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Abstract: Chemoselective deoxygenation of sulfoxides to sulfides
was carried out by P(OPh); in mild conditions catalyzed by dichlo-
rodioxomolybdenum(V1).
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Sulfoxides areimportant intermediatesin avariety of syn-
thetic transformations, mainly as chiral auxiliaries in
asymmetric synthesis.! In most cases, sulfoxides are re-
moved from the target molecules and they are usually
eliminated by a two-step process involving deoxygen-
ation to sulfides,> which are then reductively cleaved by
catalytic hydrogenation or other chemical methods.® On
the other hand, deoxygenation of sulfoxides is important
from abiological point of view and examples of relevant
processes in biological systems are the deoxygenation of
DM SO and that of biotin-S-oxide, catalyzed by DMSO re-
ductase and biotin-S-oxide reductase respectively.* So,
the reduction of sulfoxidesto their corresponding sulfides
continues to attract considerabl e attention and much effort
has been devoted to the devel opment of milder procedures
where the presence of various sensitive and/or reducible
functional groups can be tolerated.

It has been for long assumed that the co-factorsin sulfox-
ide reductases consist of oxomolybdenum complexes
bearing S-coordinated ligands.® Also, it is known that
some dioxomolybdenum(V1) complexes that mimic oxo-
transferases are efficient catalysts for the oxo-transfer re-
action from DM SO to PPh, in mild conditions.” Further-
more, in our laboratory we have found that a number of
dioxomolybdenum(V1) complexes, in particular addition
compounds of dichlorodioxomolybdenum(V1), areableto
catalyze a variety of oxo-transfer processes.® Based on
these findings we have recently reported the facile oxida-
tion of thiols to disulfides with DMSO, catalyzed by
Mo0O,Cl,(dmso),.? We now report the selective reduction
of sulfoxides to sulfides with P(OPh), catalyzed by
MoV'0,Cl,, whichisused in the form of the readily avail-
able DMF adduct, MoO,Cl,(dmf)..

In order to choose an optimal oxo-acceptor for sulfoxides
under dioxomolybdenum(V1) catalysis some consider-
ations need to be kept in mind. Based on the nature of the
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S=0 and P=0 bonds, the oxo-transfer reaction from sul-
foxides to phosphines and phosphites is expected to be, in
general, a thermodynamically favorable process. In this
context, Smith et al. reported that tervalent phosphorus
compounds functionalized either with strong electron-
withdrawing or electron-donating groups were effective
for the deoxygenation of sulfoxides.’® Phosphites were
usually preferred over phosphines due to their greater re-
activity and readiness to be removed in the oxidized
form.* However, in most cases the reaction requires rath-
er high temperatures and long reaction times. To avoid
these limitations, some reducing systems have been devel -
oped such as 1,3,2-benzodioxaphospholes,*? PPh,/CCl ,,*3
P(OEt)y/I,/Nal,** P(NMe,)4/l,/Nal,*> or P(OSiMe;,),'*®
among others. However, these reagents are either expen-
sive or they provide undesirabl e side products. On the oth-
er hand, compounds such as PCl;Y Pl;® P,l,° or
CIP(OEt),%° are very effective deoxygenating agents but
several functional groups are also sensitive to these re-
agents.

Thus, P(OPh); was the oxo-acceptor of choice asiit is a
readily available material and not very active in its reac-
tion with sulfoxides. Also, it has a low vapor pressure at
ambient temperature so that it lacks the unpleasant smell
characteristic for other phosphines and phosphites. Aswe
were unable to prepare a ready-to-use addition compound
of MoO,Cl, with OP(OPh),, we used MoO,Cl,(dmf), as
catalyst. The overall reaction that we propose could be
written as shown in Scheme 1.

RRISO  MoO,Cly(dmf); (cat.) RR'S
+ +
P(OPh)s OP(OPh);
Scheme 1

Commerciadly available p-tolyl sulfoxide la was first
chosen to test the oxo-transfer process under dioxomolyb-
denum(V 1) catalysis. A few preliminary testswere carried
out to optimize the reaction conditions and the results are
summarized in Table 1.

The reactions were carried out with 1.1 equivalents of
P(OPh); and 2 mol% of catalyst. The slight excess of
phosphite is used to compensate the presence of some
phosphate in the commercial product. We had expected
that a good solvent might be able to solubilize the prod-
ucts and at same the time should be insufficiently basic to
avoid competition with the sulfoxide for the coordination
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Tablel Deoxygenation of p-Tolyl Sulfoxide 1a with P(OPh),

Q MoO,Cly(dmf), (2 mol%) <
pTo” NpTol _ P(OPH); p-Tol” " p-Tol
1la Solvent, time 2a
Entry Solvent Temp. Time(h) Conversion (%)
1 acetone reflux 4 93
2 THF reflux 2 77
3 MeCN 20°C 4 74
42 MeCN reflux 1 100
5 CH,Cl, reflux 4 95

aUnder the same conditions but without catalyst, 19% conversion was
observed after 26 h at reflux.

sphere of molybdenum. As shown in Tablel, we aob-
served that solvents such as THF, acetone, MeCN or
CH,CI,, could be used in this process but MeCN turned out
to be the most suitable one. Indeed, complete conversion
of sulfoxide 1a to thioether 2a was produced after one
hour at reflux. It should be pointed out that without catal-
ysis P(OPh), requires 3 days at 110 °C to completely re-
duce methyl phenyl sulfoxide.

