discrete
significant effect might thus be countervailed by other effects
in other conformers and thus be obsolete.

Instead we calculated the kinetics for an attack of hydrogen
peroxide to sulfide and sulfoxide derivatives of dithiapentane.
Transition states with different oxidants, especially with per-
acids or with periodate, and the therein active effects and
stabilizations should be comparable and essentially be identical.

It should be noted that the (simplified) attack of H,O,
initially leads to protonated species and to hydroxide as a side
product. The actual products are formed after transprotonation,
which is not considered in these calculations. Again, a
comprehensive examination of the obtained kinetic data for
compounds 2 and 9-13 turned out to be hardly meaningful
(thiapentane derivatives 25-27 were additionally investigated
for comparison). Several conformations of quite similar energy
would have to be considered for most of these compounds,
low transition state barriers occasionally go along with high

-S
HHS%Heq 25 O 26 Q0 27
S PN N S
24 Hyy
Figure 3. Comparative compounds of dithiapentane derivatives.
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transition state dipole momenta (and vice versa), and some of
the transition states are obscured either by a steric hindrance of
virtually non-involved molecule parts or by hydrogen bonding
between the attacking hydrogen peroxide and distal S=O
bonds. However, some notable points can be extracted from
the data (Table 3): 1) Activation barriers for the oxidations are
dependent on the conformation. Activation energies for, e.g.,
reactions of monosulfoxide 9 to sulfone 12 differ by 12.9 kJ/mol
for two of the calculated conformations (9b and 9c). 2)
Activation barriers in reactions towards bissulfoxide 11 are
somewhat smaller than those for the formation of 10 and
dipole momenta of the transition states in the formation of the
former are smaller than those for the formation of the latter.
This should explain the preferential formation of 11 over 10 as
given in Table 2. 3) Activation energies are smallest for the
oxidation of the parent compound 2 (>65 kJ/mol), are higher
for oxidations of monosulfoxide 9 to bissulfoxides (> 78 kJ/mol),
are even higher for oxidations of monosulfoxides to sulfone 12
(>86 kJ/mol), of 12 to sulfoxide/sulfone 13 (>93 kJ/mol), and
of bissulfoxides to 13 (>94 kJ/mol), and are highest for the
oxidation of 13 to bissulfone 14 (>105kJ/mol). 4) The
activation barrier for the oxidation of dithiapentane 2 is
somewhat higher than that for reference compound 25 (>65
vs. > 62 kJ/mol). A similar tendency in the activation barriers is
observed for the oxidations of sulfoxide 26 (> 85 kJ/mol) and of
bissulfoxides 10 or 11 (>94 kJ/mol). A clear and helpful

Table 3. Activation energies for oxidations of dithiapentane and thiapen-
tane derivatives with H,0,.”!

Educt Transition state  u [D] Product™ E,
(E.oy [kJ/mol]®™) [kJ/mol]®
2 TS-2/1 8.6 9.H* 65.1
9a (:=0) TS-9a/1 10.3 10-H* 88.5
9b (1.9) TS-9b/1 17.9 10-H* 81.2
9a (:=0) TS-9a/2 8.7 11-H* 81.5
9d (3.5) TS-9d/2 12.8 11.H* 78.0
9a (:=0) TS-9a/3 7.3 12:H* 93.8
9b (1.9) TS-9b/3 11.5 12.H* 98.9
9c¢(2.3) TS-9¢/3 9.4 12-H* 86.0
10a TS-10a/1 16.7 13.H* 94.4
11a TS-11a/1 7.1 13-H" 97.6
11a TS-11a/2 15.5 13.-H* 105.8
12a (:=0) TS-12a 7.3 13-H* 94.2
12b (2.9) TS-12b/1 15.4 13.H* 92.5
13a TS-13a 14.0 14-H* 104.8
25a (:=0) TS-25a/1 9.6 26-H* 62.3
25a TS-25a/2 11.0 26-H* 67.3
25d (3.3) TS-25d/1 10.5 26-H* 67.2
26a (:=0) TS-26a 10.1 27-H* 87.2
26d (3.2) TS-26d 9.5 27-H* 84.8

[a] All optimizations and calculations at the B3LYP/6-311+ + G(d,p) level
with a modeled solvent field (CPCM, H,0). Only data for reactions of the
minimum conformation and for reactions with the lowest activation
energies are given. A more comprehensive table is given in the
Supporting Information. [b] Relative conformational energies. Only
conformations with a relative energy <4.2 kJ/mol were considered.
Further information is given in the table in the Supporting Information. [c]
Electric dipole momentum of the transition state. [d] The actual products
of the calculated elementary reactions are the respective protonated
species. [e] Including zero-point correction. The presence of only one
imaginary frequency was confirmed for transition states by frequency

analyses.
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Table 4. Oxidation of meso-4,6-dimethyl-1,3-dithiane (3).!
3 15 160 17 18 0 5 9 21 0 23 0 . } y
. _s _s= _ +—=S=g o= _8 +—=S=0 41820 ecovered materia

Oxidant  Eq. zESA ZESSA o 1385 58\ 5=8 BN Z/S\\é ';/S\\c? (yield of oxidation equivalents'”) [%]
H,0, 1 90 (76) 10 (8) 4 (84)

2 79 (69) 2(2) 9(8) 9(8) 7 (103/2=52)

3 56 (54) 20 (19) 24 (24) 7 (140/3=47)

4 46 (40) 27 (23) 27 (23) 6 (132/4=33)
mcpba 1 119 75 (66) 10 (8) 2(2) 2(2) 78 (82)

2 23 (15) 46 (30) 29(19) 0403  1(1) 5 (117/2=59)

3 16 (12) 16 (12) 66 (51) 3(2) 7 (209/3=70)

4 1(1) 91 (77) 8(7) 5 (261/4=65)
NalO, 1 88 (87) 8 (8) 1(1) 3(3) 99 (103)

2 5 (5) 21 (21) 72(700 0505  2(2) 9 (194/2=97)

3 8 (5) 61 (54) 32 (28) 7 (202/3=67)

4 4 (4) 50 (47) 46 (44) 1(1) 6 (238/4=160)
KMnO, 1 21 (6) 23 (7) 55(17) 0 (41)

2 41(39) 5(5 54 (52) 6 (109/2=55)

3 27(25)  3(03) 70 (63) 1(129/3=43)

4 8 (6) 2(2) 90 (70) 8 (142/4=36)
[a] Normalized percentage of the respective product. The detected share of the respective compound based on an internal standard (o-xylene) is given in
brackets (%). [b] All values are given as determined. Obviously, the precision especially of the small values is much lower than suggested by the precise
numbers. [c] Percentage of the oxidant found in the products (as oxygen).

explanation for these observations can hardly be given due to
the variety of conformations participating in these reactions.

