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Abstract

Limonene can be efficiently and selectively oxidized by dioxygen at 60—80°C in glacial acetic acid containing LiCl, in
the presence of the PdCl,~CuCl, catalytic combination, giving rise to the formation of frans-carveyl acetate as the major
product. Several concurrent transformations of limonene occur in the reaction solutions, i.c., isomerization, acetic acid
addition, and allylic oxidation. The effect of the reaction variables on the product distribution and reaction rate has been
studied. The most favorable conditions for the carveyl acetate synthesis have been found. The reactions of o-pinene and
B-pinene under the same conditions yield a mixture of carveyl acetate, a-terpenyl acetate, bornyl chloride, and fenchyl
chloride. The activity of the Pd(OAc),~-LiNO, combination in the oxidation of limonene, a-pinene, and B-pinene has also

been examined.
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1. Intreduction

Oxidative functionalization of the sufficiently
abundant monoterpenes represents a valuable
route to extend the utilization of these cheap
natural products. Some of their oxygenated
derivatives are commercially important materi-
als in pharmaceutical, perfume, and flavor
preparations [1]. Allylic acetates are useful syn-
thetic imtermediates, in particular, due to the
possibility of the selective and facile metal cat-
alyzed substitution of the acetoxy group by
other nucleophiles [2,3].

Although the reactions of olefin oxidation
catalyzed by palladium(II) complexes have been

* Corresponding author.

developed into important synthetic methods,
there is very little information in the literature
concerning their application to natural product
synthesis. It was reported [4,5] that the acetoxyl-
ation of limonene in the PdCl,~CuCl,~(LiCl)-
NaOAc/HOAc system using copper(Il) chlo-
ride as a stoichiometric oxidant yields essen-
tially trans-carveyl acetate and requires 48-72
h to reach a good yield.

The aim of the peesent stwdy was to investi-
gate the applications of the homogeneous cat-
alytic combinations ‘Pd(II) + reversible co-oxi-
dant’ for the oxidation of limonene (1), B-pinene
(2), and a-pinene (3) with dioxygen in acetic
acid solutions. As reversible co-oxidants were
used copper(Il) chloride and lithiosn nitrate. We
have found that limonene can e efficiently and
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selectively oxidized by dioxygen at 60—80°C in
glacial acetic acid containing LiCl, in the pres-
ence of the PdCl,—CuCl, catalytic combination,
resulting in trans-carveyl acetate as a major
product. It has been observed that under the
reaction conditions limonene undergoes various
transformations, i.e., isomerization, acetic acid
addition, and allylic oxidation. Efforts have been
made to study the effects of the reaction vari-
ables on both the product distribution and the
reaction rate and to find the most favorable
conditions for the allylic oxidation.

2. Experimental

All reagents were purchased from commer-
cial sources and used as received, unless other-
wise indicated. R-(+)-limonene, a-pinene, and
B-pinene were distilled before use. CuCl,-
2H,0 was dehydrated by heating. LiCl was
dried by heating. Glacial acetic acid was used as
a solvent.

The reactions were carried out in a stirred
glass reactor equipped with a sampling system
and connected to a gas burette to monitor the
oxygen uptake. The solution of the Pd(II) salt
and either LiNO; or CuCl,—-LiCl was stirred at
the reaction temperature and an oxygen pressure
of 0.1 MPa for 15 min. The olefin was added
with a syringe using a sampling system, and the
mixture was stirred for the reported time. The
progress of the reaction was monitored both by
capillary gas chromatography (GC) and by oxy-
gen uptake. The products were analyzed by GC
using a Shimadzu 14B instrument fitted with a
Carbowax 20 M capillary column and a flame
ionization detector. After separation either by
column chromatography or by extraction with a
pentane—ether (1:1) mixture, the products were
identified by NMR and GC-mass-spectroscopy
on a Hewlett-Packard MSD 5890 /Series II in-
strument. The structures of trans-carveyl ac-
etate, cis-carveyl acetate, and a-terpenyl acetate
were also confirmed by chemical methods, i.e.,
saponification reactions resulting in trans-

carveol, cis-carveol and a-terpineol, respec-
tively. "H NMR spectra were in agreement with
those reported in the literature [5-7]. NMR
spectra were obtained using a Brucker CXP-400
spectrometer with tetramethylsilane as an inter-
nal standard and CDCl, as a solvent.