Also, we have tested other possible reducing agents for
thistransformation. PPh; was effective to deoxygenate 1a
but two hours were needed to reach a complete conver-
sion. Interestingly, the catalysts P(OEt); and P(OMe),
were able to reduce la completely within four hours.
However, when these phosphites were heated with sulfox-
ides at 110 °C, deoxygenation of the sulfoxide moiety did
not take place but rather the rearrangement of the trialkyl-
phosphite to dialkyl akylphosphonate was observed!!
(Scheme 2). On the other hand, classical inorganic reduc-
ing agents such as nitrites, hydrogensulfites, thiosulfates,
dithionites or hypophosphites showed no activity under
these catalytic conditions. This fact shows the high selec-
tivity of the catalyst for P(l11) compounds.

MOOQC|2(dmf)2
e Y s
RR'SO (2 mol%)
+
P(OMe)3 110 °C

RR'S + OP(OMe)s

RR'SO + MeP(0)(OMe),

Scheme 2 Comparative reaction of sulfoxides with trimethylphos-
phite with and without M oO,Cl,(dmf),.

Using our optimized conditions, i.e. 1.1 equivaents of
P(OPh); in MeCN at reflux and with 2 mol% of
MoO,Cl,(dmf),, efficient deoxygenation of severa sul-
foxides to the corresponding sulfides was achieved in ex-
cellent yields (Table 2).

It is worth noting that dialkyl sulfoxides were deoxygen-
ated in afew minutes whereasthe less basic diaryl sulfox-
ides needed between 30 minutes and 2 hours depending
on the electronic and steric characteristics of the sulfox-
ide. In particular, the reduction of dibenzyl sulfoxide 1g
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Table2 Deoxygenation of Sulfoxides 1 with P(OPh), Catalyzed by
MoO,Cl,(dmf),

ﬁ MoO,Cly(dmf), (2 mol%) oS,
oSN P(OPh); R

1 MeCN, reflux 2
Product R R? Time Yield

(%)

2a 4-MeCgH, 4MeCH, 1h 98
2b Ph Ph 30 min 96
2c 4-CICH, 4CICH, 2h 93
2d Ph PhCH, 2h 90
2e Ph Me 20 min 92
2f Ph CH=CH, 45 min 52
29 PhCH, PhCH, 4h 89
2h -CH,-CH,-CH,-CH,- 10min 70
2i n-Bu n-Bu 10 min 73

2| solated yields based on the starting sulfoxide 1.

serves as a measure of the utility of the reaction, since
many methods either fail completely with this substrate or
provide only poor yields of dibenzylsulfide.?* All the sub-
strates were quantitatively reduced to the corresponding
sulfides as proved by *H NMR and GC analysis. Howev-
er, in some cases (2f,h,i) lower isolated yields were ob-
tained due to partial decomposition in the purification
process or due to the volatility of the sulfides.

Next, we decided to examine the reduction of sulfoxides
with potentialy reducible groups in their structures. The
corresponding sulfides 2j— could be isolated in excellent
yields, thus showing the chemoselectivity of our proce-
dure (Figure 1).

o (0]
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P~ OEt
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P~
2j (84%) 2k (81%)

OH
s
Ph” \A\Ph
Ph

21 (82%)

Ph/s\/\

2m (85%)

Z
Ph” S\//
2n (82%)

Figure 1l

The sulfoxides possessing p-keto and B-ethoxycarbonyl
functionalities were chemosel ectively reduced to the cor-
responding sulfides 2j,k in good yields without affecting
the carbonyl functionalities. Moreover, hydroxy, allyl and
propargyl functionalities also remained intact under the
reduction conditions athough in the case of the sulfide 2|
the solvent had to be changed to CH,CI, in order to pre-
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vent the dehydration and subsequent formation of the cor-
responding vinyl sulfide.

In order to further show the selectivity of this method, we
have carried out the reduction of sulfoxide 1ain the pres-
ence of p-toluenesulfonyl chloride, diphenyl disulfide,
diphenylsulfone, iodobenzene, o-chloronitrobenzene and
the acetone ketal of glycerine, with an excess of triphe-
nylphosphite according to the protocol showed in Table 2.
In al the cases the sulfoxide was the only compound that
was reduced. These results suggest that our conditions
may be generally useful for the conduction of similar
chemoselective deoxygenation reactions in poly-func-
tional molecules.

The catalytic cycle involved could be represented as
shown in Scheme 3.

