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The Selective Conversion of D-limonene to p,α -
Dimethylstyrene 

S. A. Sanchez-Vazquez,a T. D. Sheppard,a J. R.G. Evansa and H. C. Hailesa,*  

Reaction conditions to facilitate the conversion of D-limonene selectively to p,α-
dimethylstyrene (DMS) are described, in order to subsequently produce polymeric materials 
from biomass sourced from food waste. Limonene was dehydrogenated with several palladium 
catalysts and different solvents and bases, with copper chloride as oxidant at temperatures of 
70–120 °C. Reaction conditions were identified using Pd(OAc)2 for the selective formation of 
only DMS from limonene in 2-5 hours, enabling the facile separation of DMS from unreacted 
starting material by vacuum distillation.  
 
 

Introduction 

D-Limonene 1 is the major constituent of citrus peel oil (up to 
90% of the monoterpenes present) and a renewable feedstock 
from citrus peel waste, which has production levels of 
approximately 12 Tg/annum.1 Several studies have explored the 
conversion of limonene into p-cymene 2 and other compounds 
using for example supported Pd-dehydrogenation catalysts, 
zeolite supported Pd-catalysts (Ce-promoted), heteropolyacid 
H5PMo10V2O40, silica-alumina supports, and acid activated 
clays.2–8 However, product selectivity can be a problem, for 
example when using acid-activated bentonite p-cymene was 
formed in about 15% yield together with polymeric compounds 
and non-volatile products,7 although some reaction conditions 
do lead to high yields.3,4 In other experiments, intermediates 
and isomers were formed including p-menthene and terpenoline 
3.2 Interest in the formation of p-cymene from sustainable 
feedstocks reflects its importance in many applications 
including use as a solvent or fragrance ingredient and as an 
intermediate in fine chemical synthesis.9  Further 
dehydrogenation of p-cymene produces 1-methyl-4-(2-
propenyl)benzene, p,α-dimethylstyrene 4 (DMS), which can be 
polymerized or copolymerized.10,11 

 The direct conversion of limonene 1 into DMS 4, is 
particularly attractive, and a recent report by Jaekel and co-
workers has described the use of a catalytic heterogeneous 
method using palladium (II) trifluoroacetate (Pd(OTFA)2) and 
anhydrous copper chloride (CuCl2) as an oxidant in the 
presence of 2,6-di-tert-butylpyridine (2,6-tBu2Py) as a sterically 
hindered base.12 This built upon previous reports describing the 
use of palladium(II) in endocyclic alkene dehydrogenations, 
with either maleic acid as a hydride acceptor, or dioxygen as an 
oxidant.13,14 Studies established that a heterogeneous catalytic 

system operated to generate DMS 4 in 65% yield (by GC) with 
a selectivity in favour of DMS 4 [14.3:1 ratio of 4:(2 + 3)] 
(Scheme 1). The amount of the other products 5 and 6 formed 
was not indicated (Table 1, entry 1), and it is unclear whether 
the reported yield refers to DMS alone, or the total amount of 
DMS and 2 and 3.12 Regardless, the formation of DMS 

alongside these other compounds makes the separation 
procedure more complex, and the successful purification of 
DMS was not described.  
 We are interested in the synthesis of hydrophobic polymers 
from food wastes, in particular the use of limonene to generate 
DMS 4, a strategy intended to reduce raw materials costs as the 
mineral oil price increases, while removing the conflict over 
land-use between biomass and food production. One problem to 
overcome however is that the conversion to DMS needs to be 
highly selective to achieve a facile separation from any 
remaining limonene: i.e. the formation of side-products with 
similar physical properties (b.p. at 760 mm Hg: 2 176–178 °C, 
3 183–185 °C, 4 186–189 °C, 5 182 °C, 6 173 °C) must be 
avoided. Here the successful conversion of limonene selectively 
into DMS for subsequent polymerization chemistries has been 
investigated. 
 

