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We report the development of a continuous flow approach for the preparation of two bio-derived mono-mer 

libraries. A small range of terpenes (ocimene, myrcene, α-terpinene, α-phellandrene, isoprene, and 

farnesene) have been used as the base set for the library, with the first library derived from a Diels–Alder 

re-action with the platform chemical maleic anhydride. The second library requires the derivatization of the 

first through a hydrogenation reaction. The potential for scale-up of both libraries has been demonstrated, 

with the Diels–Alder process delivering 10.5 grams of the product in 3 hours and the hydrogenation pro-

cess delivering 10 grams of the material in 16 hours. 
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Scheme 1 Terpene-based monomers to produce polymers. 

Introduction 
 
The conversion from fossil fuel-derived feedstocks to those derived 

from renewable resources is an ongoing pursuit with the progressive 

and evolving goal of delivering a more sus-tainable future. The 

growth of our modern society imposes increasing demands on 

depleting finite amounts of oil, gas and coal reserves, and it is 

estimated that these resources will be depleted by the end of the 

next century.
1
 At this point, bio-mass presents a significant 

opportunity as a potentially sus-tainable source of organic carbon to 

meet our societal de-mands for the production of fuels, polymers 

and other essential materials.
2
 Geared towards this change in 

feedstock supply, recent studies have demonstrated numerous 

chemi-cal transformation strategies to obtain bio-derived monomers 

and building blocks, which are of particular interest to us and this 

manuscript and some of these include polymers using terpenes as 

starting materials.
3 

 
Bio-based polymers derived from terpenes have already been the 

subject of several studies due to their relatively low cost; this 

important class of molecules is readily found in trees, flowers andd 

fruits.
4
 This class of molecules is varied in structure and may 

contain aliphatic and/or aromatic por-tions as well as C–C double 

bonds and other functional groups such as alcohols, aldehydes, 

ketones, esters and car-boxylic acids.
5
 Owing to this structural 

diversity, a range of methodologies have been developed for the 

conversion of terpene-derived monomeric units into polymeric 

materials, such as cationic polymerization,
6
 metathesis,

7
 thiol–ene 

click chemistry,
8
 condensation,

9
 copolymerization,

10
 and ring-

opening polymerization.
11 

 
In addition to the development of polymerization reac-tions, the 

conversion of terpene starting materials into 

 

 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 
monomeric units has also received attention (Scheme 1). For 

instance, Coates and Zee demonstrated the use of α-terpinene (1) in 

the [4 + 2] cycloaddition reaction with maleic anhydride to prepare 

the corresponding monomer (2), which they copolymerized with 

propylene oxide to produce al-iphatic polyesters with high glass 

transition temperatures.
12

 The use of α-phellandrene (5) was also 

explored in the latter study. Li and coworkers investigated the 

Diels–Alder reaction of myrcene (3) with maleic anhydride and 

demonstrated its use to produce vinyl ester resins (VER) in 

combination with tung oil.
13

 Mathers and coworkers demonstrated 

the use of α-phellandrene (5) and maleic anhydride to form the 

tricyclic monomer (6) by the Diels–Alder reaction, which was then 

polymerized by anhydride ring opening using diglycerol to form 

branched polyesters.
14

 Whilst the reported processes focus on 

specific terpene-derived monomers and/or polymers, our own 

studies were designed to explore the use of continu-ous flow 

processing as a tool which would permit the more rapid scale-up 

synthesis of any materials of interest. Herein we report our findings 

on continuous processing for the syn-thesis of two small monomer 

libraries derived from terpene feedstocks. 

 

 
Over the last decade, the use of continuous flow process-ing as a 

synthetic tool has started to become more common; this is partly 

attributable to several advantages that it can offer over batch 

processing (particularly at scale) such as improved heat and mass 

transfer, higher surface areas, suppressed hot spots, precise/rapid 

control of reaction pa-rameters such as residence time, temperature 

and reactant stoichiometry, and the ability to couple with in-line 

monitor-ing and analytical techniques.
15

 In the field of polymer sci-

ence, several excellent contributions have been made using 

continuous flow processes with one of the main benefits be-  
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ing cited as high productivity.
16

 Some recent approaches in-clude 

carbocationic polymerization,
17a

 organic photovoltaics by 

polycondensation,
17b,c

 RAFT polymerization,
17d–f

 ring-opening 

polymerization,
17g

 and radical polymerization.
17h

 Polypeptides 

have also been assembled under continuous flow conditions.
18 

 

Results and discussion 
 
Part 1. Synthesis of unsaturated monomers by the Diels–Alder 

reaction in the flow regime 
 
The initial evaluation of the strategy of producing monomers under 

flow conditions based on a Diels–Alder reaction started with the 

model reaction between α-terpinene (1) and maleic anhydride (7). 