3. Results and discussion

We found that the solutions of limonene in
glacial acetic acid containing PdCl,~CuCl,—
LiCl rapidly consume dioxygen at 60—80°C and
an oxygen pressure of 0.1 MPa. Several concur-
rent transformations of limonene occur in the
reaction solutions: allylic oxidation resulting in
carveyl acetate (4) and carvone (5); acetic acid
and water (which presents as a trace contami-
nant) addition to the exocyclic double bond
resulting in o-terpenyl acetate (6) and a-
terpineol (7); and isomerization yielding mainly
a-terpinolene (8) and y-terpinene (9) (Scheme
1.

The balance between the reaction pathways is
delicate. The product distribution depends
strongly on the reaction conditions and on the
reaction time. The relative amounts of the prod-
ucts of the allylic oxidation (products 4 and 5),
addition (products 6 and 7), and isomerization
(products 8 and 9) reactions vary from 70 to 95,
5 to 20, and 1 to 20%, respectively, at ca. 90%

PACL/CuCH/LiCI

HOAc, O

AcO O
+ + -+ +
4 5

6 X=0Ac 8 9
7 X=OH

Scheme 1.
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conversion of limonene (Table 1). The forma-
tion of 4 is highly stereospecific (ca. 85% trans).
The molar ratio of 4 with regard to 5 after the
most of the runs is near 10, but in some cases is
as high as 20. The ratio between the addition
products 6 and 7 is influenced by the amounts
of water in the reaction solutions. The glacial
acetic acid was used as a solvent and the com-
ponents of the catalyst were dried in order to
minimize the formation of 7. In the absence of
PdCl,, no allylic oxidation products are de-
tected, only the addition of acetic acid and
water as well as limonene isomerization are
observed. As can be seen (Table 1, run 1), the
relative amounts of the isomerization and addi-
tion products are changed with reaction time.
Judging from the data obtained, the existence of

Table 1

the equilibrium between limonene and its iso-
mers as well as between limonene and the addi-
tion products can be suggested.

The product selectivities change markedly in
the course of the reaction. Fig. 1 demonstrates
the variation of the product distribution as a
function of time during the oxidation of
limonene catalyzed by PdCl, (0.01 equiv.)—
CuCl, (0.05 equiv.) in acetic acid solutions
containing LiCl (0.8 equiv.). The products 4-9
are detected by GC, with the relative amounts
of the allylic oxidation, addition, and isomeriza-
tion products being 41, 30, and 29%, respec-
tively, at 35% conversion of limonene. At the
beginning of our work we thought that the
selectivity for the allylic oxidation was fairly
low. However, with increase in limonene con-

Oxidation of limonene with dioxygen catalyzed by PdC1,~CuCl, in acetic acid solutions ?