Oxidations of meso-4,6-dimethyl-1,3-dithiane

Although the sulfur functionalities in 2 and its oxidized
derivatives turned out to be not independent, these com-
pounds are still present in different conformations. Any mutual
effect working in any of the conformations could possibly be
attenuated or even countervailed by further effects in other
conformations. Even high-energy conformations might be
involved and could have an influence on the reaction outcome
(Curtin-Hammett principle®). For this we additionally inves-
tigated oxidations of meso-4,6-dimethyl-1,3-dithiane (3), in
which the functionalities are not independent and are in
defined orientations towards each other. Only one conforma-
tion is relevant for 3 and any of its oxidized derivatives.

Whatever stoichiometry was used in the oxidation of 3 with
H,O,, main product was the equatorially oxidized monosulf-
oxide 15 (Table 4). Since high recovery rates (84-97%) were
observed in these experiments, one could dare a quantitative
examination: It looks as if most of the axial sulfoxide 16, which
was obtained in minor amounts with 1 eq. of the oxidant, was
reacting to the axial/equatorial bissulfoxide 18, while equatorial
sulfoxide 15 was predominantly oxidized at the second
equatorial position (—17). The outcome of these reactions
suggests a strong preference for oxidations at equatorial
positions. Over-oxidations to any of the sulfones were not
observed with this oxidant.

Oxidation of dithiane 3 with mcpba was once again faster
than with H,0,. Larger amounts of the bissulfoxides 17 and 18
were obtained with 2 eq. of the oxidant and over-oxidation to
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sulfoxide/sulfone 21 was significant with 3 eq.; it became close
to quantitative with 4 eq. mcpba. However, bissulfone 23 was
only observed in trace amounts.

Oxidation of dithiane 3 with 1 eq. NalO, similarly led to
equatorial monosulfoxide 15 with minor amounts of axial
sulfoxide 16 and trace amounts of bissulfoxides 17 and 18.
Utilization of 2 eq. of this oxidant predominantly furnished
axial/equatorial bissulfoxide 18; obviously, the second oxidation
occurred at the axial position. Significant amounts of sulfone/
sulfoxide 21 were obtained with 3 or 4 eq. of the reagent;
bissulfone 23 was only observed in vanishingly small quantities.

Only equatorial sulfoxide 15, monosulfone 20, and signifi-
cant shares of the starting material were observed with differ-
ent stoichiometries of KMnO,. Obviously, oxidation of dithiane
3 to sulfoxide 15 is comparatively slow; its further oxidation to
sulfone 20 is much faster. An astonishingly small recovery rate
is conspicuous with 1 eq. KMnO,, however, very similar product
rates were obtained in two further runs with this stoichiometry.
This finding might be possibly due to a particularly high
solubility of dithiane 3 in the herein applied aqueous reaction
mixture, which impeded its extraction during the work-up
procedure.

We additionally performed competitive experiments, in
which 1:1 mixtures of monosulfoxides 15 and 16 were reacted
with 0.5 equivalents H,0,, mcpba, or NalO, respectively
(Scheme 2 and Table 5). A significantly larger fraction of the
equatorial sulfoxide 15 was recovered in the oxidation with
H,0,, allowing the assumption that axial sulfoxide 16 is reacting
much faster. This is supported by the predominant formation of
18; bis-equatorial bissulfoxide 17, which obviously can only
result from 15, is detected only in trace amounts.
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Scheme 2. Competitive oxidation of dithiane-derived monosulfoxides.

Table 5. Competitive oxidation of monosulfoxides 15 and 16.2"

Oxidant? 15 16 17 18 Recovered material
(yield of oxidation
equivalents'¥) [%]

H,0, 45 (25) 19 (10) 5(@3) 31(17) 55 (20/0.5=40)

mcpba 43 (22) 16 (8) 8 (4) 32(16) 50 (20/0.5=40)

NalO, 27 (15) 15 (8) 8 (4) 50 (27) 54 (31/0.5=62)

[a] Normalized percentage of the respective product. The detected share
of the respective compound based on an internal standard (o-xylene) is
given in brackets (%). [b] 1:1 mixtures of monosulfoxides 15 and 16 were
used. [c] 0.5 equivalents. [d] Percentage of the oxidant found in the
products (as additionally introduced oxygen).

Utilization of mcpba in an analogous experiment led to a
comparable outcome, except for a somewhat increased con-
version, which is even higher with NalO,. None of the dithiane-
derived sulfones 20, 21, and 23 was observed in these reactions,
which is essentially consistent with the summarized data in
Table 2: No sulfones were observed in the oxidation of 3 with
H,0, or with 1 or 2 eq. of mcpba or NalO,.

Theoretical investigations on the oxidation of
dimethyl-1,3-dithiane

Oxidations of the parent 1,3-dithiane 28 have already been
investigated previously,*"*® where the preferential formation of
equatorial monosulfoxide 29 and in the further course of trans
bissulfoxide 31 with NalO, has been explained by favorable
dipole effects (Scheme 3).2%? Furthermore, it has already been
mentioned that equatorial sulfoxide 29 is somewhat more
stable than its axial isomer 30.%" In fact we calculated dimeth-
ylated monosulfoxide 15 to be not more than 1.8 kJ/mol more
stable than its axial isomer 16. This difference is rather
insignificant, where it is especially small in this calculation since
the now applied polar solvent field attenuates possible dipole
effects. The small difference might furthermore be due to the

8 20 3 Q &iox 36
s X0 Ts

S
AN
o x=0:32
o0 x=1:33(eq) Ppe~")
29 O 30 1 =1:34 axial ) sp*-type
8//7 S X - (@x) lone pair equatorial
D\S t/SA x=2:35 lone pair

Scheme 3. Derivatives of the parent 1,3-dithiane and of thiane. The
possibility of a ring flip.
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fact that stereoelectronic effects with participation of the sulfur
lone pairs and of the C—S, S=0, and C—H bonds (see Supporting
Information) sum up to quite similar stabilizations in both
isomers.

