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A new application for glycerol that expands its possibilities apart from green solvent and precursor of

value-added products has been demonstrated. Simple, easily available, and environmentally friendly

dioxomolybdenum(VI) complexes are highly efficient catalysts for the chemoselective sulfoxide

deoxygenation with this biomass-derived chemical feedstock. Both refined glycerol and crude glycerin

can be used expanding the potential application of this reaction. Subsequent transformation of glycerol

during this reductive process has also been investigated.

Introduction

The increasing demand for biodiesel has caused in recent years
a continuous grow in the production of glycerol, generated as a
by-product of this process, leading to an oversupply of this
renewable chemical that could be considered as an important
biorefinery feedstock.! Therefore, the efficient transformation of
glycerol into valuable chemicals has attracted much attention
from both academia and industry.> Due to its multifunctional
structure, glycerol opens the door to the preparation of a large
number of chemicals through different pathways such as
oxidation,’ reduction,” dehydration,5 esterification,’®
etherification,” or reforming to syngas.® In addition, glycerol has
also found use as a sustainable solvent for green chemistry,’
although some problems associated with its high viscosity and the
presence of potentially reactive hydroxyl groups should be
considered. However, the use of glycerol as a reagent for
promoting organic transformations is considerably less
developed, standing out the synthesis of glycerol-based acetals
that are valuable chemical intermediates,'® and the metal-
catalyzed transfer hydrogenation reaction from glycerol to
unsaturated compounds,'' which can be also considered as an
environmentally friendly route to glycerol oxidation. So, the
development of new applications, as well as the expansion of
existing ones, for glycerol as a low-cost raw material constitutes
an important goal in modern chemistry.

On the other hand, taking into account the significant role
played by sulfoxides in asymmetric synthesis,'* their reduction to
the corresponding sulfides is an important organic reaction as this
functionality can be cleanly cleaved from the target molecule
once its presence is no longer required. So, several methodologies
have been described to achieve this transformation,'® which has
also biological relevance for avoiding oxidative damage of
cells."* However, the development of new green protocols for the
reduction of sulfoxides bearing additional functionalities remains
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an important challenge."

In the last years we have been involved in the development of
new synthetic methodologies including reactions catalyzed by
easily available and environmentally friendly
dioxomolybdenum(VI) complexes'® for the reduction of
oxygenated compounds such as sulfoxides,'” nitroaromatics,'®
and N-oxides." Looking for new and cleaner reagents that could
act as oxygen-acceptors in Mo-catalyzed processes,”” we have
recently reported the use of pinacol (2,3-dimethyl-2,3-butanediol)
as a reducing agent for the reduction of sulfoxides and
nitroarenes.”' Herein, we report the successful application of
glycerol as reagent for the dioxomolybenum(VI)-catalyzed
chemoselective deoxygenation of sulfoxides.

Results and discussion
Establishment of reaction conditions

Based on our previous experience for the deoxygenation of
sulfoxides with phosphites'” and pinacol,>! we selected bis(p-
tolyl)sulfoxide as a model substrate and MoO,Cly(dmf), as
catalyst for testing the possibility of using glycerol as oxygen-
acceptor (Table 1).%

