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Abstract: A chemoselective palladium-catalyzed
anaerobic oxidation of allylic and benzylic alcohols
using an a-bromo sulfoxide as a co-oxidant is de-
scribed for the first time. The catalyst system is
simple and has a long life because of the allowance
of phosphane ligands under the non-aerobic condi-
tions. The advantages of the described method in-
clude no overoxidation of primary alcohols to car-
boxylic acids because of the mild conditions applied,
the tolerance of oxygen-sensitive functionalities such

as a carbon-carbon double bond, an organothio
group, or a diorganoamino group and the effective
preparation of o,B-unsaturated aldehydes and ke-
tones, resulting from the oxidation of primary and
secondary allylic alcohols, since a competitive Heck
reaction with the co-oxidant does not occur.
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Introduction

The oxidation of alcohols to aldehydes and ketones is
one of the most important functional group transfor-
mations in organic synthesis."! Although many re-
agents are available to accomplish this key reaction,
most of them are required in stoichiometric quantities
and are either toxic, hazardous or both. To circum-
vent these problems, catalytic oxidation processes
based on the combination of a salt of a metal such as
V, Mo, Ru, Co, Cu, Ni or Pd and stoichiometric oxi-
dants have been devised.”) In this context, the devel-
opment of procedures that use molecular oxygen as
the sole re-oxidant has been extensively pursued for
economic and ecological reasons.**! However, there
are some persistent problems: a) the stability of metal
ligands under aerobic oxidation conditions and b)
metal aggregation and precipitation, which cause cat-
alyst decomposition with a considerable loss of cata-
lytic activity that occurs mainly under ligand-free con-
ditions. This problem is particularly important in the
case of Pd. So, although Pd is perhaps one of the
most active and versatile transition metals, it has re-
ceived comparatively little attention in oxidation
chemistry, probably because phosphanes, which are
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standard palladium ligands, are incompatible with
aerobic oxidation conditions. Nitrogen ligands have
been used with relative success, but the reaction con-
ditions must be properly fixed to avoid the easy for-
mation of Pd black. These key conditions are: a suffi-
cient oxygen partial pressure (typically 1 atm molecu-
lar oxygen) and a low molar ratio of substrate to cata-
lyst (S/C: typically 20 or less). To circumvent these
limitations, recent effort has been focused on the
preparation of dendrimers as palladium ligands.’) An-
other important point that is associated with the diffi-
culty of aerobic oxidation is the restrictions in the
type of alcohol that can be oxidized. In fact, alcohols
with oxygen-sensitive functionalities such as C=C,
—SR and —NR, are not suitable substrates. An alter-
native to the aerobic homogeneous transition metal
oxidation of alcohols is the anaerobic version.l In
this alternative, re-oxidation of the transition metal is
generally based on a non-O-containing compound.
Halogen-based co-oxidants have been used for this
purpose. This approach based in the oxidation of
Pd(0) by halogenated compounds has been applied
not only in the oxidation of alcohols but also in other
process such as the homocoupling of alkynes”! and
boronic acids'® to give diynes and symmetrical biaryls,
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respectively. Regarding the oxidation of alcohols, bro-
mobenzene was used as an effective co-oxidant in the
Pd-catalyzed transformation of secondary aliphatic
and benzylic alcohols in the corresponding carbonyl
derivatives.”) However, the application of this proto-
col to secondary o,f-unsaturated alcohols was often
disappointing, since in this case a competitive Heck
reaction took place. Substitution of bromobenzene by
the more sterically-hindered halide 2-bromomesity-
lene retards the Heck reaction, and allows a much
more selective oxidation procedure. The reaction re-
quires a basic medium and the type of base is an im-
portant factor. Soft bases are preferred because aldol
condensation of the reaction product is precluded.
Palladium-catalyzed oxidations based on chlorohydro-
carbons that were used both as a solvent and a co-oxi-
dant have also been described.'” With carbon tetra-
chloride, secondary aliphatic and benzylic alcohols
were efficiently oxidized but allylic alcohols with a
double bond in a terminal position did not give the
corresponding o,B-unsaturated ketones because CCl,
readily underwent Pd-catalyzed addition to the
double bond. With 1,2-dichloroethane!!! as a co-oxi-
dant, problems were encountered in the oxidation of
primary alcohols, which gave mixtures of aldehydes
and esters (overoxidation), and with allylic alcohols
because of competing migration of the double bond.
Recently, chloroarenes!'? have been described as co-
oxidants but the procedure requires special ligands.
Despite the diverse methods that have been previous-
ly described for the palladium-catalyzed oxidation of
alcohols to aldehydes and ketones using aerobic and
anaerobic conditions, the development of more selec-
tive procedures that allow for the oxidation of pri-
mary alcohols to aldehydes without overoxidation is
needed; the efficient discrimination of diverse func-
tional groups as well as oxygen-sensitive functionali-
ties and the suppression of competitive reactions
remain challenging.