Unfortunately the preferred formation of 29 or 31 does not
give any dependable hint on the mechanism of the respective
oxidations, since a subsequent ring flip (Scheme 3) could
obscure any initially formed conformer. However, further insight
into these reactions came from theoretical investigations on the
interactions and the intramolecular stabilizations of the lone
pairs in 1,3-dithiane (28) and in thiane (36).%** Alabugin stated
that “the sulfur atom in thiacyclohexane [i.e. in thiane (36)] uses
more p-character (sp>*) in its bond with carbon than one
would expect from the idealized model. As a result, only a little
p-character is left for the equatorial lone pair (sp®*). This makes
this lone pair a relatively poor donor [...]1."*” The axial lone pair
on the other hand can be considered in this view as a virtually
perfect p-orbital, which is significantly higher in energy and
thus should be a better donor. This can similarly be deduced
from calculations of dithiane 28 and its methylated derivative 3.
But when the equatorial lone pair of 3 is less nucleophilic, why
is the equatorial sulfoxide 15 formed preferentially in an
oxidation? We considered the possibility that any effect
accounting for the thermodynamic stability of 15 could to
some extend be already valid in the transition state of its
oxidative formation. To gain further insight in these oxidations,
we calculated transition states for oxidations of dithiane
derivatives 3 and 15-22, including the not (yet) synthesized
diaxial compounds 19 and 22. Again we took hydrogen
peroxide as oxidant in these calculations. Transition states were
determined and calculated for all possible equatorial and axial
attacks (Scheme 4).

Several trends can be identified in the calculated data: 1)
Dipole momenta of the transition states cannot be taken to
explain most of the observed selectivities whereas they possibly
might contribute to the non-formation of diaxial compounds 19
and 22. 2) The higher the oxidation state (primarily of the sulfur
to be oxidized, but then of the compound on the whole), the
higher the oxidation’s activation barrier: Activation energies for
the oxidation of the parent dithiane 3 are smallest (63.4,
70.6 kJ/mol), those for the oxidation of monosulfoxides to
bissulfoxides (76.2-89.1 kJ/mol), of monosulfones to sulfoxides/
sulfones (84.8, 88.4 kJ/mol), of monosulfoxides to sulfones (90.7,
95.4 kJ/mol), and of bissulfoxides to sulfoxides/sulfones (92.9-
105.2 kJ/mol) are increasingly higher, and are highest for
oxidations of sulfoxides/sulfones to bissulfone 23 (106.1,
113.5 kJ/mol). 3) Whenever an equatorial and an axial attack is
possible, the former is favored. This can be seen in the
oxidation of the parent compound 3 (63.4 vs. 70.6 kJ/mol), of
sulfoxides 15 (80.6 vs. 81.5 kJ/mol) and 16 (76.2 vs. 89.1 kJ/mol),
of bissulfoxide 18 (100.5 vs. 105.2 kJ/mol), and of sulfone 20
(84.8 vs. 88.4 kJ/mol). 4) Axial sulfoxides (e.g. 16) are formed
less likely. Bissulfoxide 19 and sulfoxide/sulfone 22 are not even
formed at all; they could not be synthesized so far. Never-
theless, according to the calculations, their further oxidation
proceeds with significantly lower activation barriers than those
of the equatorial analogs. Axial sulfoxide 16 is equatorially
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Scheme 4. Oxidations of 1,3-dithiane and thiane derivatives with H,0,:
calculated activation energies (in kJ/mol) and electric dipole momenta of the
respective transition states in parentheses (in Debye). Further annotations
are given in footnotes a and e of Table 3.

oxidized to bissulfoxide 18 with an activation energy of 76.2 kJ/
mol, while equatorial sulfoxide 15 is oxidized to 17 with a
barrier of 80.6 ki/mol. This is even more pronounced in the
oxidation of diaxial bissulfoxide 19 (E,=92.9 kJ/mol) as com-
pared with the oxidations of 17 and 18 (100.1-105.2 kJ/mol) or
in the oxidation of axial sulfoxide/sulfone 22 (106.1 kJ/mol) vs.
the analogous oxidation of 21 (113.5 kJ/mol). With these
observations one could go as far to conclude that the not yet
synthesized compounds 19 and 22 might in fact be formed to
some extent with specific conditions, but react fast to further
products and are thus not detected. The sequence 16—19—22
has two quite similar consecutive activation energies of 89.1
and 92.9 kJ/mol. This is even more distinct for the sequence
18—22—23 with activation energies of 105.2 and 106.1 kJ/mol.
A similar mechanism might explain the fact that hardly any
sulfone 20 is formed with mcpba or NalO,, although the higher
oxidized sulfoxide/sulfone 21 is formed with significant shares.
Activation barriers for the formation of 20 are 90.7 and 95.4 kJ/
mol, while the calculated activation energy for its further
reaction to 21 is only 84.8 kJ/mol.

These theoretical results are quite in line with the exper-
imental findings summarized in Table 4. Oxidations with H,0, in
acetic acid (the attacking reagent might in fact be peracetic
acid) are with the applied reaction conditions actually observed
for transformations with calculated activation barriers up to
81.5 kJ/mol and those with the more reactive oxidants mcpba
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or NalO, are possible up to calculated activation energies of
90.7 kJ/mol and to a very small extent up to 106.1 or 113.5
(depending on the route taken to bissulfone 23).