Gratifyingly, we observed complete conversion of the
sulfoxide and high isolated yields of the corresponding sulfide in
different solvents with 5 mol% of the dioxomolybdenum complex
and only 4 equiv. of glycerol at 170 °C (entries 1—4).>* Moreover,
without the use of an additional solvent the reactions also
proceeded (entry 5) and by slightly increasing the amount of
glycerol to 10 equiv. an almost quantitative yield of the sulfide
could be isolated after overnight heating (entry 6). No
improvement was observed by a further increase of the amount of
glycerol (entry 7), whereas lowering the catalyst loading (entry 8)
or the reaction temperature (entry 9) led to incomplete
conversions after 17 h. Carrying out the reaction at 200 °C
allowed us to isolate again the sulfide in high yield after only two
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hours (entry 10). At this temperature the catalyst loading could be
cut up by half (2.5 mol%) without affecting the reaction time or
the isolated yield (entry 11).>* Additional studies were also
conducted at 200 °C to fine-tune the catalyst loading and reaction
time. These studies revealed that 1 order of magnitude or more
decrease in the catalyst loading to 0.1-0.25 mol% resulted in
complete conversion and high yield by just extending the reaction
time to 24-36 h (entries 12—13). On the other hand, the reaction
could be performed under microwave irradiation reducing the
required time for the reduction to 15 min at 200 °C (entry 14) or
even 5 min at 230 °C (entry 15). Under these conditions better
results were obtained by using toluene® as solvent and only a
slight excess of glycerol (entries 17-18). Once again, the amount
of catalyst employed could be diminished by an order of
magnitude by just extending the reaction time (entry 18). In
addition, other dioxomolybdenum(VI) complexes such as
MOOzclz(deO)z, MOOZClz(OPPh3)2, MOOzclz(blpy), or
MoO;(acac), also resulted to be active catalysts for this
transformation both under thermal and microwave conditions.
Furthermore, and as expected, reactions conducted in the absence
of the metal catalyst under conventional or microwave heating
afforded no appreciable deoxygenation of the sulfoxide, although
about 30% of disproportion of the sulfoxide was observed after
24 h at 200 °C leading to equimolar amounts of bis(p-
tolyl)sulfone and bis(p-tolyl)sulfide.

Table 1 Optimization of the reaction conditions for the reduction of bis(p-
tolyl)sulfoxide with glycerol

MoO,Cly(dmf),

o

(x mol%) S
solvent, T, t
Ho/\/\OH
OH
Entry Solvent ?;Zﬁ:f))l (x[ri/loollﬁ) 1;62,1(1:15) T(l}l;l’)le Yield® (%)

1 NMP 4 5.0 170 17 72 (100)
2 Benzonitrile 4 5.0 170 17 85(100)
3 0-CsH4Cl, 4 5.0 170 17 79 (100)
4 Mesitylene 4 5.0 170 17 97 (100)
5 - 4 5.0 170 17 78(100)
6 - 10 5.0 170 17 94(100)
7 - 20 5.0 170 17 95(100)
8 - 10 2.5 170 17 (90)°

9 - 10 5.0 150 17 (50)°

10 - 10 5.0 200 2 94 (100)
11 - 10 2.5 200 2 94 (100)
12 - 10 0.25 200 24 91(100)
13 - 10 0.1 200 36 93 (100)
14 - 10 2.5 200°  0.25 86 (100)
15 - 10 2.5 230° 0.1 82(100)
16 Toluene 1.2 2.5 200°  0.25 89 (100)
17 Toluene 1.2 2.5 230° 0.1  91(100)
18 - 10 0.25 230°  0.25 87(100)

® Based on the starting bis(p-tolyl)sulfoxide; in brackets conversion
estimated by 'H NMR (300 MHz) from the crude reaction mixture. °
Yield not determined. °© Conducted under microwave irradiation
(maximum wattage 300 W); see ESIf for details.
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Scope of the sulfoxides reduction

Our studies on reaction conditions showed that different
combinations of catalyst loading/temperature/reaction time are
efficient to accomplish the desired transformation both under
conventional or microwave heating. Among them, we selected
5.0 mol% [Mo] / 170 °C / overnight (Method A), 2.5 mol% [Mo]
/200 °C / 2—4 h (Method B) and 2.5 mol% [Mo] / MW 230 °C/ 5
min (Method C) to check the scope of the reduction process.
Using these conditions, the deoxygenation of diverse
representative sulfoxides was examined (Table 2). Thus, different
diaryl and alkyl aryl sulfoxides reacted under the selected
optimized conditions to afford high yields of the corresponding
sulfides. Notably, starting sulfoxides bearing additional reducible
functionalities such as halogens, C—C multiple bonds, cyano or
ester groups could be chemoselectively deoxygenated to the
corresponding sulfides remaining unaffected the additional
substituent (entries 14-26). Remarkably, in the case of methyl 4-
nitrophenyl sulfoxide no reduction of the nitro group was
observed (entries 27-29).%

In addition, this method can be applied to the multigram
synthesis of sulfides. For instance, high yields were obtained in
the reduction of 5.76 g of bis(p-tolyl)sulfoxide under both
conventional heating and microwave-assisted conditions (Scheme
1). Interestingly, the deoxygenation of 2.30 g of this sulfoxide
could also be carried out lowering the catalyst loading to 0.25
mol% without affecting the yield of the process (Scheme 1).