 

 

 
Scheme	   1.	   Conversion	   of	   D-‐limonene	   to	  DMS	  4	   and	   co-‐products	  2,	  3,	  5	   and	  6	  
(Jaekel	  et	  al).12	  

Pd(OTFA)2

2,6-tBu2Py 
CuCl2
80 oC

dry DMF

D-limonene 1 p-cymene  terpinolene      DMS     !-terpinene "-terpinene 
       2                 3                4               5               6

+ + + +
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Results and Discussion 

Initial reaction conditions and use of alternative bases 

In the previous report on the conversion of 1 to 4 and other 
compounds, the purity of the D-limonene used was not 
stipulated.12 Nevertheless, in our applications limonene of 97% 
purity was used (impurities include myrcene, α-pinene), which 
was felt to be representative of the quality considered for use on 
a larger scale for DMS production for polymer synthesis. In 
addition, this was not dried and further purified before use as 
previously indicated.12 Using the reported conditions (Scheme 
1: 2 equiv. CuCl2; 3 equiv. 2,6-tBu2Py) but on a larger scale (6-
fold), under an argon atmosphere in DMF (not anhydrous but 
with the addition of activated 4 Å molecular sieves), although a 
conversion yield of 55% was noted the selectivity was poor, 4:7 
for 4:(5 + 6) (Table 1, entry 2). The reaction was repeated using 
anhydrous DMF and base, but no molecular sieves (Table 1, 
entry 3), however 6 became the major product with poor 
selectivity towards DMS.  Using activated molecular sieves, 
and anhydrous solvent and base, the product distribution and 
yield were closer to that previously reported, with DMS as the 
major product with a selectivity of 4:1 DMS 4:(2+3+5+6), and 
6:1 4:(2+3) (Table 1, entry 4).12 This highlighted the sensitivity 
of the reaction conditions to the presence of water, indeed when 
adding water instead of base, the dehydrogenation of limonene 
was completely inhibited. When base was excluded from the 
reaction the major product was terpinolene 3 (Table 1, entry 5), 
which is consistent with the proposed mechanism by Jaekel and 
co-workers.12 A screen of several non-coordinating hindered 
bases (N,N-diisopropylethylamine, 2,2,6,6-
tetramethylpiperidine, 2,4,6-trimethylpyridine and 2,6-lutidine) 
highlighted that only the pyridines generated DMS as a single 
dehydrogenation product (1% yield; Table 1, entry 6 for 
lutidine result) and due to its lower cost 2,6-lutidine was 
selected for  further experiments.  
 With a view to increasing the amount of DMS produced 
using 2,6-tBu2Py the reaction temperature was increased to 120 
oC, which gave improved conversion yields (98%) but very 
little DMS was formed and the major product was p-cymene 2 
(Table 1, entry 7). When using 2,6-lutidine however at 120 oC, 
either in the presence or absence of molecular sieves, DMS 4 
was formed as the only product in approximately 20% yield 
(Table 1, entries 8, 9), and so these conditions were used in 
subsequent reactions. Although this yield was not high the 
reaction selectivity was excellent and will have a major impact 
on the ease of product purification. These results are also 
interesting because in previous work using Pd(OTFA)2 in 
dehydrogenation reactions of cyclohexenes, attempts to 
neutralise the acid formed using 2,6-lutidine led to a total 
inhibition of the reaction.13 

The use of different solvents and catalysts  

The use of alternative solvents were then investigated.15 In 
cyclopentyl methyl ether (CPME) only p-cymene 2 was formed 
as a single product in 30% yield (Table 2, entry 1).  
 

Table 1. Initial limonene conversions into DMS.[a] 

Entry Base[b] Total 
Conversion  

(%) 

DMS  
4 (%) 
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1[c][d] 2,6-
tBu2Py 

74.8 65.4 14.3:1  
4: 2+3 

14.3:1  
4: 2+3 

not 
given 

not 
given 

2[d][e][f] 2,6-
tBu2Py 

55 20 0 0 17 18 

3[e] 2,6-
tBu2Py 
anhyd. 

70 10 17 8 14 21 

4[e][f] 2,6-
tBu2Py 
anhyd. 

72 57 1 8 1 5 

5[e][f] - 39 11 0 26 0 2 

6[e][f] 2,6-
lutidine 
anhyd. 

1.4 1.4 0 0 0 0 

7[e][f][g] 2,6-
tBu2Py 
anhyd. 