In an attempt to shed light on the observed selectivities,
especially on the preferential equatorial oxidations, we per-
formed NBO analyses on some of the hydrogen peroxide
oxidations’ transition states, i.e., on those of the equatorial and
axial oxidations of dithiane 3 and of monosulfoxides 15 and 16,
and on the ipso oxidations of 15 and 16 (Figure 4 and Table 6).
We calculated all relevant stereoelectronic interactions with
participation of the sulfur lone pair, of the emerging S—O,H,
bond, and of the attacking oxygen'’s lone pairs. The summarized
stereoelectronic effects are given in Table 6, where a detailed
and differentiated compilation of these data is given in the
Supporting Information.

It turned out that these stereoelectronic interactions are
neither able to explain the preferred equatorial oxidation
(stereoelectronic stabilization in, e.g., TS-3-ax is more pro-
nounced than in TS-3-eq), nor do they account for the preferred
formation of bissulfoxides rather than sulfones (TS-16-i and TS-
15-i are better stabilized by stereoelectronic interactions than
any of the other investigated transition states). As claimed
previously,”®¥ dipole effects might thus actually be responsible
for the preferred equatorial oxidations. The differences in the
dipole momenta were calculated to be quite small in the
simulated H,O solvent field, but might be more pronounced, if
more expanded transition states with explicit inclusion of
further water molecules were considered in the calculations. It

1 H‘O 2
TS-3-eq 5ﬁ@stos o
H . ?’S\A , TS-15-i 1O‘H

|1 s !
sAz 0--Q 1O-H 5 'S=3
+ 3 " Tst5eq oH 4
0 1@

TS-3-aXpM TS-1 6PM

2O,Mn 0 30 e}

1 ol
& O 5 S- (C)):M
A, A %
O1is roughly collnear to S1-C6

MnO;4 'OX'datlon:{ 02 is roughly axial or equatorial

Figure 4. Exemplary transition states for oxidations of dithiane derivatives
with H,0 and MnO,", respectively.

Table 6. Summarized and aggregated stereoelectronic effects in transition
states (oxidation with H,0,).”!

Transition state®™  Ey [k)/mol]®  Transition state®™  Eg, [kJ/mol]"9

TS-3-eq 121 TS-3-ax 153
TS-15-eq 132 TS-15-ax 143
TS-16-eq 130

TS-16-i 174 TS-15-i 187

[a] All optimizations and calculations at the B3LYP/6-311+ + G(d,p) level
with a modeled solvent field (CPCM, H,0). A differentiated compilation
with indication of the summarized stereoelectronic effects is given in the
Supporting Information. [b] Transition states are defined in Figure 4. [c]

Summarized NBO deletion energies.
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has been stated previously that at least one further water
molecule is participating in the transition state of the hydrogen
peroxide oxidation.® We furthermore suspect the different
hybridization of the axial and the equatorial lone pairs in
thianes and dithianes to be hardly relevant for the reaction
outcome in oxidations. If it was, the selectivities should be
significantly better than observed and should be vice versa
(axial oxidations should be preferred, vide supra). The strong
differentiation of the lone pairs with respect to their hybrid-
ization should possibly not be overrated, since a rehybridization
of the orbitals might occur together with the oxidation process,
making the energetic differences of the lone pairs hardly
relevant. This is supported by the following observations: 1) The
calculated p character of the axial lone pair in dithiane 3
changes during equatorial attack at H,O, discontinuously from
96 % to 37 % when the S—O distance is only slightly decreased
from 212.0 to 211.9 pm (the distance is 209.9 pm in the
transition state; further details are given in the Supporting
Information). 2) Below the very same bond distance (212 pm),
the NBO software does no longer consider the sulfur's
equatorial lone pair to be a lone pair, but a part of the evolving
S—0 bond. This discontinuity is quite likely an artifact of the
attempt to consider all bonds and lone pairs as discrete units
within the calculated molecules.

The orbital energies in the parent thiane 36 (which is not
conformationally constrained!) have been measured by photo-
electron spectroscopy and only one value (8.45eVE” as a
vertical ionization energy) or two very close values (8.39,
8.49 eVBY) were given for the sulfur's lone pairs. Two values
(8.54 and 8.95 eV) were determined for the lone pairs in 1,3-
dithiane (28), which was then not attributed to different
hybridizations of the lone pairs, but to a putative through-space
interaction of the axial lone pairs.®”

On assuming that the strict correlation of the p-type
character with the axial lone pairs might be ambiguous and can
change in the reaction course, we understand the preferred
oxidation of monosulfoxides 15 or 16 towards bissulfoxides 17
or 18 rather than sulfone 20. This is obviously not due to
stereoelectronic effects, but might be due to the different
orbital energies of the respective sulfur lone pairs. Orbital
energies of the S-1 lone pairs in sulfoxides 15 and 16 were
calculated to be —15.4 and —16.0 eV (as converted from values
in atomic units), respectively, while the energies of the S-3 lone
pairs are —17.8 and —6.9 eV (sp*-type, p-type, respectively, in
15), and —17.4 and —6.7 eV (in 16), respectively. The average
orbital energies of the S-3 lone pairs in 15 (—12.4 eV) and in 16
(—12.1 eV) are thus higher than those of the respective sulfur
lone pairs at S-1 (S=0) and are consequently oxidized
preferentially, whenever the nucleophilic attack of the lone pair
is mechanistically relevant in an oxidation.

A special property of KMnO, has already been noted
previously: Oxidations of sulfoxides with this reagent are faster
than that of the respective sulfides."™"” This could now be
confirmed again by calculation of transition states (Figure 4) for
permanganate oxidations of dithiane 3 and of monosulfoxides
15 and 16 (Table 7). Equatorial oxidation of 3 with MnO,” en
route to sulfoxide 15 (cf. Scheme 1 for the mechanism of this
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Table 7. Activation energies and reaction enthalpies for oxidations of
dithiane derivatives with MnO, .