o HO/\/\OH
Il S
89% (25 mmol scale)

[Mo] (cat.)
Mo] (5.0 mol%), 170 °C, 16 h
Mo] (2.5 mol%), MW (230 °C), 5 min 90% (25 mmol scale)
Mo] (0.25 mol%), 200 °C, 24 h 89% (10 mmol scale)
Mo] (0.25 mol%), MW (230 °C), 5 min 91% (10 mmol scale)

[
[
[
[

Scheme 1 Multi-gram reduction of bis(p-tolyl)sulfoxide.

The stability of a catalyst and its potential for reusability are
important factors for evaluating the sustainability of the catalytic
system and practical applications. We performed a recycling
study for the dioxomolybdenum complex by using the
deoxygenation of bis(p-tolyl)sulfoxide as a test reaction. After
completion of the first reaction under conventional heating (200
°C, 4 h) to yield the corresponding bis(p-tolyl)sulfide, the organic
compound was easily extracted with hot toluene (70-80 °C) from
the glycerolic phase containing the catalyst. After the addition of
a new batch of sulfoxide the second and following runs were
performed again under the same reaction conditions with similar
catalyst activity.?® We were able to reuse the catalytic system for
at least five times with a negligible change in its activity (Scheme
27
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Scheme 2 Recycling study of the Mo-catalyzed reduction of bis(p-
tolyl)sulfoxide with glycerol.

Table 2 Reduction of sulfoxides
5 MOOzclz(dmf)z

with glycerol catalyzed by

MoO,Cl,(dmf), (cat.)

0
+ Ho/ﬁ/\OH
S 2

RS R o A(1700r200°C)or . R'" "R?
MW (230 °C)
Entry Product Method® Yield® (%)
1 s A 94
INSECUE I
3 C 91
4 s A 89
5 ©/ B 88
6 C 83
7 S A 92
8 ©/ C 86
9 S._-Ph A 85
10 ©/ C 92
11 s A 88
12 ©/ W B 81
13 C 89
14 s A 94
15 Q/ \©\ B 91
16 cl cl C 93
17 S A 92
18 /@ B 86
19 Br C 91
20 S A 95
21 B 98
22 NC C 89
23 @S\ A 89
24 CO,Me C 94

SM
25 C 90

26 C 92
27 S A 76
28 B 86
29 ON C 88

@ Method A: 170 °C, 5.0 mol% [Mo], overnight; Method B: 200 °C, 2.5
mol% [Mo], 2-4 h; Method C: 230 °C, MW, 2.5 mol% [Mo], 5 min. °
Yield of crude sulfide (purity > 95% by 'H NMR).

Reduction of sulfoxides employing crude glycerol

As pointed out in the introduction, glycerol is a major by-
product in the transesterification process of biodiesel production.
The crude glycerol formed in these processes, usually called

10 glycerin, is a complex mixture of variable purity that usually
contains methanol, water, inorganic salts and other organic
materials depending on the methodology employed for the
biodiesel generation. The purification of the crude glycerol is
nowadays an energy-consuming process and, as a consequence,

15 an economic and technological concern in the biodiesel industry.

Therefore, the direct usage of low-quality glycerol from biodiesel

production is a main goal for glycerol revalorization.

With this idea in mind, we surveyed the viability of our
developed methodology using crude glycerol.”® Even though the
purity of the crude glycerol employed was as low as 5-8%, we
were pleased to find that the reduction of a series of
representative sulfoxides occurred to full conversion at 200 °C in
the presence of 2.5 mol% of MoO,Cl,(dmf), (Scheme 3). These
reactions took place in similar reaction times and slightly lower
»s yields in comparison with the use of refined glycerol.?

