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Catalyzed oxidation of alcohols
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via oxygen atom transfer from sulfoxidesft
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Summary — Catalytic amounts of cis-dioxomolybdenum(VI) complexes in association with sulfoxides can be used to oxidize
alcohols into carbonyl compounds. For primary alcohols, the oxidation into aldehyde is selective, no further oxidation into
carboxylic acid is observed. The oxidation is most effective for benzylic and allylic alcohols. The mechanism is shown not to
be of a Swern-type Me2SO oxidation but probably involves a hydride transfer from a coordinated alkoxide to an oxo ligand
on the Mo(VTI) thereby forming aldehyde and an Mo(IV) species, the latter being reoxidized to Mo(VI) by the sulfoxide in
an oxygen atom transfer step.
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Résumé — Oxydation d’alcools catalysée par les complexes du cis-dioxomolybdéne(VI) via un transfert d’oxygéne
provenant du sulfoxyde. Les complezes de cis-diozomolybdéne (VI) en quantités catalytiques associés d des sulfoxydes peuvent
étre utilisés pour Uozydation des alcools en composés carbonyles. Pour les alcools primaires, lozydation en aldéhyde est
sélective et ne conduit pas a Uacide carbozylique. Les meilleurs résultats sont observés pour les alcools allyliques et benzyliques.
Le mécanisme réactionnel n’est pas du type Swern mais implique probablement un transfert d’hydrure de Ualcoolate coordiné
au ligand ozo du molybdéne (VI). Le molybdéne (IV), formé dans le milieu, peut étre réoxydé par le sulfoxyde via un transfert

d’ozygéne.
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Introduction

Oxidation of alcohols is one of the fundamental trans-
formations in organic synthesis, and various stoichio-
metric reactions using transition-metal-oxo complexes
are well known. The most frequently used reagents are a
series of modified chromate species, MnOy, V205 and,
more recently, high oxidation state Ru complexes [1].
For several reasons (eg, economic, environmental), the
development of catalytic processes for alcohol oxidation
is an important goal, and would be particularly useful
if Oy could be used as the oxidant. During the course
of our studies [2] on the catalyzed rearrangement of
allylic and propargylic alcohols with molybdenum(VI)
catalysts, we found that dioxomolybdenum(VI) com-
plexes such as MoO2(OBut); could also oxidize primary
and secondary alcohol functions and that the reaction
could be made catalytic in presence of excess MeySO.
Subsequently, we found that the inexpensive and easily
accessible MoOz(acac)s could be used as the catalyst
precursor (acac = acetylacetonate). We report here our
preliminary results on the catalytic oxidation of var-

ious alcohols using sulfoxides as the oxidizing source
(scheme 1) and compare the efficiency of these molyb-
denum catalysts when amine oxides are used as the ox-
idants.

RR'CHOH + R»SO
MoO;(acac)2 (5% mol)

RR/'C=0 + H,0 + RsS
solvent, 100 °C, MS 4 A

Scheme 1

Results and discussion

The catalytic oxidation of various alcohols (20 equiv)
was generally carried out using the MoOs(acac)y cata-
lyst (1 equiv) [3] in presence of the sulfoxide (40 equiv)
in toluene or 1,2-dichlorobenzene solution except in the
studies involving MesSO, where Me2SO was used both
as oxidant and solvent. The results are presented [4]
in table I and figure 1. We initially anticipated that the
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Table I. Catalytic oxidation of various alcohols using MoO2z(acac)2 /R2S=0 system?.

Entry Substrate Ozidant® Time (h) Product® Yield  Unreacted substrate
1 )\/\OH MexSO 7 /K/QO 99 0
2 QOH Me;SO 8 <;:—>:o 98 0
3 PhCH,OH Me2SO 10 PhCHO 38 61
4 t-BuCH,0H Me,SO 5¢ ¢-BuCHO 42 58

?