Educt  Transition Product E, AH
state [D]® [kJ/mol™  [kJ/mol]™
3 TS-3-eqpyy 204  15-MnO;- 71.0 57.0
3 TS-3-axpy 189  16-MnO; 76.6 61.2
15 TS-15ppm 17.9 20-eq-MnO;~ 63.4 46.2
16 TS-16py 171 20-ax-MnO,”  57.8 486

[a] All optimizations and calculations at the B3LYP/6-311+ + G(d,p) level
with a modeled solvent field (CPCM, H,0). [b] Electric dipole momentum
of the transition state. [c] cf. Scheme 1; these products require a
metathesis dissociation to liberate the respective sulfoxides or the sulfone,
which is not considered in these calculations. [d] Including zero-point
correction. The presence of only one imaginary frequency was confirmed
for the transition states by frequency analyses.
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oxidation) is preferred over the respective axial oxidation
(activation energies: 71.0 vs. 76.6 kJ/mol) and the further
oxidations of both sulfoxides en route to sulfone 20 are
significantly faster. The respective activation barriers were
calculated to be 63.4 kJ/mol (15—20-Mn0O;") and 57.8 kJ/mol
(16—20-MnO;7). This goes in line with the observation that
hardly any of the sulfoxides is formed (their further oxidation
obviously is faster than their formation) and that axial sulfoxide
16 is not detected at all: In comparison with 15 it has a higher
barrier for its formation but its further oxidation is much faster.

It has previously been suggested that the preferred
oxidation of sulfoxides (as compared with the respective
sulfides) with KMnO, is due to entropic effects,'® albeit this
could not be affirmed in theoretical investigations."” We
performed NBO analyses and had to realize that the stereo-
chemical outcome of dithiane oxidations with MnO,™ is (as in
H,O, oxidations) presumably not ruled by stereoelectronic
effects. A detailed discussion is thus only given in the
Supporting information.

Nevertheless, a clue for the different rates for oxidations of
dithiane 3 and of sulfoxides 15 and 16 came from the transition
states’ geometries. In TS-3-eqpy the bonds between the
oxidized sulfur and the former permanganate’s oxygens show
different bond length of 197 and 234 pm, respectively. The
equivalent bonds in TS-16,, are overall significantly shorter
(203 and 204 pm) suggesting a stronger bond and a later
transition state (within the reasoning of the Hammond
postulate).®? Reaction of dithiane 16 with permanganate to the
initially formed product 20-eq-MnO;~ is less endothermic
(46.2 kJ/mol) than reaction of 3 to 15-Mn0O;" (57.0 kJ/mol). For
an understanding we recall the mechanism of the
permanganate oxidation (Scheme 1) in which a sulfur lone pair
attacks at one of the permanganate’s oxygens and a lone pair
of another oxygen concomitantly attacks at the sulfur. The
combined stereoelectronic interactions of both oxygens’ lone
pairs with all Rydberg orbitals at the sulfur were calculated to
be only 14.4+4 14.8 kJ/mol for TS-3-eqpy, but contribute 23.8+
60.0 kJ/mol in TS-16py, (see table in the Supporting Information)
This can be attributed to the electron withdrawing effect of the
S=0 bond’s oxygen. A similar interaction is not possible with
the other oxidants considered in our investigation. A corre-
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sponding rationale can be followed in the comparison of
transition states TS-3-axpy and TS-15y,.

Conclusion

It could clearly be shown that two distal sulfanyl groups behave
in oxidations as virtually independent functions, while both the
sulfur groups in 2,4-dithiapentane (2) and dithiane 3, respec-
tively are mutually influencing each other. Investigation of the
conformationally constrained dithiane 3 and its oxidized
derivatives revealed preferential oxidation in equatorial posi-
tions and (except for potassium permanganate) oxidation to
bissulfoxides rather than sulfones, which could not be traced
back to stereoelectronic interactions in starting materials or
transition states. Nevertheless, calculated activation barriers are
in excellent agreement with the experimental results. The
preferential formation of sulfones with KMnO, might possibly
be due to the quite special mechanism of its action in which
not only the sulfur lone pair acts as nucleophile, but the sulfur
additionally as electrophilic moiety.

Experimental Section

General. Compound 2 was purchased and dithianes 3,%¥ 16, 18, 20,
21, and 23 were synthesized according to published procedures.
Technical solvents (acetone, CH,Cl,, and n-pentane) were distilled
prior to use. EtOH, MeOH, and MeCN were purchased as HPLC-
grade solvents and used without further purification. Flash column
chromatography® was carried out using Merck SiO, 60 (230-
400 mesh) and thin layer chromatography (TLC) was carried out
using commercially available Merck F,s, pre-coated sheets. 'H and
3C NMR spectra were recorded with Bruker Avance 300, 500, or 600
instruments. Chemical shifts are given in ppm and are referenced
by using the residual signals of the solvent as internal standard. IR
spectra were recorded with a Bruker Alpha spectrometer and mass
spectra were recorded with a Q Exactive Orbitrap or a Finnigan
MAT-95 mass spectrometer.

1,3-Bis(methylthio)propane  (1).  1,3-Propanedithiol  (3.00 g,
2.79 mL, 27.7 mmol) and Mel (9.83 g, 431 mL, 69.3 mmol) were
successively added to a suspension of K,CO; (11.5 g, 83.2 mmol) in
MeCN (150 mL) and the mixture was stirred for 67 h at rt. H,0
(300 mL) was added and the mixture was extracted with pentane
(3% 150 mL). The combined organic layers were washed with 10%
NaOH (1%x200 mL) and H,0 (3x150 mL), dried (Na,SO,), concen-
trated at reduced pressure (~400 mbar), and distilled with a short
path vacuum distillation apparatus to yield 1 as a yellow viscous
liquid (1.48 g, 10.9 mmol, 39%). bp. 77-78°C (15-16 mbar); '"H NMR
(600 MHz, DMSO-dy): 6 =1.78 (quint, *>J=7.1 Hz, 2 H, 2-H,), 2.04 (s,
6 H, 2xCH,), 2.53 (t, 3J=7.2 Hz, 4H, 1-H,, 3-H,). The 'H NMR data
are in agreement with published data.*”