2

S

O 0
g . HO/Y\OH MoO,Cly(dmf), (2.5 mol%) S,
R1"7 R2 OH 200°C,2-7h R R
crude
87% 80% 73%
Cl Cl Br
79% 88%
IO
NC O,N
79% 74%

[2] All reactions were conducted with 1 mmol of sulfoxide and 2.4 g
of crude glycerol (ca. 5-8% purity)

Scheme 3 Reduction of sulfoxides with crude glycerol catalyzed by
MoO,Cly(dmf),.

s Transformation of glycerol in the reduction process

After having established a new and useful application of
glycerol as reagent and solvent for the molybdenum-catalyzed
chemoselective reduction of sulfoxides, we turned our attention
to the transformation of the glycerol in the process. In this sense,

3s glycerol is a highly functionalized molecule that could be
oxidized in diverse extent to a wide range of compounds
depending on the catalyst, the oxidant and the reaction
conditions.*

To determine the extent of glycerol oxidation in the developed

40 reduction of sulfoxides, a series of experiments varying the ratio
sulfoxide-glycerol were performed and are summarized in
Scheme 4. These reactions were conducted using bis(p-
tolyl)sulfoxide at 200 °C in the presence of 2.5 mol% of
molybdenum catalyst using mesitylene as solvent and the

ss conversion was estimated by "H NMR (300 MHz) after 9 hours.
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These data show that glycerol was able to completely reduce up

to 6 equiv. of sulfoxide. Incomplete conversions (48-76%), that To prove the formation of formic acid and gain some insight
correspond with the consumption of 6 equiv. or less, were into the glycerol transformation under the catalytic optimized
reached in the assays with higher sulfoxide:glycerol molar ratios. conditions, different NMR assays were designed. First, we
s These results imply that, if one equivalent of glycerol is able to 25 performed the reaction of DMSO-dg (6 equiv.) with glycerol (1
reduce 6 equiv. of sulfoxide, this equivalent of glycerol should be equiv.) at 170 °C and after 17 h we could observe in the *C-
transformed in 2 equiv. of CO, and one equivalent of formic acid NMR spectrum the formation of formic acid as main product as
to balance the redox reaction (Scheme 4). well as minor amounts of glycerol remaining.”® Reactions

lowering the ratio DMSO-dg:glycerol were also conducted either

o M((); ;C;]zéi;:)f)z 30 at 170 °C or at 200 °C and their *C-NMR were measured. In all
p—ToI/S\p—ToI+ HO/\/\ OH T mc pol /S\p-Tol these ‘spectra, even when us1gg an equlmolecul'ar ratio of
OH Mesitylene (0.5 M) sulfoxide and glycerol, we essentially observed the signals of the
formic acid and glycerol.>® These results suggest that, under the
ratio sulfoxideglycerol conversion (9 h) reaction conditions, the primary oxidation products generated
11 100% 35 from glycerol are further oxidized by the sulfoxide and that these
&1 100% secondary oxidations are favoured over the glycerol oxidation.
61 100% To check these hypothesis we carried out the deoxygenation of
;1 ;23: bis(p-tolyl)sulfoxide gsing as reducing ag.ent several f)f tbe
12:1 8% compounds proposed in Figure 1. These reactions, summarized in
’ 40 Table 3, were conducted under microwave heating, at either 180
¥ [Mo] s /o or 230“’C, but Yarying the molar rat.io sulfoxifi?:reductant in orQer
6R1/S\R2+ HO/\/\OH — 6RY T TR2+2CO, + < +3H0 to get information about the reduction capability of each species.
OH OH Thus, equimolecular  reactions of  sulfoxide  with
10 Scheme 4 Mo-catalyzed oxidation of glycerol with bis(p-tolyl)sulfoxide. dihidroxyacetone, tartronic acid, glycolaldehyde, glycolic acid

4

by

and glyoxylic acid occurred to full conversion and high yield
either at 180 or 230 °C (entries 4, 7, 8, 11, 12, 15, 16, 19, 20 and
23). These results confirm that these compounds, likely generated
in the glycerol oxidation, are also able to reduce the sulfoxide to
the corresponding sulfide in the presence of the molybdenum
catalyst and, additionally, that these compounds have a higher
reducing power than glycerol, whose reaction at 180 °C gave only
50% conversion (entry 3). Notably, dihidroxyacetone, tartronic
acid, glycolaldehyde, glycolic acid and glyoxylic acid could
reduce the number of equivalents of sulfoxide required to be
completely converted into formic acid and CO, (entries 5, 6, 9,
10, 13, 14, 17, 18, 21 and 22) thus suggesting the plausible
intermediacy of these compounds during the deoxygenation
process of sulfoxides by glycerol.