Initially, parameters such as the concentration, flow rate (residence 

time), and temperature were evaluated in order to achieve the 

optimal reaction conditions (Table 1). Guided by the principles of 

green chemistry, ethyl acetate (AcOEt) was chosen as a 

recommended green solvent for this study.
19 

 
Firstly, the concentration of the reaction was evaluated. The 

initial reaction provided 20 minutes of residence time at 90 °C and 

0.25 M for combined streams afforded the Diels– Alder adduct (2) 

in 25% NMR yield (Table 1, entry 1). Increas-ing the concentration 

to 0.5 M and 1.0 M resulted in an in-crease in the observed yield to 

34 and 70%, respectively (Table 1, entries 2 and 3). Increasing the 

concentration to 2.0 M was not possible due to the solubility of 

maleic anhydride. Proceeding with a 1 M concentration, the flow 

rate and reac-tion temperature were varied next, and the highest 

yield was achieved using 0.25 mL min−
1
 at 140 °C (Table 1, entry 

7). Under these conditions, the reaction mixture had 40 min res-

idence time to achieve total conversion and delivered the de-sired 

monomer (2) in excellent yield (>95%).
20

 In order to compare batch 

and flow processes, a batch reaction using the same concentration (1 

M) and temperature (140 °C) was performed in a sealed tube. The 

difference between the flow process and the batch process for this 

Diels–Alder reaction is the three-fold longer reaction time under 

batch conditions (entry 9). Indeed, recent reports have demonstrated 

that these differences are mainly associated with the improved 

mixing and heat transfer properties of meso-scale flow reac-tors for 

Diels–Alder reactions.
21 

 

 
The optimum conditions for the model Diels–Alder reac-tion 

were then evaluated using a range of recommended green 

solvents.
19

 For all seven of the assessed solvents (Table 1), the 

yields remained at >95%, demonstrating a ro-bust process. 

 
With the optimized Diels–Alder conditions in hand, the scope of 

this transformation in flow was evaluated using a small range of 

terpene inputs. For this purpose, myrcene (3), α-phellandrene (5), 

ocimene (8), isoprene (9), farnesene (10) and non-terpene 1,3-

cyclohexadiene (11) were investigated with ethyl acetate as the 

solvent. In this event, we were pleased to find that no blockage 

occurred across the sub-strate scope and isolated yields up to 

quantitative could be 
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Table 1  Optimization of the continuous-flow Diels–Alder reaction be- Table 2  Scope of monomers obtained by Diels–Alder reactions using 

tween α-terpinene (1) and maleic anhydride (7) using AcOEt as a reaction various terpenes in flow and scale-up experiment 

solvent 
  

  
    
 
 
 

 

        Entrya 
Terpene Productb 

           

       

1 
  

 C Flow r.t. T Conv
a 

Yield
b 

  

Entry (mol L−1) (mL min−1) (min) (°C) (%) (%)     
1 0.25 0.5 20 90 27 25     
2 0.5 0.5 20 90 36 34   α-Terpinene (1) 2, 95% 

3 1 0.5 20 90 73 70 2   

4 1 0.5 20 110 80 76 
  

    

5 1 0.25 40 110 95 92     

6 1 0.166 60 110 98 93     

7 1 0.25 40 140 100 >95   
Myrcene (3) 

4, 93% 
8 1 0.33 30 140 97 93    

3 
  

c 

1 Batch 120 140 100 >95 
  

9     

         α-Phellandrene (5) 6, 91% 
          

       4    

 

 

a Conversion was determined by GC-MS. b Yields were determined by 

1H NMR using 1,3,5-trimethoxybenzene as the internal standard.  
c Batch conditions: α-terpinene solution in 1 M using AcOEt in a sealed tube 
at 140 °C.  
 

 

achieved; the results are presented in Table 2. For all the terpenes 

addressed in flow, there was no requirement for reoptimization of 

the reaction conditions. The ocimene-derived monomer (12) 

presented the lowest yield (86%), at-tributable to the purity of the 

input; the commercially sup-plied material is a mixture of isomers 

in 90% purity (cis/ trans-β-ocimene) along with 10% of other 

terpenes such as limonene and carene. 

 
We were also pleased to find that the reaction could be readily 

scaled by simply switching the system from a seg-mented mode, 

using loading loops, to a continuous process-ing set-up capable of 

delivering 10.6 grams of the Diels–Alder adduct 2 (95% isolated 

yield) within 3 hours of processing translating to a productivity of 

15 mmol h−
1
 (3.54 g h−

1
). The result is presented in Table 2. 