rac-Methyl[3-(methylsulfinyl)propylisulfane (4). In analogy to a
published procedure® a solution of bissulfane 1 (610 mg,
4.48 mmol) in CH,Cl, (20 mL) was added dropwise to a cooled
(—78°C) solution of Tf,O (750 mg, 2.66 mmol) in CH,Cl, (50 mL) and
the mixture was stirred for 4 h at this temperature. A saturated
solution of NaHCO; (20 mL) was added and the aqueous phase was
extracted with CH,Cl, (3x40 mL), dried (Na,SO,), concentrated at
reduced pressure, and purified by column chromatography (silica
gel, CH,Cl,/MeOH, 30:1) to yield 4 as a yellow liquid (289 mg,
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1.90 mmol, 42%). R=0.4 (CH,Cl,/MeOH, 20:1); 'H NMR (600 MHz,
DMSO-dg): 6 =1.87-1.93 (m, 2 H, 2-H,), 2.06 (s, 3 H, SCH,), 2.53 (s,
3 H, SOCH,), 2.59 (td, 3J=7.2 Hz, 2J)=1.1 Hz, 2 H, 3-H,), 2.71 (dt, U=
12.5Hz, *J=7.4Hz, 1 H, 1-H,), 2.83 (dt, 2J=13.0Hz, >)=7.9Hz, 1 H,
1-H,). The "H NMR data are in agreement with published data.””

1,3-Bis(methylsulfinyl)propane (5). In analogy to a published
procedure®® H,0, (35%, 100 mg, 88.3 uL, 1.03 mmol) was added
to a cooled (0°C) solution of bissulfane 1 (610 mg, 4.41 mmol) in
AcOH (5 mL) and the mixture was stirred for 1 h at rt. CH,C,
(30 mL) was added and the mixture was neutralized by addition of
K,CO; and filtered. The solid was extracted with CH,Cl, and the
filtrate was dried (Na,SO,), concentrated at reduced pressure, and
purified by column chromatography (silica gel, CH,Cl,/MeOH,
30:1—10:1) to yield 5 as a colorless solid (234 mg, 1.39 mmol,
32%) together with a smaller amount of monosulfoxide 4 (34.4 mg,
0.226 mmol, 5%). R;=0.22 (CH,Cl,/MeOH, 10:1); 'H NMR (600 MHz,
DMSO-dg): 6=1.97-2.09 (m, 2 H, 2-H,), 2.55 (s, 6 H, 2X CH), 2.74-
2.81 (m, 2 H, 1-H,, 3-H,), 2.86-2.93 (m, 2 H, 1-H,, 3-H,). The 'H NMR
data are in agreement with published data.””

Methyl[3-(methylsulfonyl)propyllsulfane (6). In variation of a
published procedure® KMnO, (176 mg, 1.11 mmol) was added in
small portions to a solution of monosulfoxide 4 (100 mg,
0.657 mmol) in a cooled (0°C) mixture of acetone (15 mL) and H,0
(5 mL) and the mixture was stirred for 17.5 h at rt. The precipitate
was filtered and washed repeatedly with acetone. CH,Cl, (10 mL)
was added to the filtrate and the aqueous phase was extracted
with CH,Cl, (3%10 mL). The combined organic layers were dried
(Na,SO,), concentrated at reduced pressure, and purified by column
chromatography (silica gel, CH,Cl,/MeOH, 100:1—50:1) to yield 6
as a yellow liquid (81.2 mg, 0.483 mmol, 74%). R=0.5 (CH,Cl,/
MeOH, 50:1); '"H NMR (600 MHz, DMSO-d¢): 6 =1.93-1.99 (m, 2 H, 2-
H,), 2.06 (s, 3 H, SCHs), 2.59 (t, *J=7.2Hz, 2 H, 3-H,), 2.98 (s, 3 H,
SO,CH,), 3.16-3.20 (m, 2 H, 1-H,); *C NMR (150 MHz, DMSO-d,): 6 =
14.3 (CH,), 21.5 (CH,), 31.5 (CH,), 40.2 (CH,), 52.3 (CH,); IR (ATR): &
(em™)=2919 (w), 1700 (vw), 1426 (w), 1352 (vw), 1287 (s), 1135
(m), 1116 (m); MS (APCI, 280°C): m/z (%) =171 (9), 169 (100) [(M +
1)1, 168 (2) [M*1, 143 (1); HRMS (APCl): calcd. for CiH,30,%S,™:
169.0351; found: 169.0350.

1-(Methylsulfinyl)-3-(methylsulfonyl)propane (7). In analogy to a
published procedure®® H,0, (35%, 77.4 mg, 68.4 uL, 0.797 mmol)
was added to a cooled (0°C) solution of monosulfone 6 (133 mg,
0.790 mmol) in AcOH (5.00 mL) and the mixture was stirred for 1 h
at rt. CH,Cl, (30 mL) was added and the mixture was neutralized by
addition of K,CO; and filtered. The solid was extracted with CH,Cl,
and the filtrate was dried (Na,SO,), concentrated at reduced
pressure, and purified by column chromatography (silica gel,
CH,Cl,/MeOH, 20:1—10:1) to yield 7 as a colorless solid (115 mg,
0.624 mmol, 79%). R;=0.43 (CH,Cl,/MeOH, 10:1); 'H NMR
(500 MHz, DMSO-dg): 6 =2.05-2.12 (m, 2H, 2-H,), 2.56 (s, 3 H,
SOCH,), 2.77 (dt, ¥=13.0Hz, *J=7.6 Hz, 1 H, 1-H,); 2.90 (dt, &=
13.0 Hz, %J=7.9Hz, 1H, 1-H,), 3.00 (s, 3 H, SO,CH,), 3.24-3.29 (m,
2 H, 1-H,); ®C NMR (125 MHz, DMSO-d,): 8 =15.7 (CH,), 22.2 (CHs),
37.9 (CH,), 50.9 (CH5), 52.3 (CH,); IR (ATR): & (cm™") =2996 (s), 2912
(vs), 1429 (vs), 1352 (vs), 1288 (s), 1258 (vs), 1191 (s), 1113 (m), 1041
(s), 791 (s).; MS (El, 280°C): m/z (%)=185 (2) [(M+1)"1, 184 (14) [M"
1, 121 (100), 89 (10), 79 (52), 63 (57), 57 (18); HRMS (El): calcd. for
CsH1,0457S,: 184.0222; found: 184.0221.