P(ophw

OP(OPh);

M002C|2(L)2 MOOC'z(L)Z
RRlM RRSO

Scheme 3 Representation of the catalytic cycle in the deoxygena-
tion of sulfoxides to sulfides with P(OPh)s.

When the colorless solution of MoO,Cl,(dmf), in CD;CN
is treated with P(OPh); (molar ratio 1:2) it turns brown,
which is consistent with the formation of oxomolybde-
num(lV) species.?? At the same time transformation of
P(OPh), to OP(OPh), takes place, as evidenced by 3P
NMR. Indeed, two singlets were observed at 130.0 and
—15.8 ppm, corresponding to P(OPh); and OP(OPh);, re-
spectively. These signals arein the same position as those
observed in the absence of the catalyst, thus showing that
neither P(OPh), nor OP(OPh), is coordinated to molybde-
num. Furthermore, *H NMR spectrum of the mixture in
CD4CN shows that the DMF remains coordinated. How-
ever, the position of the signals appears slightly displaced
to higher field with respect to that of the parent
MoO,Cl,(dmf),, which is consistent with coordination to
the less acidic Mo(1V) center.?®

Upon addition of excess DM SO to the above mixture the
solution becomes progressively clearer to finally color-
less. The 3P and 'H NMR spectra are consistent with the
compl ete oxidation of P(OPh); to OP(OPh), and the pres-
ence of free DMF. This evidences that DM SO is able to
displace DMF from the coordination sphere of molybde-
num(V1). So, it is probable that the more basic sulfoxides
will coordinate to the oxomolybdenum(1V, V1) speciesfa-
cilitating the oxotransfer process. However, it should be
noted that the removal of an oxygen atom from
MoO,Cl,(dmf), produces a vacancy for the coordination
of the less basic sulfoxides, thus enabling their deoxygen-
ation.

Finally, we think that the differences we observed in the
time required for the complete deoxygenation of sulfox-
ides, not always easy to explain in a straightforward man-
ner, are due to a subtle combination of electronic and
steric effects.

In conclusion, we have demonstrated that dichlorodioxo-
molybdenum(V1) complex MoO,Cl,(dmf), isan excellent
catalyst for convenient deoxygenation of various types of
sulfoxides using triphenylphosphite. Moreover, the
present procedure al so shows very good chemosel ectivity,
and though involving the production of triphenylphos-
phate, this method is a useful addition to the existing
methodol ogies.

Sulfoxides and phospites were obtained from Aldrich or Across Or-
ganics and used without purification. Functionalized sulfoxides
were prepared according to the established procedures.
Na,Mo00,-2H,0 to prepare the catalyst was obtained from Acros
Organics. DMF was purified by vacuum distillation. Commercial
MeCN was reagent grade. Products were characterized by compar-
ison of their spectral data with those of known samples. Melting
points were determined on the Electrothermal apparatus and are un-
corrected. All yields refer to isolated products. NMR spectra were
recorded on a Varian VXR 200 and Varian INOVA 400 spectro-
meter. The reaction monitoring was accomplished by GC-MSon a
HP 5890 Serie 11/5971-A.

M00,Cl,(dmf),; Typical Procedure

The catalyst can be prepared as previously reported® or more readi-
ly as follows. To a solution of powdered Na,M00,-2H,0 (2.42 g,
10 mmol) in H,O (5mL), concd HCI (8.3 g, ca. 100 mmol) was add-
ed. The mixture was stirred at r.t. for 10-15 min resulting in a col-
orless solution aong with a significant amount of precipited NaCl.
Then Et,0O (15 mL) was added with stirring and the mixture vigor-
ously shaken for 1-2 min. The upper Et,O layer was collected and
the extraction process repeated twice more. The combined ethereal
extract was stirred for 15 min with anhyd MgSO, (2 g). The solution
was collected by filtration and the MgSO, was washed with Et,O (3
x 3 mL). The resulting solution, containing approximately 98% of
the original molybdenum, was treated with a solution of DMF (1.54
g, 21 mmol) in Et,O (10 mL). The resulting mixture was stirred for
5 min and the white microcrystalline precipitate filtered, washed
with Et,0 (3 x 3 mL) and dried under vacuum. Yield: 3.67 g
(97.5%).

Deoxygenation of Sulfoxideswith P(OPh); Catalyzed by

M 00,Cl,(dmf),; General Procedure

To asolution of sulfoxide (3 mmol) and P(OPh), (1.02 g, 3.3 mmol)
in reagent grade MeCN (5 mL), MoO,Cl,(dmf), (21 mg, 0.06
mmol) was added, and the resulting solution was stirred at reflux.
The completion of the reduction was monitored by GC-MS. There-
action mixture was treated with 2 M NaOH (25 mL) and extracted
with EtOAc (3 x 20 mL). The organic extracts were dried (Na,SO,)
and the solvents evaporated under reduced pressure. The resulting
residue was purified by column chromatography (hexane-EtOAcC).
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