Results and Discussion

We report here our approach to the non-aerobic pal-
ladium-catalyzed oxidation of alcohols using an a-
bromo sulfoxide as a co-oxidant. The procedure is
based on the hydrodebromination of the a-bromo
sulfoxide which takes place when the palladium cross-
coupling reaction!" is tried with alcohols. In this case,
an inefficiency in the formation of C—O bonds occurs
because of competing (-hydrogen elimination from
the complex Ln,Pd[PhS(O)CH,](OR). Subsequent re-
ductive elimination leads to the hydrodebromination
product (PhSOCHj;) (Scheme 1).

First, we tested if the uncatalyzed reaction between
a-bromomethyl phenyl sulfoxide and alkoxides took
place. Although the nucleophilic substitution reaction
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L,Pd(0)

PhS(O)CH; 7/ \ PhS(O)CH,Br

L,Pd[PhS(O)CH,](H) L,Pd[PhS(O)CH,](Br)

R'R*CO »\ /R R2CHO-

L,Pd[PhS(O)CH,J(OCHR'R?)

Scheme 1. Catalytic cycle for oxidation of alcohols with a-
bromo sulfoxide as co-oxidant.

of a-bromomethyl sulfoxides with alkoxides in alco-
hol as a solvent has been described,' we proved that
this reaction does not occur in an aprotic solvent
(THF).I' Next, we performed two control experi-
ments to unequivocally prove that the a-bromo sulf-
oxide acts as a co-oxidant in the palladium-catalyzed
oxidation of alcohols. Runs were performed using 1-
indanol as a substrate and Pd(PPh;), as a catalyst [Eq.

M1

OH O
Pd/L Cat. PhS(O)CH,Br 1)
Base
THF, 65 °C

Initially, the o-bromo sulfoxide was omitted from
the reaction medium. Under these conditions, the 1-
indanol was recovered unchanged. A second control
experiment was performed to test the eventual partic-
ipation of the sulfinyl group in the oxidative catalytic
cycle. When the a-bromo sulfoxide was substituted by
methyl phenyl sulfoxide, the 1-indanol was recovered
unaffected. Thus, both experiments showed that the
catalytic cycle occurs only in the presence of the a-
bromo sulfoxide. Subsequently, we performed various
reactions to determine the appropriate reaction con-
ditions with regard to the type of base and the type of
phosphane ligand. Again, 1-indanol was used as a
prototype substrate in these runs [Eq. (1), Table 1].
Among the bases tested, K;PO, was the most suitable
(Table 1, entries 1-5). The amount of base was also
optimized. Better yields were found by using 4 equivs.
of K;PO, (Table 1, entries 1 and 6-9). The degree of
conversion in the oxidation reaction was largely de-
pendent on the palladium ligand. The catalyst gener-
ated from Pd(OAc), and the bidentate phosphane
BINAP proved to be more active in the oxidation re-
action, (Table 1, entry 8) in agreement with the re-
ported good hydride acceptor character of palladium
complexes of diphosphanes with a large bite angle.!'®!
So, the bidentate phosphane di-PHOS, with a smaller
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Table 1. Palladium-catalyzed oxidation of 1-indanol with a-
bromo sulfoxide as co-oxidant varying the bases and the cat-
alyst.

