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Abstract 

PhI(OAc), is an effective oxidant in the acetoxylation of arenes with Pd(OAc), as catalyst. The data are most easily 

interpreted in terms of palladation bein g the step that determine.4 both the rate and the O/IN/~J selectivity, and reductive 

elimination from a PhPdW(OAcI species being the product forming step. 

Kcy~wd.v: Arenes; Acetoxylarion; Palladium acerate; rodosyl acetate; Nuclear oxidation 

The cataIytic oxidation of arenes to phenols 
or their esters via Pd(II) catalysis has been well 
studied [I -41, but none of the catalytic systems 
have proved to be sufficiently active and selec- 
tive for practical applications. Such a process 
would find numerous applications in organic 
fine chemicals synthesis. Literature precedent 
suggests that the presence of acids can be help- 
ful [5] and Henry [6] found that dichromate was 
a particularly suitable ultimate oxidant for fa- 
voring nuclear over benzylic acetoxylation. 
Eberson et al. preferred peroxydisulfate because 
it gave cleaner reactions [7-91. A large propor- 
tion of metu product was observed for toluene 
[6- I l]* anisole [7-IO] and t-butylbenzene [8- 
121. Eberson et al. ave argued that t 

selectivity pattern is the result of addition of 
Pd-Ok across a C=C bond of the arene 
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[8,9,13] but Stock ct al. have instea 
it a result of unselective aromati 

. Acetoxylation, w 
nism is believed to 
from a Pd(IV)(Ar)( 
deactivates the arene ring for further substitu- 
tion and disfavors overoxidation. The formation 
of biaryls is a common side reaction that low 
seIectivity for ac oxylation, however. 

arene coupling. ch is believed to go via 

reductive elimina 
diate, is favored by 
Lewis acids, or 

been reviewed 
studies using PhI(OAc), as the ultimate oxidant. 

GC analysis was carrird ant on ;t Varian 

3300 gas c~romato~~~h (60-m ca 
umn: methylsilicone, 0.25mm i.d., 0.25pm 



eIectors and a 4270 

studies were con- 
ewlett Packard 5890 gas chro- 

matograph (30-m capillary column; SE-30, 
0.25mm id., 0.25- thickness) equipped 
with a 5971A ma seleceive detector witk 70 
ek’ electron impact ionization. Substrates were 
used as received from Aldrich Co., Fisher Sci- 

entific Co., Matheson Coleman & I3 Manu- 

facturing Chemists, J.T. Baker Inc., allinck- 

emicals Co. and Eastman Ko- 
oducts were identified by comparison 

of reeemion times in gas chromatography and 
ass spectra wit authentic samples. Some au- 
entic samples hich are not commercially 

available were prepared by the esterificstion of 
ropriate phenols (0.2 cln’) in a tp.xture 
c anhydride (OS cm”) and pyri 

cm3). 

2.1. Generul ctcetmylfftion nl&xl 

Substrates (starting number of molts, weight 
or volume shown for each case) were 
a pressure-resistant vial with a screw c 
stated otherwise. After heating (tet 
and limes also shown for each case 
cane was added to the mixtu 
standard for a quantitative GC an 
sample (0.2 cm’) was diluted 
cm’) and excess PhI(OAc), 
The resulting filtrate was subjected to the GC 
and GC-MS analysis. 

Table I 

PhI(OAc), is a powerful oxidant that has 
been useful in a number of selective oxidation 
reactions [15]. In contrast to dichromate [6,11], 
it does not oxidize BhOAc in the absence of a 
catalyst, however, and is therefore a better sys- 
tem for detailed study. 

3.i. Betzzene 

We find that acetoxylation of benzene (Eq. 1) 

proceeds with good selectivity and rate using 
hI(OAc),, with a 75% yield based on the 

oxidant and a turnover number (TON) of 37 in 
20 h (Table 1, run 1). Unfortunately, the unde- 
sired aryl coupling product was formed with a 
TON of 1.7. 

cat. Pd(OAc), 

+ PhI(OAc), + PhOAc + Phi 
AcOH. Li 

+ AC0 (1) 
Examination of the time course of the reac- 

tion showed that acetoxylation was the exclu- 
sive initial product, but that biphenyl starts to 
form after 5 h ig. 1). After about 20 h the 
reaction stops, cause metallic palladium pre- 
cipitates. At that time, about 1.7 turnovers of 
biphenyl are pt~.,~.-;:. 

The fact that the two products are not formed 

in a constant ratio during the reaction is best 
explained if the two products are formed by 
distinct pathways, as suggested by the Stock 

Pd(ll) Catalyzd acctoxylnlion of henrune wth phcnyliod~syl acclatc ’ 

n Bcnzenc Pd(OAc), Phl(OA& AcOH Phenyl XCLIIC Biphcnyl X-C6H,0Ac h - 

(nimol) ( ~mol) (mniol) (ml) (o/r) c (TON) d (TON) d (TON) d 

I 22.4 ‘Is.4 2.21 2 7s 37 1.7 1.4 
2 II.2 227. 0 1 ._ n.07 0.X 0 
3 I I., 0 I.12 I 3.7 0 0 
4 0 0 1.12 2 < 0.6 _ 0 0 
5 44.x 43.2 2.24 0 51 27 1.4 I.1 

’ At 100 5 Z’C. li!r 20 h. 
h X=% or AcO. 