98 1 36 34 2 25 

8[e][f][g] 2,6-
lutidine 
anhyd. 

18 18 0 0 0 0 

9[e][g] 2,6-
lutidine 
anhyd. 

22 22 0 0 0 0 

[a]Reactions were carried out in anhydrous DMF at 80 oC (unless 
indicated) for 40 h using Pd(OTFA)2 (5 mol%), CuCl2 (2 equiv.), 
2,6-tBu2Py unless indicated otherwise (3 equiv.). Product ratios 
determined by GC analysis. [b]Referred to in 12 as ‘additive’. 
[c]Results from reference 12. [d]Non-anhydrous DMF used. 
[e]Reaction performed under Ar. [f]Activated molecular sieves 4 Å 
added. [g]Reaction carried out at 120 oC. 

Another solvent with sound green credentials is 2-methyl THF 
(2-MeTHF).15 When used in the presence of molecular sieves 
only small amounts of 3 and 6 were formed, however, in the 
absence of molecular sieves 2 and 6 were formed in a much 
higher combined yield of 55% (Table 2, entries 2,3), reflecting 
problems with the second proposed dehydrogenation step under 
these conditions.12 The use of heptane resulted in no 
conversion, presumably due to the poor stability of charged 
intermediates in this apolar solvent. Alternative lower cost 
catalysts were then investigated. Palladium chloride (PdCl2) 
when used with 2,6-lutidine in DMF at 80 oC gave no 
dehydrogenation products, although in acetonitrile gave 7% of 
DMS after 4 h with no increase in yield after 12 h (Table 2, 
entry 4). Palladium acetate (Pd(OAc)2) in DMF gave DMS only 
in very low yields at 80 oC, but when the reaction temperature 
was increased to 120 oC DMS 4 only was formed in 
approximately 20% yield (Table 2, entries 5,6; Scheme 2). With 
unreacted limonene remaining, this gave a yield of >90% 
(based on remaining unreacted starting material). 

Page 3 of 6 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal	  Name	   ARTICLE	  

This	  journal	  is	  ©	  The	  Royal	  Society	  of	  Chemistry	  2012	   J.	  Name.,	  2012,	  00,	  1-‐3	  |	  3 	  

Table 2. Effect of solvent and catalyst for limonene conversions into DMS.[a] 

Entry Temp. 
(oC) 

Solvent Catalyst Total 
Conversion  

(%) 

DMS 4 
(%) 

Other 
products  

1[b] 90 CPME Pd(OTFA)2 
5 mol% 

30 0 30% 2 

2[b] 70 2-MeTHF 
anhyd. 

Pd(OTFA)2 
5 mol% 

3 0 1% 3  
2% 6 

3 70 2-MeTHF 
anhyd. 

Pd(OTFA)2 
5 mol% 

55 0 25% 2 
30% 6 

4[c] 80 CH3CN 
anhyd. 

PdCl2 
5 mol% 

7 7 0 

5[b] 80 DMF 
anhyd. 

Pd(OAc)2  5 
mol% 

2 2 0 

6 120 DMF 
anhyd. 

Pd(OAc)2  5 
mol% 

19 19 0 

7 120 DMF 
anhyd. 

Pd(OAc)2  2 
mol% 

6 5 1% 5 

8 120 DMF 
anhyd. 

Pd(OAc)2  
10 mol% 

0 0 0 

9[c,d] 120 DMF 
anhyd. 

Pd(OAc)2  5 
mol% 

11 11 0 

10[e] 120 DMF 
anhyd. 

Pd(OAc)2  
10 mol% 

39 39 0 

[a]Reactions were carried out using the catalyst, solvent and temperature 
indicated for 40 h with CuCl2 (2 equiv.), 2,6-lutidine (3 equiv.) under 
argon, unless otherwise indicated. Product ratios determined by GC 
analysis. [b]Molecular sieves 4 Å added. [c]12 h reaction. [d]Reaction 
performed under an oxygen atmosphere without CuCl2. [e]3 h with CuCl2 
(4 equiv.), 2,6-lutidine (9 equiv.) under argon. CPME: cyclopentyl methyl 
ether. 