1,3-Bis(methylsulfonyl)propane (8). In analogy to a published
procedure®” mcpba (77%, 111 mg, 0.0.495 mmol) was added in
portions to a cooled (0°C) solution of bissulfoxide 5 (51.2 g,
0.304 mmol) in CH,Cl, (15 mL) and the mixture was stirred for 2 h at
0°C. H,0 (~2 mL) was added and the mixture was neutralized by
addition of K,CO; and filtered. The solid was extracted with CH,CI,
and the filtrate was dried (Na,SO,), concentrated at reduced
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pressure, and purified by crystallization (EtOH) to yield 8 as a
colorless solid (23.1 mg, 0.115 mmol, 38%). 'H NMR (600 MHz,
DMSO-dg): 6 2.10-2.16 (m, 2 H, 2-H,), 3.01 (s, 6 H, 2x CH,), 3.24-3.29
(m, 4 H, 1-H,, 3-H,); *C NMR (150 MHz, DMSO-dy): 6=15.9 (CH,),
40.1 (2xCH,), 51.7 (2% CH,); IR (ATR): ¥ (cm™")=2933 (vw), 1440 (w),
1318 (w), 1272 (m), 1242 (m), 1124 (m); MS (APCI, 280 °C): m/z (%)=
203 (8), 201 (100) [((M-+1)"]1, 199 (16), 193 (9), 185 (10), 165 (20);
HRMS (APCI): calcd. for CsH,50,%S,: 201.0250; found: 201.0248.

rac-Methyl[(methylsulfinyl)methyl]sulfane (9). In analogy to a
published procedure®® H,0, (35%, 2.51g, 2.22 mL, 25.8 mmol)
was added to a cooled (0°C) solution of bissulfane 2 (2.54 g,
2.40 mL, 23.5 mmol) in AcOH (5 mL) and the mixture was stirred for
0.5h at rt. CH,Cl, (30 mL) was added and the mixture was
neutralized by addition of K,CO,, dried (Na,SO,), concentrated at
reduced pressure, and purified by column chromatography (silica
gel, CH,Cl,/MeOH, 50:1—10:1—5:1) to yield 9 as a yellowish liquid
(220g, 17.7 mmol, 75%). R=0.5 (CH,Cl,/MeOH, 10:1); 'H NMR
(600 MHz, DMSO-d,): 6=2.25 (s, 3 H, SCH,), 2.58 (s, 3 H, SOCHS,),
3.77 (d, 2J=13.6 Hz, 1 H, CH,H,), 3.96 (d, J=13.6 Hz, 1 H, CH,H,).
The 'H NMR data are in agreement with published data.>®

rac-Bis(methylsulfinyl)methane (10) and meso-Bis(methylsulfinyl)
methane (11). In variation of a published procedure® mcpba
(77 %, 1.00 g, 4.46 mmol) was added in portions to a cooled (0°C)
solution of monosulfoxide 9 (437 mg, 3.52 mmol) in CH,Cl, (15 mL)
and the mixture was stirred for 3 h at 0°C. H,0 (~2 mL) was added
and the mixture was neutralized by addition of K,CO; and filtered.
The solid was extracted with CH,Cl, and the filtrate was dried
(Na,SO,), concentrated at reduced pressure, and purified by column
chromatography (silica gel, CH,Cl,/MeOH, 10:1) to yield a mixture
of bissulfoxides 10 and 11 as a yellowish oil (136 mg, 0.970 mmol,
28%). The product ratio was determined by NMR spectroscopy (10/
11=33:67; lit:*”7 10/11=39:61). R;=0.37 (CH,Cl,/MeOH, 10:1); 10:
'H NMR (600 MHz, DMSO-dq): =2.75 (s, 6 H, 2xSOCH,), 4.34 (s,
2H, CH,); 11: 'H NMR (600 MHz, DMSO-dy): 6=2.81 (s, 6 H, 2x
SOCH,), 4.15 (d, 2/=13.0 Hz, 1 H, CH,H,), 444 (d, J=13.0Hz, 1H,
CH,H,). The 'H NMR data are in agreement with published data.””

Methyl[(methylsulfonyl)methyl]sulfane (12). In variation of a
published procedure®” KMnO, (0.840 g, 5.32 mmol) was added in
small portions to a solution of monosulfoxide 9 (660 mg,
5.31 mmol) in a mixture of acetone (25 mL) and H,O (1 mL) and the
mixture was stirred for 24 h at rt. The precipitate was filtered,
repeatedly washed with acetone, and concentrated at reduced
pressure. The residue was dissolved in CH,Cl,, dried (Na,SO,), and
concentrated at reduced pressure to yield 12 as a colorless oil
(334 mg, 2.38 mmol, 45%). R;=0.5 (CH,Cl,/MeOH, 50:1); 'H NMR
(600 MHz, DMSO-dg): 6=2.31 (s, 3 H, SCH,), 3.01 (s, 3 H, SO,CH,),
4.20 (s, 2 H, CH,). The "H NMR data are in agreement with published
data.””

rac-(Methylsulfinyl)(methylsulfonyl)methane (13). In analogy to a
published procedure®” mcpba (77%, 223 mg, 0.995 mmol) was
added in portions to a cooled (0°C) solution of monosulfone 12
(120 mg, 0.856 mmol) in CH,Cl, (10 mL) and the mixture was stirred
for 2h at 0°C. H,O0 (~2mlL) was added and the mixture was
neutralized by addition of K,CO; and filtered. The solid was
extracted with CH,Cl, and the filtrate was dried (Na,SO,) and
concentrated at reduced pressure to yield 13 as a colorless oil
(93.6 mg, 0.600 mmol, 70%). '"H NMR (600 MHz, DMSO-d,): 0 =2.78
(s, 3 H, SOCH;), 3.12 (s, 3 H, SO,CH,), 4.75-4.82 (m, 2 H, CH,). The 'H
NMR data are in full agreement with published data.*”