Entry Base (equivs.) Catalyst (mol %) Yield
[%]
1 K;PO, (4) Pd(PPh;),CL" 78
2 Cs,CO; (4) Pd(PPh,),CL" 66
3 K,CO, (4) Pd(PPh;),CL" 50
4 Ba(OH), (4)  Pd(PPh;),CL 47
5 Na,CO; (4) Pd(PPh;),CL" 18
6 K;PO, (3) Pd(PPh;),CL"! 66
7 K,PO, (2) Pd(PPh,),CL,[! 51
8 K;PO, (4) Pd(OAc),*/BINAP®! 89
9 K,PO, (2) Pd(OAc),"/BINAP 56
10 K,PO, (4) Pd(OAc),*/BINAP 47
11 K,PO, (4) Pd(OAc),"/diPHOS™ 37
12 K,PO, (4) Pd(OAc),/PPh, 45
13 K,PO, (4) Pd(OAc),*//PPh, 33
14 K;PO, (4) Pd(OAc),/P(o-tolyl); 33

15 K,PO, (4)
16 K,PO, (4)

B 10 mol %.
bl Ratio 1:1.
[l Ratio 1:2.
[ Ratio 1:4

Pd(OAc),™/P(cyclohexyl);? 52
Pd(OAC),/P(p-anisyl); 47

bite angle, was significantly less effective (Table 1,
entry 11). On the other hand, the catalytic system
formed by Pd(OAc), and monodentate phosphanes
such as the PPh; (Table 1, entry 12), the electron-rich
P(o-tolyl); (Table1, entry14) and P(p-anisyl);
(Table 1, entry 16) or the electron-rich and sterically
hindered PCy; (Table 1, entry 15), led also to poor re-
sults. For a given phosphane, differences were found
depending on the palladium source (Table 1, entries 1
and 12). This fact can be related to the better coordi-
nating ability of acetate to the metal, disfavouring the
creation of vacancies in the palladium sphere that are
essential for the progress of the reaction. Moreover,
the influence of halides in the oxidative addition step
should play a role.'"”? The optimal ratio of phosphane
to palladium was also tested. The rates of oxidation
were greater when a 1:1 ratio of bidentate phosphane
to palladium (Table 1, entries 8§ and 10) and a 2:1
ratio of monodentate phosphane to palladium were
used (Table 1, entries 12 and 13). Once we deter-
mined the optimal conditions for the reaction, we
tested the substrate scope of this new palladium-cata-
lyzed oxidation. Primary and secondary allylic and
benzylic alcohols that were either unsubstituted or
contained electron-donating groups at the benzene
ring reacted efficiently to afford the corresponding
carbonyl compounds in moderate to high isolated
yields (Table 2). Notably, no overoxidation of primary
alcohols to carboxylic acids was observed (Table 2,
entries 1-7)® | oxygen-sensitive functionalities such
as C=C, —SR, —NR, remained unaffected under these
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Table 2. Pd(OAc),/BINAP-catalyzed oxidation of allylic and
benzylic alcohols in basic medium (K;PO,).®

Entry Alcohol Product Yield [%]
OH IO
B >G> R
OH Q
2 o
H,CO H,CO
OH (I)
H,CO H,CO
3 91
OCH, OCH,
OH 9
H,C H;C
4 ’ Q/ 3 Q/ 55

6 ®/ ®/ 82

7 WOH O/MO 9%
OH 0

8 ()A O/\ 99

OH 0]

9 C@ @ 80
OH ]

10 98

0
S
[) The reactions were performed in THF at 65°C. Molar
equivalents of the reagents and catalyst were as follows:
ROH (1.0 mmol), PhS(O)CH,Br (1.0 mmol), K;PO,
(4.0 mmol), Pd(OAc), (10% mmol), BINAP (10%

mmol). Reaction time 12 h. Yields correspond to isolated
product

oxygen-free reactions (Table 2, entries 5 and 11) and
a,B-unsaturated aldehydes and ketones resulting from
the oxidation of primary and secondary alcohols did
not undergo competitive Heck reactions with the co-
oxidant (Table 2, entries 6, 7 and 12). Benzylic alco-
hols containing electron-withdrawing groups or che-
lating groups next to the hydroxy group and aliphatic
primary and secondary alcohols did not react under
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our standard conditions. One exception among the sa-
turated alcohols was 2-phenylcyclohexanol which un-
derwent reaction although sluggish. The slight activa-
tion can be related with the presence of an unsaturat-
ed bond close to the hydroxy group since similar ali-
phatic alcohols, without the unsaturated bonds or
with the hydroxy group far away from the unsatura-
tion, such cyclohexanol and 3-phenylcyclohexanol
were unreactive. High inter- and intramolecular che-
moselectivity was found in the oxidation of benzylic
versus aliphatic alcohols (Table 3). Indeed, the reac-

Table 3. Inter-and intramolecular selectivity in the palladium
catalyzed oxidation with a-bromo sulfoxide as co-oxidant.