 
 

 
Part 2. Synthesis of saturated monomers by sequential Diels– 

Alder/hydrogenation reactions in flow 
 
For the second monomer library, we turned our attention to 

hydrogenation of unsaturated monomers using heteroge-neous 

catalysts in flow. Indeed, heterogeneous catalysis has been well 

studied in mesoscale flow chemistry.
22

 Several ad-vantages are 

listed for heterogeneous flow methodologies, some of which include 

recyclability, ease of handling and im-proved safety.
22

 In the flow 

process, the combination of 

Ocimene (8) 12, 86%  

5   
Isoprene (9)  

 
13, 99%  

6  
 

 
Farnesene (10) 14, 99%  

7   
Non-terpene,  

1,3-cyclohexadiene (11) 15, 99%  
 
 
 
 
 
 
 

 
a Flow reaction conditions: terpene (2 M in AcOEt) and maleic anhydride 
(2.2 M in AcOEt) were located in loops of 1 mL. A flow rate of 0.25 mL 

min−1 was used at 140 °C, providing a residence time of 40 min. b Isolated 

yields. c Terpinene and maleic anhydride were directly pumped from the 
flask solution.  
 
 

 
immobilized metal catalysts and hydrogen gas as the hydro-gen 

source is the most common methodology for hydrogena-tion 

protocols. When gas–liquid–solid triphasic reactions take place in 

these systems, due to the high surface area of the microchannels, the 

diffusion and interaction among gas– 

 

 
 



 

 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
liquid–solid reagents are very efficient and not attainable in 

traditional batch processes (100-fold greater than batch).
23

 As part 

of a recent development, tube-in-tube gas–liquid flow re-actors 

have been widely used for mesoscale applications. This technology 

was introduced by Ley and O'Brien et al., the reactor consists of two 

concentric tubes in which pressurized gas permeates through a 

semipermeable Teflon AF-2400 membrane and a broad range of 

gases have been investi-gated.
24

 Some recent protocols using this 

tube-in-tube reactor include ozonolysis of alkenes,
25

 carboxylation 

of Grignard reagents,
26

 methoxycarboxylation,
27

 

dimethylaminocarbonyla-tion,
28

 hydroformylation,
29

 Glaser–Hay 

coupling,
30

 oxidative nitro-Mannich reactions,
31

 Wacker 

oxidation,
32

 synthesis of isoĲthio)ureas,
33

 synthesis of pyrroles,
34

 

asymmetric hydroge-nation
35

 and the scaled-up synthesis of the 

anti-inflammatory compound fanetizole.
36 

 
A range of heterogeneous metals was screened under batch 

conditions initially, to screen for the most selective and highest 

yielding catalyst for the effective alkene reduc-tion of the D–A 

adduct (13) (see Table S1 of the ESI† for more details). It was 

found that palladium on carbon (Pd/C) pro-vided the best selectivity 

(99%) and yield (99%) for hydroge-nation in the batch process 

using a hydrogen gas cylinder as the hydrogen source. Amongst the 

undesired reactions for other metal catalysts was the ring opening of 

the anhydride to form diacid products. With this preliminary steer 

on the optimum catalyst, a glass column was packed with Pd/C and, 

initially, single-pass experiments were conducted under flow 

conditions (Table 3). 

 
Notably, at 1 M concentration in alkene, single-pass hydro-

genation reactions were ineffective (Table 3). Increasing the 

pressure of hydrogen gas from 5 to 15 bar resulted in a con-version 

increase from 2 to 10% (Table 3, entries 1–3) and heating the glass 

column to 70 °C led to no improvement (Table 3, entry 4). Since 

our attempts for single-pass experi-ments failed at the desired 

concentration and flow rates, we conducted a recycling experiment 

in order to achieve com- 
 

 
plete conversion to the reduced product (16). After 330 min of 

recycling the output back through the reactor using a flow rate of 

0.25 mL min−
1
, complete conversion was observed (en-try 5, Table 

3). Although disappointing, we are somewhat en-couraged that 

other studies have also had to adopt the neces-  
sary recycling strategy for flow hydrogenation protocols using Pd/C 

as the catalyst.
22,37 

Since both Diels–Alder and hydrogenation reactions were 

optimized, a sequential or multistep Diels–Alder/ hydrogenation 

protocol was evaluated in order to produce the unsaturated 

monomer library directly. For this purpose, in the first stage, the 

Diels–Alder reaction was performed at 0.25 mL min−
1
 at 140 °C 

followed by heterogeneous hydrogena-tion in the second stage. For 

the hydrogenation part of the process, the flow rate was increased to 

1 mL min−
1
 and Pd/C 5% wt was replaced with 30% wt. In this 

context, all the ter-penes were used in this set-up and the scope of 

the sequen-tial process is presented in Table 4 (further details can be 

found in Fig. S1 of the ESI†). 