 When the same conditions as for entry 6 (base and 
temperature) had been used with Pd(OTFA)2 (Table 1, entry 9) 
an almost identical result was observed. Further experiments 
using Pd(OAc)2 at 2 mol% and 10 mol% (Table 2, entries 7,8) 
gave less DMS or no products. The reaction was also 
performed under an oxygen atmosphere without CuCl2 (Table 
2, entry 9): 11% of DMS was produced after 9 h, with no 
further increase in yield after 12 h. The same level of 
conversion to 4 was reported previously when using 0.5 equiv. 
CuCl2 under 0.25 MPa of oxygen.12 

Reaction monitoring and further optimisations 

Using Pd(OAc)2 (5 mol%), CuCl2 (2 equiv.), 2,6-lutidine (3 
equiv.) and a reaction temperature of 120 oC the progression of 
the reaction (Scheme 2) was monitored over 40 h, which 
indicated that after 4 h the conversion was complete (approx. 
20% of DMS only). In addition there was no apparent extended 
induction period as previously reported at 80 oC, perhaps 
reflecting the use of higher reaction temperatures.12 The 
addition of more of the key reagents was investigated (Figure 
1A).  
 
 
 
 
 
 
Scheme	  2.	  Reaction	  conditions	  for	  the	  conversion	  of	  limonene	  1	  to	  DMS	  4	  used	  
in	  further	  optimisations	  (Figure	  1).	  

Figure	  1.	  Reaction	  monitoring.	  A)	  After	  4	  h	  the	  addition	  of	  CuCl2	  (2	  equiv.),	  and	  
after	  a	  further	  2	  h	  the	  addition	  of	  2,6-‐lutine	  (3	  equiv.);	  B)	  Reaction	  with	  9	  equiv.	  
2,6-‐lutidine:	   after	   4	   h	   the	   addition	   of	   another	   5	   mol%	   Pd(OAc)2,	   and	   after	   a	  
further	   2	   h	   the	   addition	   of	   more	   CuCl2	   (2	   equiv.);	   C)	   Reaction	   profile	   using	   9	  
equiv.	   2,6-‐lutidine	  with	   different	   amounts	   of	   catalyst	   (5-‐10	  mol%)	   and	   oxidant	  
CuCl2	  (4-‐6	  equiv.).	  

 
 Further addition of oxidant CuCl2 (2 equiv.) after 4 h had no 
effect, but the addition of 2,6-lutidine base (3 equiv.) led to the 
production of more DMS, increasing the overall yield to 28%. 
The role of the non-coordinating base such as 2,6-tBu2py and 
2,6-lutidine is to remove up to 4 equivalents of HCl generated 
during the reaction, and was reported previously to enhance the 
selectivity in the dehydrogenation reaction towards DMS 4. 
Here it appeared that the removal of remaining HCl, by the 
addition of >3 equivalents of 2,6-lutidine, could account for the 
improved conversion to DMS. Therefore, the reaction 
progression was then followed using initially 2,6-lutidine (9 
equiv.) and after 4 h a further 5 mol% of Pd(OAc)2 catalyst was 
added (no effect was observed), and then after a further 2 h 
more CuCl2 oxidant (2 equiv.) was added, giving DMS 4 in 
38% yield (Figure 1B). Finally, three further experiments were 
performed using: 2,6-lutidine (9 equiv.) catalyst Pd(OAc)2 (5 

A	  	  

	  

B	  

 

C 

 

 

 