‘ Based on oxdam. 

’ Turnover number of‘ Pd. 
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Fig. I. Time-course of product formation in the W(U) catalyzed 

acetoxylation of benzene. Reaction conditions: benzene (22.4 

mmol). Pd(OAc), (45.4 pmol), Phi(QAcIz (2.24 mmol), AcOH 2 

ml, 100°C. * X = I or AcO. 

mechanism (Fig. 2). This i ea is also supporte 
by the finding that without the oxidant, the 

reaction predominantly gives iphenyl (Table 1, 
run 2). This suggests that the PbPd~~~~ 

Table 2 

Acetoxylation of a variety of arenes a 

RPdw (OA& - PhOAc + Pd(OAc), 

C442. 

PhH + Bd(OAc), -AcOH__ PhPdll OAc 

&+‘d” __p Ph.Ph + Pdo 

Fig, 2. Reaction mechanism proposed for acetoxylation of ben- 

zene using dichromate as the oxidant [ 1.6. I I, 141. 

termediate fails to reductively e iminate to form 

do so readily [16]. The 
formed on oxidation, p 

tive elimination from a PhPd(lV)OAc interme- 
diate. 

In ehe absence of the palladium catalyst, 
enyl acetate is still formed in small a 

-- 
Run Substrate Aryl acetate By-products 

immol) % 
b 

TON a.@ 0:m :p (5) b 
-_ 

I naphthalene 61 127 57.43 PhQAc ( I .O) 

(I 5.0) 
2 p-xylcne 43 90 PbOAc (I .O) 

(16.3) p-methylbenzyl acetate (I .O) 

p-methylbenzaldehyde (I 2) 
3 anisole si) 8% 4.5 51 PhOAc t I .>j 

(18.4) PhOCH2QAc ( I .O) 

iodoanisole (5.6) 

4 toluene 39 SO 43:26:1 I PhOAc(1.l) 

118.8) benzaldehyde (0.5) 

iodotoluene ( 1.3) 

5 benzene 39 78 bipbenyl(0.8) 

(22.4) X-C,H,OAc ’ (2.8) 

6d benzene 75 37 biphenyl(3.5) 

(22.4) X-C,H,OAc (2.9) 

7 phenyl acetate I5 31 42125133 I-C,H,OAc (2.8) 

(15.8) 

8 chlorobenzene 14 27 41:‘9:30 PhOAc ( I .5) 

(19.7) 

9 iodobenzene I2 23 3938123 PhOAc ( I .4) 

( 17.9) 

I 0 mesitylenc 9 I9 PhQAc ( I .7) 

( 14.4) 3,5-dimethylbrnz.aldebyde (2.0) 

iodomesitylene (6.5) 

a Arrne 2 ml. AcOH 2 ml. Pd(OAc), 22.3 + 0.9 pmol. PhI(OAc)I 3.47 mmol, IO0 5 2°C. 21 h. 

b Based on oxidant. 

’ X = I or AcO. 

’ Pd(OAc), 45.1 pmol, Phl(OAc), 2.24 mmol. 



(run 3). It does not form by a decompositio 
PhI(OAc), to phenyl acetate and IQAc (run 41, 
but probably arises via the following pathway: 

-+ PhOAc + Phi (2) 

The reaction proceeds in good yield even wit 
out acetic acid as solvent (run 51, alt 
use of this SOkmF is essentia9 with many other 

oxidants 161. 
Since tke PhI(OAc), oxidant contains an 

arene ring, we ha to consider the possibility 

that the PbOAc product is derived from the 
er than the benzene substrate. In 

AC), is only a minor contributor to 
as shown by the results of the 

reaction of 900% D C,D, under the conditions 
of run 9 of Table I mixture 

3.2. 0th :r m-mes 

‘The reaction was also studied for other arenes 
(T:lble 2). Some cases are important in showing 
the o-/m-/p-selectivity and/or in distinguish- 
ing between nuclear versus side-chain reaction. 
Tk cases of 17-xylem, ani:;olc and toluenc (run:; 
2 4) show that nuclear substitution is the ma_jor 

product, while side chain oxi ation is a very 

minor pathway. e o-/m-/p-selectivity is mn- 

usual in that 0 -substitution is slightly fa- 

vored except for the case of anisole. In a99 the 
cases but run 6, very little of the ary9 c 
products were found, perhaps because 
excess oxidant allows the PhPdQAc i 
ate to be rapidly oxidized to the propos 
intermediate. 