OH MesSO + 1 equiv HY

H Me2SO + 1 equiv HY

¥

7 PhCH;0H MeSO + 1 equiv H
8 PhCH2OH Ph,;SO
9 PhCH2;OH PhySO + 1 equiv HY
10 PhCH(OH)Me Ph,SO
11 HOX/ MezSO
OH
13 Ph,SO + 1 equiv HY

3 )MO 82 12
1 <;:>=O 51 12¢

10 PhCHO 98 1

15 PhCHO 97 1

5f PhCHO 99 0

10° PhC(O)Me 50 50

10 )\/§ o 258 75
cHo °

5 o) '—\ 45
18"
<:>:o 20 20/

104

& Conditions: MoOz(acac)z (1 equiv), substrate (20 equiv), 100 °C. ® Me2SO used as solvent and cooxidant; PheSO
used as 40 equiv in toluene; HT is p-TsOH (1 equiv). ¢ Yield in carbonyl product, in % (GC-determination). 9 140 °C.
¢ Formation of cyclohexene by GC-MS analysis. f MS 4 A added. & Via oxidation after prior isomerization of the tertiary
into the primary allylic alcohol. b Isomerization of propargylic alcohol. ! 0-Dichlorobenzene used as solvent. | Formation

of cyclohexene and dicyclohexyl ether (GC-MS analysis).

PhCHO (%)

Time (h)

Conditions: MoOgz(acac)2 (1 equiv), PhCH20H (20 equiv), oxi-
dant (40 equiv), p-TsOH (1 equiv), MS 4 A, toluene, 100 °C, GC
analysis.

Fig 1. Oxidation of benzy! alcohol (20 equiv) at 100 °C
catalyzed by MoOgz(acac); comparing diphenyl sulfoxide
with various amine oxide oxidants.

water formed in the reaction would cause degradation
of the molybdenum catalyst and thus molecular sieves
(MS, 4 A) were added in many of our earlier experi-
ments. Later, however, we found that this was unnec-
essary in most cases. We found that allyl and benzyl
alcohols were oxidized by Me2SO at 100 °C with nearly
total selectivity to aldehydes (entries 1-3, table I) with,
importantly, no further oxidation to acids. Aliphatic
alcohols such as neopentanol were only sluggishly ox-
idized even at higher temperatures (140 °C) but nev-
ertheless gave only the aldehyde product {entry 4). We
found that certain of these oxidations could be accel-
erated by the adddition of 1 equiv acid (p-TsOH) (eg,
entries 5-7) but often at the price of increased com-
petitive dehydration processes (entries 6, 13). Certain
other sulfoxides were found to be more effective than
Me;SO, eg, PhySO in toluene (entries 8, 9). The reac-
tion rate appears to be sensitive to the steric factors
near the alcohol functional group (entry 9). Further,
we observe that concomitant rearrangement [2c] of al-
lyl and propargylic alcohols may also take place dur-
ing the oxidation process (entries 11, 12).The chemo-
selectivity of the MoOz(acac)z/RoS=0 catalyst ap-
pears similar to the Griffith oxidation [5] system RuOj /



N-methylmorpholine-N-oxide where, for example, or-
ganic functions such as alkene, alkyne or aldehyde
groups are not oxidized. However we found that cat-
alytic oxidation of PPhs and PhSH can be carried out
with the Mo system yielding the phosphine oxide and
disulfide [6], respectively. Similar oxidations have been
also catalyzed by certain molybdenum-dioxo complexes
which were designed as synthetic models of molybdo-
enzymes [7].

Other single oxygen donor oxidants have been tried
in place of the sulfoxide, in particular N-oxides such
as tertiary amine-N-oxides, pyridine- N-oxides or azoxy
compounds. However, although these are thermodyna-
mically stronger oxidants [8] (by ca 10-15 kcal/mol)
than the sulfoxides, the N-oxides are less efficient than
the sulfoxides in this catalytic oxidation process (fig 1).
We see that in all cases that the initial rates of oxida-
tion using the N-oxides are lower than that using the
sulfoxide and that, in the case of N-methylmorpholine-
N-oxide, the catalyst also becomes readily deactivated.
Although we have not yet investigated these results in
detail, at least a part of this deactivation process seems
to involve inhibition by the product amine.