Bis(methylsulfonyl)methane (14). In analogy to a published
procedure®”’ KMnO, (464 mg, 2.94 mmol) was slowly added to a
solution of bissulfane 2 (159 mg, 0.150 mL, 1.47 mmol) in a mixture
of AcOH (15 mL) and H,O (1.5 mL) and the mixture was stirred for
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1h at rt. A saturated solution of Na,5,0; was added until the
solution became colorless and ice (~30 g) was added. The aqueous
phase was extracted with CH,Cl, (3x25mL), dried (Na,SO,),
concentrated at reduced pressure, and purified by crystallization
(EtOH) to yield 14 as a colorless solid (55.4 mg, 0.322 mmol, 22 %).
'H NMR (300 MHz, DMSO-d¢): 6=3.20 (s, 6 H, 2xSO,CH,), 5.44 (s,
2H, CH,). The '"H NMR data are in agreement with published
data."

rac-(1R,4R,65)-4,6-Dimethyl-1,3-dithiane-1-oxide (15) and meso-
(1R,35,4R,65)-4,6-Dimethyl-1,3-dithiane-1,3-dioxide (17). In analo-
gy to a published procedure®® H,0, (35%, 198 mg, 2.04 mmol)
was added to a cooled (0°C) solution of dithiane 3 (300 mg,
2.02 mmol) in AcOH (5 m) and the mixture was stirred for 2.5 h at
rt. CH,Cl, (30 mL) was added and the mixture was neutralized by
addition of K,CO; and filtered. The solid was extracted with CH,CI,
and the filtrate was dried (Na,SO,), concentrated at reduced
pressure, and purified by column chromatography (CH,Cl,/MeOH,
50:1—30:1—10:1) to yield monosulfoxide 15 (303 mg, 1.84 mmol,
91%) and bissulfoxide 17 (25 mg, 0.14 mmol, 7%) as colorless
solids. 15: R;=0.6 (CH,Cl,/MeOH, 20:1); '"H NMR (500 MHz, DMSO-
dg): 0=1.10 (d, >J=6.9 Hz, 3 H, CH,), 1.27 (d, >)=6.9 Hz, 3 H, CH,),
1.72 (ddd, =148 Hz, >J=12Hz, *)=11.8 Hz, 1 H, 5-H,), 2.26 (dt,
’J=148Hz, J=25Hz, 1H, 5H,), 281 (ddd, J=122Hz, *J=
6.9 Hz, *J=23 Hz, 1H, 4-H), 3.16 (ddd, *J=114Hz, 3)=69 Hz, *J=
24Hz, 1H, 6-H), 3.97 (d, Y=123Hz, 1H, 2-H,), 415 (d, =
123 Hz, 1H, 2-H,). The 'H NMR data are in full agreement with
published data.® 17: R;=0.38 (CH,Cl,/MeOH, 20:1); 'H NMR
(300 MHz, DMSO-d¢): 6 =1.28 (d, *J=6.9 Hz, 6 H, 2xCH,), 1.30-1.38
(m, TH, 5-H,), 2.23 (dq, 2J=168Hz, *J=29H, 1H, 5H,), 3.1
(ddd, *J=123 Hz, *J=6.9Hz, *J=2.6Hz, 2H, 4-H, 6-H), 432 (dd,
’J=9.8Hz, J=09Hz, 1 H, 2-H,), 497 (d, J=9.8 Hz, 1 H, 2-H,,). The
'H NMR data are in full agreement with published data.?”

Oxidations with H,0,. H,0, (35%, 1-4 eq.) was added to a cooled
(0°C) solution of bissulfide 1, 2, or 3, respectively (0.674-1.50 mmol)
in AcOH (5 mL) and the mixture was stirred for 2 h at rt. CH,Cl,
(30 mL) was added and the mixture was neutralized by addition of
K,CO; and filtered. The residue was thoroughly extracted with
CH,Cl,, the filtrate was dried (Na,SO, repeatedly extracted with
CH,Cl,) and the washings were concentrated at reduced pressure.

Oxidations with meta-Chloroperbenzoic Acid (mcpba). mcpba
(77%, 1-4 eq.) was slowly added to a cooled (0°C) solution of
bissulfide 1, 2, or 3, respectively (0.674-1.53 mmol) in CH,Cl,
(15 mL) and the mixture was stirred for 2 h at 0°C. H,0 (1-2 mL)
was added and the mixture was neutralized by addition of K,CO,
and filtered. The residue was thoroughly extracted with CH,Cl, and
the filtrate concentrated at reduced pressure.

Oxidations with Sodium Periodate (NalO,). NalO, (1-4 eq.) was
slowly added to a cooled (0°C) solution of bissulfide 1, 2, or 3,
respectively (0.674-1.04 mmol) in MeOH/H,0 (3:1, 20 mL) and the
mixture was stirred for 23 h at rt and filtered. The residue was
thoroughly extracted with MeOH and the filtrate concentrated at
reduced pressure.

Oxidations with Potassium Permanganate (KMnO,). KMnO, (1-
4 eq.) was added to a cooled (0°C) solution of bissulfide 1, 2, or 3,
respectively (0.674-1.16 mmol) in acetone/H,0 (3:1, 20 mL) and
stirred for 20 h at rt and filtered. The residue was thoroughly
extracted with acetone and the filtrate concentrated at reduced
pressure.

Evaluation of the Data. The quantitative determination of the
composition in multi-component systems was achieved by refer-
encing to an internal standard. The mandatory prerequisites (no
signal overlap, sufficient signal-to-noise ratio) were sufficiently met
by performing modern NMR experiments (pulsed mode) on high-
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resolution spectrometers (500 or 600 MHz) with consistent meas-
urement parameters (number of scans: 32; relaxation delay D1:
30s). "H NMR spectra were measured with DMSO-d; as solvent and
with ortho-xylene as internal standard. Analyte and standard were
weighted to ensure comparable concentrations in all experiments.
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