Run [PdCl,]1x 10 [CuCl,1x 10 [LiClI] Time

Conversion

Product distribution ® (%) Rate ¢ X 10°

(mol 17 1) (mol17") (mol1™") (h) (%) 4¢ 5 6 7 8 9 (mol1™! min™")
1 0 2 0.5 1 32 4 13 29 14 0
2 40 66 11 16 9
4 47 729 13 6
5 47 779 9 5
6 47 7709 9 5
2 1 2 0.5 3 96 87 4 4 2 2 1 68
3 1 1.5 0.6 4 93 83 5 5 3 3 1 55
4 1 1 0.7 45 96 80 6 6 2 3 2 41
5 1 0.75 0.75 55 90 72 8 7 3 8 2 32
6 1 0.5 0.8 1 50 3 11 19 4 22 8 17
6 90 61 11 8 4 9 7
7 2 0.5 0.17 1 52 7713 7 1 1 wh 41
35 90 83 12 4 " aP gt
8 1 0.5 0.19 0.5 29 73 12 7 3 5 w" 34
15 50 80 10 5 2 3wt
4 90 87 9 2 { 1 wh
9 0.5 05 0.2 2 55 73 9 13 2 2 1 24
10 025 0.5 0.2 3.5 55 71 7 13 4 3 215
11 1 0.5 0.19 1 30 74 9 7 1 7 23
12° 1 0.5 0.19 1 24 7310 9 8 15
138 1 0.5 0.19 1.5 20 72 8 10 10 1.0

 Reaction conditions: [limonene] = 1.00 mol 1~ !, 80°C, 0, (0.1 MPa).

® Determined by gas chromatography.

75-85% trans isomer.
¢ 70°C.

f 60°C.

¢ 50°C.

" Trace amounts.

The rate of oxygen consumption at 15-30% conversion of limonene.
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Fig. 1. Product distribution versus reaction time at limonene
oxidation catalyzed by PdCl,—CuCl, in acetic acid. Reaction
conditions are the same as in Table 1, run 6. Allylic oxidation
products: 4 and 5; addition products: 6 and 7. isomerization
products: 8 and 9.

version the rates of the addition and izomeriza-
tion reactions decrease rapidly. The addition
products are mainly formed at the beginning of
the reaction (approximately for 1 h) and then
their concentrations remain virtually unchanged.
The initial increase and subsequent decrease in
the concentrations of the isomerization products
with the reaction time are observed. As a result,
the selectivity for the allylic oxidation is signifi-
cantly higher at longer reaction times. In the run
presented in Fig. 1, e.g., the total selectivity for
4 and 5 increases from 41% at 35% conversion
to 72% at 90% conversion of limonene.

Our study revealed that the relative yields of
the reaction products can be regulated by varia-
tion of the concentrations of the catalyst compo-
nents. For example, a 61% selectivity for 4 is
obtained after 6 h at limonene oxidation in
acetic acid containing PdCl, (0.01 equiv.),
CuCl, (0.05 equiv.), and LiCl (0.8 equiv.) at
90% conversion of limonene (Table 1, run 6).
The addition and izomerization products are
also formed (12% and 16%, respectively). The
selectivity for the allylic oxidation products can
be significantly improved by lowering the con-
centration of the chloride ions. With 0.19 equiv.
of LiCl under the same conditions the time
reauired for 90% limonene conversion de-

creases to 4 h and the selectivity for 4 rises up
to 87%. The amounts of the addition and iso-
merization products are reduced to 3 and 1%,
respectively (Table 1, run 8). The further de-
crease in the LiCl concentration is limited by
the solubility of PdCl, and CuCl, in acetic
acid. It should be mentioned that no chloride
derivatives of limonene were detected among
the reaction products.

To find the most favorable conditions for the
allylic oxidation we investigated the effect of
the reaction variables on the product distribution
and reaction rate (Table 1). There is a first-order
dependence of the allylic oxidation rate in the
Cu concentration. The allylic oxidation rate is
also proportional to the initial concentration of
limonene in the range of 0.24 to 0.46 mol 17",
However, at higher concentrations the order with
respect to limonene is decreased and is nearly
zero in the range of 0.7 to 1.0 mol 17!, The
initial limonene concentration of ca. 1.0 mol 17!
is used in the most of the runs and the reaction
rate is nearly constant until ca. 40% of limonene
has been consumed. The effect of the reaction
variables on the reaction rate was studied at low
limonene conversions (15-25%). The rate of
the allylic oxidation depends on the Pd concen-
tration in the order of ca. 0.5, which is dis-
cussed below. The results obtained for the con-
centration ranges reported in Table 1 can be
represented by the following rate expression:
allylic oxidation rate o
[limonene]' °[Pd]*°[Cul'®. The range of the
limonene concentration is mentioned above. The
activation energy is equal to 37.2 kJ mol ™' at
the temperature between 50 and 80°C. It is
worth noting that the rate of the formation of
the addition products (6 and 7) hardly depends
on both the Cu and Pd concentrations at all, and
a kinetic study shows the orders of nearly zero.