3.3. Additives 

Various potentia9 ligands were tried as addi- 

tives in the hope that these ml&t influence the 
ratio of acetoxylation to aryl cou 

at picolinic acid was the 
of these in suppressing biaryl formation. No 
ligand was found that favored biaryl presumably 
because the role of the ligand is to stabilize 
I’d(W) and facilitate oxidation. 

3.4. Kinerics 

The kinetics of the acetoxylation of 

were studied at 900°C. The rate is independent 
of the Phl(OAc), concentration (Fig. 3), but 
shows a first order dependence on benzene (Fig. 
4). The order in Pd(OAcjZ is 0.5 (Fig. li), 
inaplymg that the dirneric palladium salt re- 
versibly dissociates into monomers in its active 

Table 3 

Acetoxylation of bcwcne with ;1 1’ -ict> of aldltivcs J 
-. - 

Run Additive pm01 TQK for phOA< TON fbr Ph, 

I none I 5 I).86 
2 acetylncelonc 270 9.0 0.86 
3 Bu’COCHJOE I’ 11-l 7.5 0.03 
4 Bu’COCH ,COB I’ 271 7.2 < 0.02 
5 hexnlImaw_\ yl utonc 12s I-1 039 
6 hcxaflwroacc~~l :ctc,nc 270 12 0.X7 
-I picolink acid IL? I? 0. I7 
X picolinic ak:kl ?7fl 1.: 0.02 
9 2-hydroxypyri\lir :’ 126 9.4 0.42 
IO I IO-phmmthl-01 . nc 122 ?..! < 0.02 
II pyridinc 303 6.0 < 0.02 
12 

lriphenylpllosl~;ii: i oxide 219 I3 0.X2 

’ In a fksh unkr mwhrric pre?hu c. bwunc (I I rnnwl). AcOH (10 cmi). P~(OAC), ( 107 l 10 cLlll~)~). pb[(oAc), (1.8 rnmol). refluxed 
for 20-21 h. 



T. Yntwyumu. R.H. Cr&ree/Jnurnul oj’Molecuk~r Curulysis A: ClwmicullO8 (1996) 35-40 39 

0 0.5 1 1.5 

- ~ll’ht(OA~)~] 

Fig. 3. Dependence of the initial rate for the acetoxylatlon of 

benzene on the oxidant concentration. Reaction conditions: IPhHj, 

= 5.05 M, [Pd(OAc),], = 5.02 mM, solvent (acetic acid), IOO”C. 

3 h. 

-7 I.---. I 1 
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Fig. 1. The fir\.: order plots for the acetoxylation of benzene. 

Reaction Londi::ms: [PhH], = 5.14 M, [Pd(~Ac),l, = 10.4 rnM, 

[Phl(OAc),], = ‘513 hI. solvent (acetic acid), 100°C. 

-y = 7.8399 + 0.45737x R= 0.99977 

85 1 1 1 I 

2 3 4 5 

- In[Pd(OAc),] 

Fig. 5. Dependence of the observed rate constmts for the acctw- 

ylation of benzcnc on the palladium!ll) catalyst concentration. 

Reaction conditions: [PhH], = 5.13 M. [Phl(OAc), I,, = 0.5 13 M. 
solvent (acetic acid). IOO”C. 

fOi-?Tl. ata are consiste t with the mecha- 
nism of Fig. 2 with t activation as the rate 

n the results of the 
reactions with benzene and deuterated benzene 
under identical re ons, a k,,/k, 
value of 4.1 was is is consistent 

f Fig. 2 being 

icaE route can t, an 
ic isotope effe b0l-l 

breaking is rate limiting. Net palladation of the 
arene almost certainly 6 ccurs in the first step of 
the reaction but t is could go via a number of 

athways: (i) electrophilic attack 
oxidative addition followed b 
nation of AC 
metathesis. No 
by the data. We see no significant acceleration 
on going from to P 
which argues a t (il. 
uine arene oxidative additions give 
selectivity than electrophilic attack. 
addition of anisole to @p * Ii4 

e,) [17] shows an o:m:p ratio of 12:76:12, 
very different from the results obtained in typi- 
cal electrophilic actions, which are usually 

close to 60:0:30. r results for anisole, 4455 1, 

are clearly closer to the elec hilic than the 

oxidative addition pattern. In 
retical work with Siegbahn, 
metathesis has been identified as the most prob- 
able mechanism in the Shilov reaction, alkane 

y R(H), so this route is also a 

PacIz is a usefu 
zed acctoxylation of arenes, in 

s biphenyl formation T 
e this oxidant ra 

intermediate of Fig 



minimizes the side reaction. A number of mech- 
anistic alternatives have previously been consid- 
ered for this reaction. Although the identity of 
the rate determining step has been controversial 
[19]. the data obtaine to date can best be 
explained if pa~~adat~on is rate etermining. The 
o/m/p selectivity also seems most e 
piained by pailadation, rather than by 
addition across an arene C =C bond [8.9,13] or 

romatic substitution [I I], but the palla- 
thway is still not completely defined. 
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