Entry Alcohols Products Yield [%]
OH 0
o o "
1 + OH + 0
5«
OH 0
e e
OH
3 O NR 0
n1,2
OH 0
o o v
4 + OH + 0

©) 40

tion of a 1:1 mixture of alcohols resulted in complete
transformation of the benzylic alcohol whereas ali-
phatic alcohols remained unchanged (Table 3 entry 1).
A similar degree of selectivity was found in the oxida-
tion of the 1,5-diol: after the reaction was complete,
only the benzylic moiety was oxidized (Table 3,
entry 2). However, the catalyst does not tolerate the
presence of strongly coordinating groups closer to the
hydroxy groups and oxidation was completely inhibit-
ed for 1,2- or 1,3-diols. (Table 3, entry3). On the
other hand, only slight selectivity was observed in the
competitive oxidation of primary and secondary ben-
zylic alcohols (Table 3, entry 4).

Conclusions

In summary, our methodology constitutes a new and
highly chemoselective procedure for the oxidation of
allylic and benzylic alcohols. The anaerobic method
allows the use of phosphanes that give a long life to
the catalyst since its precipitation as palladium black
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is retarded. In addition oxygen-sensitive functionali-
ties such as C=C, —SR, —NR, remained unaffected
under these oxygen-free reactions and the mild reac-
tion conditions do not allow overoxidation of primary
alcohols to carboxylic acids. Remarkably, allylic alco-
hols that are poor substrates in the aerobic palladium-
catalyzed oxidation are oxidized in excellent yields by
our procedure. The lack of reactivity of the resulting
a,B-unsaturated aldehydes and ketones in Heck reac-
tions with the co-oxidant may be the key to the par-
ticular efficiency of our method in the oxidation of al-
lylic alcohols. Although many catalytic air oxidations
proceed more rapidly with allylic and benzylic sub-
strates, the essentially complete chemoselectivity ob-
served here is not common. The standard reagent cur-
rently used for the selective oxidation of allylic and
benzylic alcohols is manganese dioxide. While MnO,
shows excellent chemoselectivity, its use is associated
with problems such as the need for overstoichiometric
amounts of the oxidant, which results in the genera-
tion of substantial quantities of inorganic waste. In
our procedure, palladium is used in a relatively low
loading and the co-oxidant, the a-bromo sulfoxide,
can be reused by simple bromination of the sulfoxide
resulting from its reduction in the catalytic cycle. In
addition, the sulfoxide can be easily separated in the
work-up from the aldehydes or ketones obtained in
the reaction.

Experimental Section

General Methods

Proton magnetic resonance and carbon magnetic resonance
spectra were recorded at 300 MHz and 75 Hz, respectively.
Chemical shifts are reported in  ppm relative to the CHCl,
peak at 7.27 ppm (‘H) or 77.0 ppm (**C). GC analysis was
performed with an Agilent HP-5ms (30 mx250 pm x
0.25 pm) capillary column. Reactions were monitored by an-
alytical thin layer chromatography using commercial alumi-
nium sheets pre-coated (0.2 mm layer thickness) with silica
gel 60 F,s;. Product purification by flash chromatography
was performed using silica gel (230-400 mesh).