When the oxidation of PhCH;OH was carried out
using MepSO-d®, only Me,S-d® was formed, the ab-
sence of MepS-d® indicating that a Swern-type mech-
anism [9] can probably be excluded. This is, of course,
also consistent with the fact that other oxidants such
as PhoSO or amine oxides are effective in these sys-
tems but not for the Swern oxidation. Studies on the
oxidation of a series of para-substituted benzyl alcohols
(R = CHs, H, Cl, F, CF3) show no correlation with
Hammett o parameters and little variation in rate on
the substituent R. Hence benzyl radicals would appear
not to be involved in the oxidation process, a conclu-
sion which is further supported by the observation that
radical traps such as 2,4,6-tri-tert-butylphenol or duro-
quinone have no effect on the rate of oxidation. Stoichio-
metric decomposition of MoO2(OCHDCg¢Hs ), at 95 °C
as well as the catalytic oxidation of C¢HsCHDOH by
MoOs(acac)z/PhySO at 100 °C both yield the prod-
uct ratio of CgHsCHO/C¢H;CDO = 2.7. The over-
all rate of the catalytic oxidation of C¢HsCH,OH and
CeHsCD2OH in parallel experiments yield the values of
ku/kp = 1.8 with PhySO as oxidant and ky/kp = 2.6
using the system PhySO/p-TsOH. Overall these results
indicate that benzylic C-H cleavage is involved in the
rate-determining step.

We propose the following catalytic cycle (scheme 2)
for the oxidation of benzyl alcohol based on the above
observations. The first step involves the formation of an
alkoxide complex by displacement of the X (eg, acac)
ligand. Previous experiments carried out in our labora-
tory show that such exchange processes occur readily
at such electrophilic Mo(VI) centers [2]. A concerted,
two-electron hydride transfer from the C-H bond of the
alkoxo ligand to one of the oxo ligands on molybde-
num follows in a rate-determining step with formation
of benzaldehyde and a Mo(IV) species. This transfer
would result in the observed isotope effects. After liber-
ation of benzaldehyde, the Mo(IV) species can be reox-
idized by oxygen atom transfer from a coordinated sul-
foxide to reform the dioxo-Mo(VI) active species and
R2S. This last step has been studied in detail for the
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Scheme 2. Proposed catalytic cycle for PhCH;OH oxida-~
tion using MoO2(acac)z/Ph2S=0 system (X = anion). Cer-
tain apparently low coordinate species represented in this
scheme will have additional ligands such as solvent, sulfox-
ide, or alcohol which have been omitted for simplicity.

Mo(VI)/Mo(IV) chemistry involved in the model sys-
tems used to mimic oxotranferase activity of molybde-
num enzymes {10].

In conclusion this dioxomolybdenum(VI)/sulfoxide
catalytic system is capable of oxidizing alcohols selec-
tively to aldehydes and ketones apparently tolerating a
range of other functionalities. Although the activity of
this catalyst is lower than that of RuO; /NMO system,
the relative oxidation rates found for alcohols using this
Mo system (ie, allyl > benzyl >> primary) may well
find synthetic use, particularly since the price of the
catalyst is low. Furthermore, preliminary results indi-
cate that the rate of oxidation of alcohols can be greatly
enhanced by appropriate ligand substitution about the
dioxomolybdenum moiety. Surprisingly, the use of sul-
foxide as an oxygen atom transfer agent in catalytic
oxidation processes has not been fully exploited despite
the availability and low cost of MesSO. Moreover, the
product sulfide is a weakly coordinating ligand (partic-
ularly when compared with the amine resulting from
amine oxide oxidation reactions) and will not inhibit
the catalyst as the reaction proceeds. Thus if MesSO is
used as oxidant, MeS can be readily evacuated from
the reaction medium. In a future publication we will
show that sulfoxides can indeed also be used for efficient
catalytic oxidation in conjunction with other metal-oxo
complexes.
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