On the contrary, moderate to low conversions were achieved,
e even at extended reaction times, in analogous experiments
conducted with glyoxal, oxalic acid, and formaldehyde as
reductants (entries 24 and 26-30). These data reveal that, most

The glycerol oxidation is a complex process which could
involve different pathways and furnish several oxidation products
(Figure 1). The complete transformation of 6 equiv. of sulfoxide

15 in the presence of just 1 equiv. of glycerol indicates that the
oxidation products formed from glycerol should be also oxidized
by the sulfoxide under the reaction conditions to finally afford
carbon dioxide and formic acid.

S

=

5.

by

dihydroxyacetone  hydroxypyruvic acid mesoxalic acid A oo
probably, these compounds are not formed in the oxidation of

oH OH oH ‘ glycerol or their derivatives under the reaction conditions.
O\)V oH How)yo"' HO OH ¢s  Finally, we also checked that formic acid was not significantly
f X o o o } oxidized by the sulfoxide under these conditions (entries 31 and
! glyceraldehyde glyceric acid tartronic acid 32), supporting the fact that this product will be the major one
L LT TT TP EET R ' after the complete reduction of the sulfoxide. It is interesting to

g 0 note that formic acid is of great interest as a chemical and

o) o L. 70 hydrogen carrier.”!

; Y\OH Y\OH o o H oH

LOH OH P 3

: oM ‘ O%\H O%\H :

1glycolaldehyde glycolic acid glyoxal

OH —> formaldehyde formic acid

O Lo '
Y%O OY&O ' CO, ' 75
OH b carbon dioxide

OH :
glyoxylic acid oxalic acid

20 Fig. 1 Possible products generated by the oxidation of glycerol.
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Table 3 Oxidation products of glycerol as reductants of sulfoxides in the
presence of MoO,Cl,(dmf),

o MoO,Cl,(dmf),
I . Reducing (2.5 mol%) s
p.-ro|/s\p.-|-0| agent Toluene (1 mL) p-Tol p-Tol
(n equiv.) MW, T, t
Entry Reducing agent nequiv. T (°C) Time (min) Yield® (%)
1 OH 1 230 5 91 (100)
2 HO\)VOH 6 230 5 93 (100)
3 glycerol 1 180 5 (50)°
4 o 1 230 5 92 (100)
5 4 230 10 94 (100)
HO OH
6 _ % 5 230 20 (86)°
dihydroxyacetone
7 1 180 5 97 (100)
8 OH 1 230 5 93 (100)
9 HOWOH 3 230 5 97 (100)
10 4 230 5 (74)°
o o
11 tartronic acid 1 180 5 94 (100)
12° o 1 230 5 91 (100)
13° YOH 3 230 5 92 (100)
14° | H| et 4 230 20 67"
15° gheolaidenyce 180 5 93 (100)
16 o 1 230 5 96 (100)
17 YOH 3 230 5 93 (100)
18 oH 4 230 5 (73)°
19 glycolic acid 180 5 92 (100)
20 N 1 230 5 87 (100)
21 YO 2 230 10 92 (100)
22 oH 3 230 5 (65)°
23 glyoxylic acid 180 5 93 (100)
24° o H 1 230 10 (75)°
25° H§ \<o 3 230 10 @1’
26° glyoxal 1 180 10 (50)°
o) OH
27 1 230 10 (69)°
HO O
28 oxalic acid 1 180 10 (<5)
Os__H
20° Y 1 230 10 (54)
H
30° formaldehyde 1 180 5 (<5)
31 o7 “oH 1 230 5 (26)
32 formic acid 1 180 5 (18)

® Based on the starting bis(p-tolyl)sulfoxide; in brackets conversion
estimated by 'H NMR (300 MHz) from the crude reaction mixture. °
Yield not determined. © Commercially available glycolaldehyde dimmer
was used. ¢ Reactions performed with aqueous glyoxal (40%). ¢ Reactions
performed with aqueous formaldehyde (37%).