Pd(OAc)2
2,6-lutidine, CuCl2

120 oC, DMF

D-limonene 1 DMS 4
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mol% as previously) and oxidant CuCl2 (4 equiv.), and with 
increased catalyst Pd(OAc)2 (10 mol%) (Table 2, entry 10) and 
oxidant CuCl2 (6 equiv.). All reactions lead to the formation of 
DMS in approximately 40% yield, but with less catalyst and 
oxidant it took 5 h, compared to 2-3 h. The increased amount of 
2,6-lutidine in the reaction as well as having a role in the 
neutralisation of HCl formed, may also help to stabilise the 
active catalytic species and prolong its lifetime. In all cases the 
selectivity of the reaction was exceptional, leading only to the 
formation of DMS 4 (with limonene starting material 
remaining).  
 Comparing the reaction profile data (Figure 1) to that in 
Table 2, where an increase in palladium catalyst Pd(OAc)2 
inhibited the reaction (entry 10), an increase in the amount of 
catalyst combined with more oxidant CuCl2 to oxidise the 
catalyst, clearly had a beneficial effect. This highlights that the 
complexity of the reaction, which involves up to 12 steps, 
makes the outcome of changing one reagent very difficult to 
predict. Nevertheless, reaction conditions have been identified 
to give a method for the conversion of limonene selectively to 
DMS 4 in 40% yield. The generation of a single 
dehydrogenated product simplifies significantly the purification 
of the reaction. Indeed, since 3 and 5 have boiling points within 
1-4 oC of DMS 4, the production of a single dehydrogenation 
product is particularly valuable. The dehydrogenation reaction 
was scaled-up (to 3 ml D-limonene) using the reaction 
conditions in Table 2, entry 10, (Scheme 2, Figure 1C) and the 
product DMS 4 readily separated by vacuum distillation in 37% 
isolated yield and >99% purity (no impurities detected). This 
method of generating DMS could be used in a recirculatory 
flow reactor, which would recycle the unconverted limonene.  

Conclusions 

In summary, improved conditions have been developed for the 
selective dehydrogenation of limonene to the monomer DMS 4 
in a highly selective procedure. By performing the reaction at 
120 oC with Pd(OAc)2 catalyst, 2,6-lutidine as a non-
coordinating base, and CuCl2 as an oxidant approx. 40% of 
DMS was formed. Notably, no products resulting from the 
isomerization of the exocyclic double bond were observed 
under these conditions. 
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Experimental 

General Experimental Details.  
Reagents were used as supplied: D-limonene (Aldrich, 97%); 
palladium(II) trifluroroacetate; palladium(II) acetate (Aldrich, 
98%);  palladium(II) chloride (Alfa Aesar, 47% of Pd); 
anhydrous copper(II) chloride (Alfa Aesar, 98%); 2,6-di-tert-
butylpyridine (Aldrich, >97%); N,N-diisopropylethylamine 

(Aldrich, >99%); 2,2,6,6-tetramethylpiperidine (Aldrich, 
>99%); 2,4,6-collidine (Aldrich, 99%), except 2,6-lutidine 
(Aldrich, >99%) which was dried with 4 Å molecular sieves for 
18 h prior to use. Solvents were used as supplied: DMF (Acros, 
99.8%); DMSO (Aldrich, 99.6%), and all other solvents 
(Aldrich, 99.9%). 

Dehydrogenation of D-limonene 1 to DMS 4 

The following method was used, with the modifications 
outlined above. D-limonene (1 equiv.) was added to a stirred 
solution of PdX2 (catalyst,  5 mol%), CuCl2 (2 equiv.) and base 
(3 equiv.), unless indicated otherwise, in anhydrous solvent. 
The reaction was heated for the time and at the temperature 
indicated. The reaction was followed by GC analysis (as 
previously described12) using a Hewlett Packard HP4890-A GC 
with a high performance capillary column HP-5 (crosslinked 
5% PH ME siloxane) (30 m × 0.32 mm × 0.25 µm), with He 
carrier gas and a flow rate of 2 ml min–1. The injector was 
operated at 250 °C in split mode (ratio 1:20). The oven was 
heated to 50 °C and then increased at 1 °C min–1 to 80 °C. 
Calibrations were performed for 1-6, with retention times of 
approximately 1 16.9 min, 2 14.8 min, 3 22.7 min, 4 24.0 min,  
5 20.3 min and 6 14.2 min. 

Scaled up reaction  

D-limonene (3.00 ml, 18.5 mmol) was added to a mixture of 
PdOAc2 (10 mol%), CuCl2 (4 equiv.), 2,6-lutidine (9 equiv.) 
and anhydrous DMF (45 ml). The reaction mixture was heated 
at 120 °C for 3 h, and DMS 4 isolated by vacuum distillation 
(30 mmHg, 80 °C) in >99% purity (0.904 g, 37%). 
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