Materials

Tetrakis(triphenylphosphine)palladium and Pd(OAc), were
purchased from Johnson Matthey. 1-Phenyl-1,5-pentanediol
(Table 3, entry 2) was prepared in two steps from commer-
cial 4-benzoylbutyric acid following reported proce-
dures.*2

The commercial carbonyl compounds obtained were iden-
tified by 'H NMR and their purity was ascertained by GC
analysis of the 1:1 mixture with an authentic pure sample
giving a single peak in all the cases. (I-230—4 1-indanone;
B133-4 benzaldehyde; A8,810-7 p-anisaldehyde; 12,629-3
3,5-dimethoxybenzaldehyde; 51,805-0 3,5-dimethylbenzalde-
hyde; 22,277-1 4-(methylthio)benzaldehyde; 21,824-3 (1R)-
(—)-myrtenal; 23,996-8 trans-cinnamaldehyde; A1,070-1
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acetophenone; 42,755-1 benzophenone; 14,7834 4,4'-bis(di-
methylamino)benzophenone; C10,281-4 2-cyclohexen-1-
one). GC analysis was performed with an Agilent HP-5 ms
(30 m x 250 um x 0.25 um) capillary column heated gradually
to 340°C (from 70°C, rate 15°Cmin~!). Vector gas: He,.
Column head pressure: 7.69 psi.

Preparation of Bromomethyl Phenyl Sulfoxide'"

To a solution of methyl phenyl sulfoxide (10 mmol) and an-
hydrous pyridine (22 mmol) in dry acetonitrile (40 mL)
cooled at —40°C under an argon atmosphere was added
dropwise a solution of bromine (20 mmol) in dry acetonitrile
(20 mL) at —20°C. The mixture was stirred first at —40°C
for 1 h and then overnight at room temperature. The solvent
was evacuated in vacuum and the residue was redissolved in
dichloromethane. The organic layer was washed with
Na,S,0; (0.02 N, 30 mL), dried over anhydrous Na,SO, and
concentrated to dryness. The crude material was purified by
flash column chromatography (hexane:ethyl acetate 5:1) to
afford the sulfoxide; yield: 80%.'HNMR (-300 MHz,
CDCl;): 0=4.16-4.30 (AB, J=12.3 Hz, 2H), 7.50-7.47 (m,
2H) 7.61-7.64 (m, 3H); *CNMR (-75 MHz, CDCL,): 6=
48.8 (t), 124.7 (d), 129.2 (d), 132.0 (d), 141.5 (s); HR-MS
(EI): m/z=217.9363, calcd. for C;H,BrOS (M*): 217.9401.

1-Phenylpentane-1,5-diol (Table 3, entry2): 'HNMR
(-300 MHz, CDCl;): 6=1.80-1.20 (m, 6H), 3.56 (t, J=
5.30 Hz, 2H), 4.61 (dd, J=7.50 and 5.60 Hz, 1H), 7.30-7.20
(m, 5H);. "CNMR (-75 MHz, CDCl;): 6=22.0(t), 32.4(t),
38.7(t), 62.7(t), 74.5(d), 125.8(d), 127.5(d), 128.4(d), 144.7(s);
HR-MS (EI): m/z=180.1157, caled. for C,;H;;0, (M*):
180.1150.

5-Hydroxy-1-phenylpentan-1-one  (Table 3,  entry 2):
'"HNMR (-300 MHz, CDCl;): 6=1.80-1.20 (m, 4H), 3.00-
2.90 (m, 2H), 3.70-3.55 (m, 2H), 7.45-7.35 (m, 3H), 7.90—
7.80 (m, 2H); "CNMR (-75MHz, CDCl): 6=20.1(t),
32.2(t), 38.1(t), 62.3(t), 128.0(d), 128.5(d), 133.0(d), 136.9(s),
200.4(s); HR-MS (EI): m/z=178.0994, calcd. for C,H,0,
(M™): 178.0995.

Palladium-Catalyzed Anaerobic Oxidation of
Alcohols; General Procedure

A mixture of the appropriate alcohol (0.4 mmol), K;PO,
(339.6 mg, 1.6 mmol), Pd(OAc), (8.9 mg. 0.04 mmol) and
racemic BINAP (12.4 mg, 0.02 mmol) was loaded in a
Schlenk reaction tube. The mixture was degassed by alterna-
tive vacuum and argon purge cycles. a-Bromo sulfoxide
(86.8 mg, 0.4 mmol) and THF (4 mL) were added and the
mixture was heated at 65°C for 12 h. The reaction mixture
was taken up in ether (20 mL) and washed with a saturated
NH,CIl aqueous solution and brine. The organic phase was
dried over MgSO,, filtered, and concentrated under vacuum.
The crude product was purified by column chromatography
on silica gel to afford the corresponding carbonyl com-
pound.
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