The exocyclic double bond of limonene seems
to play a key role in the allylic oxidation of the
internal double bond. A 7-allyl Pd complex
was suggested to be a reaction intermediate,
with the coordination of the exocyclic double
bond on the same Pd atom being of a critical
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importance for the reactivity of this intermediate
[5]. It was reported [5] that carvomenthene,
synthesized from limonene by selective hydro-
genation of the exocyclic double bond, did not
undergo the allylic acetoxylation even at high
temperature. The corresponding 7-allyl Pd com-
plex 7r, was much more stable under the ace-
toxylation conditions compared to the analogous
mr-allyl complex 7r, formed from limonene. As
mentioned above, we have found that the reac-
tion rate depends on the Pd concentration in the
order of ca. 0.5. It may be explained by the
formation of less active Pd m-allyl complexes,
such as mr;, containing the second Pd atom
bound to the exocyclic double bond, with an
increase in the Pd concentration.

PdCl,

PdCl,

= 2 X

PdCl,
PACLL

T3

In the absence of PdCl,, the fast limonene
isomerization takes place in the reaction solu-
tions yielding the isomers containing two inter-
nal double bonds: mainly, 8 and 9. Anomaly
high concentrations of 8 and 9 are seen at the
beginning of the Pd-catalyzed reaction (up to

30% based on reacted limonene). However, no
products of their oxidation are detected after the
reaction, most likely, due to the low activity of
the corresponding 7-allyl Pd complexes, which
contain no terminal double bond. The isomer-
ization equilibrium at longer reaction times is
shifted towards the formation of limonene and
the concentrations of 8 and 9 decrease. Under
the optimal conditions the final amounts of 8
and 9 do not exceed 1-3% based on reacted
limonene.

The selectivity for the allylic oxidation prod-
ucts is also strongly influenced by relative con-
centrations of Pd, Cu, and chloride ions. The
comparison was made at equivalent limonene
conversions because the selectivities vary with
the reaction time. Lowering the Pd concentra-
tion, at constant concentrations of Cu and chlo-
ride ions, exerts no effect on the addition reac-
tions but decreases the rate of the allylic oxida-
tion. This leads to the increase in the relative
yields of the addition and isomerization prod-
ucts (runs 7-10, the data at ca. 50% limonene
conversion). Both the isomerization and addi-
tion processes are relatively suppressed by in-
creasing the Cu concentration, with the selectiv-
ity for 4 being significantly improved (runs
2-6, the data at ca. 90% limonene conversion).
The product distribution virtually does not de-
pend on both the initial limonene concentration
in the range of 0.24 to 1.00 mol 17! and the
reaction temperature in the range of 50 to 80°C.

Table 2 shows the product distributions and
substrate conversions at different reaction times
during the reactions of a-pinene and [B-pinene
in acetic acid solutions containing PdCl,,
CuCl,, and LiCl at an oxygen pressure of 0.1
MPa. To facilitate a comparison between the
various monoterpenes some data about the
limonene oxidation under the same conditions
are also included. A virtually complete conver-
sion of all monoterpenes was observed after 3 h
of reaction at 80°C. Limonene yields the allylic
oxidation products 4 and 5 with 95% selectivity
(run 1). In the presence of a large excess of
chloride ions, the main products formed from
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a-pinene and B-pinene, are 4 (ca. 85% trans),
6, bornyl chloride (11), and fenchyl chloride
(12) (runs 5 and 8, Scheme 2). Besides, the
products of the skeletal rearrangement of
pinenes, i.e., 1, 8, 9, and camphene (10) are
detected.