[

S

Conclusions

In summary, we have demonstrated that glycerol can be
successfully employed as a solvent and reducing agent in the Mo-
catalyzed chemoselective deoxygenation of sulfoxides.
Previously described deoxygenating agents for the reduction of
sulfoxides, such as phosphorous(Ill) reagents or silanes, have
been replaced by this widely available feedstock. The process can
be performed in air and the use of this inexpensive and green
reaction medium allows easy product isolation and catalyst
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recycling. Notably, crude glycerin, containing as less as 5-8% of
glycerol, can also be used as reducing agent. In addition, we have
shown that sulfoxides are able to convert glycerol into formic
acid, which was identified by using 'H and C NMR
spectroscopy. Overall, the results reported herein represent a new
use for glycerol as solvent and reagent for synthetic organic
chemistry, an emerging challenge leading to the revalorization of
a waste generated by the biodiesel industry.

Experimental

General procedures for the reduction of sulfoxides with
glycerol

A mixture of glycerol (921 mg, 10 equiv.), sulfoxide (1 mmol)
and MoO,Cl,y(dmf), (17 mg, 5 mol% for Method A; 9 mg, 2.5
mol% for Method B) was heated at 170 °C overnight (Method A)
or 200 °C for 2-4 h (Method B), until complete consumption of
the starting material (determined by GC-MS analysis).
Alternatively a mixture of glycerol (111 mg, 1.2 mmol), sulfoxide

30 (1 mmol) and MoO,Cl,(dm 9 mg, 2.5 mol%) in toluene (1
( ) »Cly(dmf); ( 2, ) (

mL) was irradiated in a sealed tube in the microwave cavity at
230 °C for 5 min (Method C). Whatever the reaction procedure,
the reaction mixture was cooled to room temperature and Et,O
(20 mL) and H,O (20 mL) were added. The layers were separated

;s and the aqueous layer extracted with Et,O (2 x 20 mL). The

combined organic layers were dried over anhydrous Na,SO,,
filtered, and the solvents were removed under reduced pressure.
The corresponding sulfide was obtained in almost pure form
without further purification in the yields reported in Table 2.

Procedure for the catalyst recycling process

A mixture of glycerol (92 g, 100 equiv.), bis(p-tolyl)sulfoxide
(2.3 g, 10 mmol) and MoO,Cl, (dmf) , (90 mg, 2.5 mol%) was
heated at 200 °C for 4-6 h. The reaction mixture was cooled to
100 °C and extracted with hot toluene (3 X 50 mL). The combined
organic layers were dried over anhydrous Na,SO,, filtered, and
the solvents were removed under reduced pressure. Bis(p-
tolyl)sulfide was obtained in almost pure form without further
purification in the yields reported in Scheme 2. The glycerolic
phase was reused in the next cycle.

General procedure for the reduction of sulfoxides with crude
glycerol

A mixture of crude glycerol (2.36 g, ca. 5-8% purity, ca. 2
equiv.), sulfoxide (I mmol) and MoO,Cly(dmf), (9 mg, 2.5
mol%) was heated at 200 °C for 2-7 h in an open flask until
complete consumption of the starting material (determined by
GC-MS analysis). The reaction mixture was cooled to room
temperature and Et,0 (20 mL) and H,0O (20 mL) were added. The
layers were separated and the aqueous layer extracted with Et,0
(2 x 20 mL). The combined organic layers were dried over
anhydrous Na,SQO,, filtered, and the solvents were removed under
reduced pressure. The corresponding sulfide was obtained in
almost pure form without further purification in the yields

os reported in Scheme 3.
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General procedure for the reduction of sulfoxides using
oxidation products from glycerol as reducing agents

A mixture of bis(p-tolyl)sulfoxide (230 mg, 1 mmol), the
appropriate amount of reducing agent (1-6 equiv.), and
MoO,Cly(dmf), (9 mg, 2.5 mol%) in toluene (I mL) was
irradiated in a sealed tube in the microwave cavity at 180 or 230
°C for 5 min. The reaction mixture was cooled to room
temperature and Et,O (20 mL) and H,O (20 mL) were added. The
layers were separated and the aqueous layer extracted with Et,0
(2 x 20 mL). The combined organic layers were dried over
anhydrous Na,SO,, filtered, and the solvents were removed under
reduced pressure to give bis(p-tolyl)sulfide in the conversions and
yields reported in Table 3.
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See Electronic Supporting Information for details.
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