 
All of the terpenes explored afforded excellent yields rang-ing 

from 80 up to 96%. Notably, the residence times for the recycling of 

the hydrogenation reaction were individually op-timized and varied 

between 80 and 510 min, as might be expected given the differing 

levels of steric hindrance around the double bonds and indeed the 

number of double bonds 
 
 

 
Table 4 Diels–Alder/hydrogenation and scale-up experiment in the flow 

regimea 
 

 
 

Table 3  Heterogeneous catalysis for the hydrogenation reaction of 

17, 96%, 

  

monomer 2 in the flow regimea 16, 95%, 18, 91%, 19, 80%, 
  

120% min 370 min 190 min 550 min   
      

 
 
 
 
 

 

Entry Temperature (°C) Residence time (min) H2 (bar) Convb (%)   
1c 

r.t 4 5 2 

2c r.t 4 10 5 

3c r.t 4 15 10 

4c 70 4 15 4 

5d 
r.t 330 15 100 

 
a Column details: glass column (6.6 mm i.d. × 50.0 mm length)  
packed  with  750  mg  of  Pd/C  (5%  wt),  void  volume  ca.  1  mL. 
b Conversion was determined by GC-MS. c Single-pass experiment. d 

Reaction recycled through the system. 

 
 
 

 
 

20, 96%, 160 min 21, 96%, 340 min 22, 94%, 150 min 
  
 
 
 
 
 
 
 
 

 
a Column details: glass column (6.6 mm i.d. × 50.0 mm length) packed with 
750 mg of Pd/C (30% wt), void volume ca. 1 mL. 

 

 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

. 

 
 

 
present. For example, the monomers derived from myrcene (4), 

ocimene (12) and farnesene (14) present higher numbers of 

reducible bonds and correspondingly higher reaction times for the 

reduction to be complete (Table 4).  
The reuse and reliability of the Pd/C hydrogenation cata-lyst 

were evaluated (leaching was not evidenced, see the ESI† for 

details), by comparing the performance against the benchmark 

hydrogenation of monomer 2 (from α-terpinene). The benchmark 

optimal conditions afforded the reduced product 16 in 95% yield, 

and the same catalyst column was then used to optimize the 

hydrogenation of all other sub-strates before finally repeating the 

original benchmark and finding that the reaction time required for 

complete conver-sion remained the same (120 min). 

 
Finally, we investigated the scale-up performance of the 

hydrogenation reaction of monomer 2 in flow. A stock solu-tion 

containing 10 g of monomer 2 (43 mmol) was recirculated through 

the tube-in-tube reactor; a recirculating time of 16 hours was 

required for complete hydrogenation and afforded the hydrogenated 

monomer 16 (43 mmol, 10.15  
g) in 95% isolated yield after simple removal of the solvent  

by evaporation. Fig. S2 (ESI†) shows a comparison between the 
1
H 

NMR spectra of the isolated monomer 16 and that which was 

obtained from the crude reaction mixture of the scale-up 

experiment. Notably, there is a great similarity be-tween the spectra, 

which have just an additional peak at 3 ppm attributable to succinic 

anhydride, the reduced form of maleic anhydride used in molar 

excess (1.1 equivalents) for the Diels–Alder reaction. 

 

 

Conclusions & outlook 
 
In conclusion, we have developed a continuous flow process for the 

preparation of monomer libraries derived from renew-able terpene 

feedstocks. The first library is secured through a Diels–Alder 

reaction which can be conducted in continuous flow. The second 

library is derived through the exhaustive hy-drogenation of the 

alkenes present in the first library. The hy-drogenation is achieved 

through the use of a Teflon AF-2400 tube-in-tube reactor and a 

Pd/C catalyst column in a recycle flow (or semi-batch) process. 

Notably, both of these processes can deliver multiple grams of the 

monomer units by simply by-passing the use of loading loops. 

Although the monomer li-braries that have been demonstrated here 

are small in size, the gamut of polymerization reactions available to 

explore with them is encouraging (especially library 1 with two 

functional handles). For instance, compared to polymers containing 

acy-clic monomer units, it is known that polymers formed from 

monomers with bicyclic rings can offer superior mechanical 

properties,
38

 higher degrees of optical clarity
39

 and higher Tg 

values.
40

 Exploring continuous flow polymerization processes with 

these monomers is ongoing in our laboratory. 
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