Very similar product distributions are ob-
tained regardless of whether the starting mate-
rial is a-pinene or B-pinene. For example, the
following reaction products are found after 3 h
in acetic acid containing PdCl, (0.01 equiv.),
CuCl, (0.1 equiv.), and LiCl (0.7 equiv.) at
80°C (a-pinene/B-pinene): 4 (26/25%); 6
(21/19%); 11 (29/28%); 12 (10/15%); 7
(6/3%); 1 (4/3%); 10 (2/5%); and 9 (2/2%).
GC analysis of the reaction mixture shows that
at short reaction times the rates of the isomer-
ization resulting mainly in limonene and
HCl/HOACc addition reactions resulting in 6,
11, and 12 exceed significantly the rate of the
formation of 4. The latter seems to be a product
of the allylic oxidation of the intermediary
formed limonene. In the absence of PdCl,, no

Table 2

PdCL/CuClyLiCl
HOAc, O,
2
Aw Cl ]
+ + +
OAc
~
4 6 11 12
Scheme 2.

allylic oxidation products are produced (runs 3
and 6). The selectivity for 4 increases with the
increase in the concentrations of CuCl, and
LiCL

We have also examined the activity of the
Pd(OAc),-LiNO; combination in the oxidation
of 1, 2, and 3. This system catalyzes perfectly
the oxidation of various olefins with dioxygen
[8]. The results obtained are presented in Table

Reactions of monoterpenes in acetic acid solutions containing PdCl,, CuCl, and LiCl

Run Olefin Time Conversion Product distribution 2 (%)
(h) (%) 1 2 4° 5 6 7 8 9 10 11 12

1¢ limonene 3 80 85 10 5 tr. f . f tr.

24 limonene 3 95 75 6 7 3 6 3

39¢  gopinene 04 80 19 29 wf 10 3 7 24 8
3 99 18 4 21 4 7 2 7 27 10

4¢ a-pinene 0.4 47 14 30 6 4 2 10 26 8
3 99 14 6 30 5 3 2 7 26 7

5¢ a-pinene 0.4 83 16 6 27 4 8 5 0 25 9
3 99 4 26 21 6 .t 2 2 29 10

6%  Bpinene 04 99 17 6 25 wf 8 4 5 13 22
3 99 19 tr. f 23 .t 10 tr. 6 27 15

7°¢ B-pinene 0.4 80 12 17 31 tr. f 6 2 4 18 10
3 99 16 16 wf 34 uwf 3 .t o 20 9

8¢ B-pinene 0.4 99 16 10 wf 23 8 2 5 23 13
3 99 3 25 19 3 wf 2 5 28 15

? Determined by gas chromatography.
® 75-85% trans isomer.

© Reaction conditions: [olefin] = 1.00 mol 17!, [PdCl,]= 1072 mol 17, [CuCl,]=5X 1072 mol 17, [LiCl} = 0.2 mol 17!, 0, (0.1

MPa), 80°C.

4 Reaction conditions: [olefin] = 1.00 mol 17!, [PdCl,]= 1072 mol 17!, [CuCl,]= 0.1 mol 17!, [LiCl}= 0.7 mol 17}, 0, (0.1 MPa),

80°C.
¢ [PdCl,1=0.
f Trace amounts.
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Table 3
Reactions of monoterpenes in acetic acid solutions containing
Pd(OAc), and LiNO; *

Run Olefin Conversion Product distribution ® (%)
(%)
1 limonene ¢ 4 4 (60)+ 6 (40)
2 B-pinene © 87 6 (56)+1(21)+3(7)+10(6)
+8(6)+9 (3)+4 (traces)

3 a-pinene ¢ 62 6 (66)+1(20)+10 (9)+8 (5)

* Reaction conditions: [olefin] = 1.00 mol 17, [Pd(OAc),]= 1072
mol 177, [LiNO,;]= 0.4 mol 1™, O, (0.1 MPa), 60°C, 2 h.

® Determined by gas chromatography after the runs.

“ A very slow consumption of oxygen is observed in all the runs
(lower than 0.4 X 107> mol 17! min~ ).

3. A very low limonene conversion is observed
for 2 h at 60°C and oxygen pressure of 0.1 MPa
in acetic acid containing Pd(OAc), (0.01 equiv.)
and LiNO, (0.4 equiv.). The small amounts of 4
(60%) and 6 (40%) are detected in the reaction
mixture after the run (Table 3, run 1). Rising the
reaction time to 4 h leads to no increase in the
limonene conversion and causes the formation
of a dark precipitate. The reaction with a-pinene
yields a mixture of 6 (66%), 1 (20%), 10 (9%),
and 8 (5%); and that with B-pinene a mixture of
6 (56%), 1 (21%), 3 (7%), 10 (6%), 8 (6%), 9
(3%), and trace amounts of 4. All the products
observed except 4 are due to the acid catalyzed
transformations of olefins: skeletal rearrange-
ment and acetic acid addition. A very slow
oxygen consumption is observed in all the runs
(lower than 0.4 X 10~° mol 17! min™").
Although nitrate ions readily oxidize the re-
duced Pd species in acetic acid solutions and are
reoxidized back by dioxygen, neither the oxy-
gen consumption nor the formation of the oxida-
tion products in significant amounts are ob-
served for all examined monoterpenes in the
presence of the Pd(OAc),-LiNO, combination.
Heumann and co-workers reported in [9] that no
oxidation of limonene with dioxygen occurs at
the reaction in benzene, in the presence of
PdCI(NO,}(CH,CN),, whereas some other
olefins, such as 4-vinyl-cyclohexene and nor-

bornene, give methylketones or epoxides in rea-
sonable yields. As mentioned above we found
that the rate of the allylic oxidation of limonene
catalyzed by PdCl,—CuCl, is first order in the
Cu concentration. These observations indicate
that CuCl, has a behavior far exceeding that of
a simple reoxidation agent. We suppose that one
of the specific functions of CuCl, is to assist at
the decomposition of the 7r-allyl Pd intermedi-
ate due to the formation of the bridging Pd—Cu
complexes analogous to those reported in our
previous publication [10]. The studies on the
reaction mechanism are in progress.

Acknowledgements

Financial support from the CNPq (Conselho
Nacional de Desenvolvimento Cientifico ¢ Tec-
nolégico) and the FAPEMIG (Fundag3o de Am-
paro a Pesquisa do Estado de Minas Gerais) is
gratefully acknowledged.

References

[1] W.F. Erman, Chemistry of the Monoterpenes, An Encyclope-
dic Handbook (Marcel Dekker, Inc., New York, 1985).

[2] J. Tsuji, Organic Synthesis with Palladium Compounds
(Springer Verlag, Heidelberg, 1980).

[3] RF. Heck, Palladium Reagents in Organic Synthesis
(Academic Press, New York, 1985).

[4] A. Heumann, M. Reglier and B. Waegell, Angew. Chem. Int.
Ed. Engl. 21 (1982) 366.

[S] L. El Firdoussi, A. Benharref, S. Allaoud, A. Karim, Y.
Castanet, A. Mortreux and F. Petit, J. Mol. Catal. 72 (1992)
L1-L5.

[6] A. Heuman, M. Reglier and B. Waegell, Angew. Chem.
Suppl. (1982) 922.

[71 S. Del, AP.S. Narula and J.S. Yadav, Handbook of Ter-
penoids. Monoterpenoids, Vol. 2 (CRC Press, Boca Raton,
FL, 1982).

[8] P.M. Henry, Palladium-catalyzed Oxidation of Hydrocarbons
(Reidel, Dordrecht, 1980).

[9] A. Heumann, F. Chauvet and B. Waegell, Tetrahedron Lett.
23 (1982) 2767.

[10] A.V. Karandin, E.V. Gusevskaya, V.A. Likholobov, A.G.
Stepanov and E.P. Talzi, Kinet. Katal. 31 (1990) 506.



