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In the search for flexible and sustainable methods for the synthesis of macromolecular scaffolds, microflow systems exhibit

DOI: 10.1039/x0xx00000x

unrivalled qualities, as exemplified by the fine control on mass and thermal transfers. Therefore, the development of the

polymerization of a bio-based monomer under flow conditions represents a major topic in the current context. In order to

provide a system combining safer conditions and a firm grip on polymerization, we now report that the anionic

polymerization of myrcene can be finely tuned in a microflow reactor to afford low molar mass polymyrcene (PMYR). We

also showed that carbon dioxide could be trapped, with a further inlet onto the telescoped flow set-up, to introduce a

carboxylic acid ending onto PMYR. In parallel, a kinetic model that can perfectly predict the outcome of the polymerization

under such flow conditions has been developed.

Introduction

In the framework of sustainable development over the last
decade, the interest of scientists towards bio-sourced materials
has become obvious, and terpene derivatives have thus been
widely studied to obtain different types of materials.1™> Due to
the presence of several double bonds in their structure,
terpenes can easily be considered as monomer substitutes for
polybutadiene, a prominent member of the commodity
polymers. Among the most interesting monomers of this family,
myrcene (owing a isoprene motif) has been polymerized by
various pathways, radical,®’ anionic,® or coordinative,® leading
to polymyrcene (PMYR) high molar mass (Mn 20000-60000)
with low dispersity (1.3<P<2.0).°-11 However, the preparation
of materials with interesting architectures and properties is
highly depending on the controlled size of the polymers (ie
oligomeric) that will be embedded. In addition, it is necessary to
introduce functional groups on these oligomers to transform
them into reactive entities able to be integrated into the
materials. Thus, the quest for a flexible and sustainable method
for the controlled polymerization of myrcene into oligomers is
a tackling challenge.

However, the sustainability of a chemical reaction/process
must be considered as a whole; if most of the concerns focus on
the substrate source and the reagents/solvents involved the
tools used to perform this transformation and the energy
consumed are as important as the other parameters. In this
sense, miniaturised reactors working in continuous flow have
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been shown to be invaluable tools to perform reactions with
excellent grip on mass and heat transfer, allowing thus to reach
high selectivity without cryogenic conditions, sometimes
unavailable under classical batch conditions.’2-14 Moreover,
such devices offer the possibility to handle and treat large
volumes of chemicals -even hazardous- without exposing the
operator.15-20 Thus, the handling of pyrophoric alkyl lithiums
can be easily done in a flow system and very selective and
challenging transformations have been reported with
incomparable results with regard to conventional batch
conditions.21-2% Such organolithium compounds are very useful
promoters of anionic polymerization and flow polymerization of
reactive petroleum-based olefins (acrylate, styrenes) has been
successfully reported by Yoshida and Nagaki.335 Along these
lines, we now report that the polymerization of myrcene (a
biobased analogue of isoprene) can be finely controlled to
afford low molar mass PMYR, with the kinetics supported by a
predictive model. As a proof of concept for the functionalization
of PMYR in an integrated flow device, we also demonstrate that
a carboxylic acid moiety can be easily introduced from CO;
(Figure 1).

CO,
n-Bui

PMYR-CO,H

myrcene
Fig. 1. Microflow synthesis of PMYR by anionic polymerization



Experimental section
General information

Chemicals. Myrcene was purchased from Sigma-Aldrich or
Acros (distilled from CaH,) and dissolved in anhydrous THF
(distilled from benzophenone/sodium) for the reaction. n-Butyl
lithium was purchased from Sigma-Aldrich or Acros as a 2.5 M
solution in hexanes and diluted to the desired title with n-
hexane (distilled from CaH,), and titrated by menthol/bipyridine
method before usage. Methanol was purchased from Sigma-
Aldrich or Acros and was used as provided. TMSCI was freshly
distilled. Carbon dioxide (CO; purity > 99.995 vol%, H,O<5 ppm)
was purchased from Linde (CO, 4.5).

Materials. Stainless steel tubing, adapters, ferrules and
connections were purchased from CIL-Cluzeau. Micromixers
were custom manufactured by MG-63 (vide infra for
schematics). Reagents were fed in the reactors with Harvard
Apparatus PHD Ultra syringe pumps, and SGE gas-tight glass
syringes.

Analytical methods. NMR analysis: The 1H and 13C NMR Spectra
were recorded on a Bruker 300 MHz spectrometer and worked
with MestReNova software, chemical shifts are given in part per
millions (ppm) relative to de residual solvent (7.26 and 77.16
respectively for CDCIls). Spectra were calibrated on residual non-
deuterated solvent peaks.

Gel Permeation Chromatography (GPC): GPC chromatograms
were recorded on a PL-GPC 50 Plus, treated with GPC offline
software. GPC was calibrated with polymethyl methacrylate
(PMMA) a pre-weighed polymer standard from Agilent.
Samples were diluted in dichloromethane and injected into the
GPC (30 °C, 1 mL/min, 2 mixed-C column).

Infrared analysis: infrared spectra were recorded on a Perkin
Elmer ATR universal sampler 100 spectrum.

Typical procedures

batch conditions. All
and moisture-free

Anionic  polymerization under
experiments were run in oxygen-
environment. Glassware was dried under vacuum using a
Schlenk line by heating the flask with a heat-gun before cycling
dry argon and vacuum. 2.6 mL of anhydrous THF is introduced
in a 50 mL-round bottom flask under inert atmosphere (Ar) and
then cooled with a 10 °C water bath. Then, 1.4 mL of hexane is
introduced and 0.19 mL of n-BuLi (2.5 M in hexanes) is
introduced under stirring. After 5 minutes, 1.4 mL of myrcene
(8 mmol) is introduced in one portion. After the time selected
(1, 2, 8 min, etc.), the reaction is quenched with a
methanol/water mixture (2:2 mL). The resulting solution is then
extracted with dichloromethane (3x10 mL), washed with water
(20 mL), dried over magnesium sulfate, and concentrated under
vacuum to afford a crude mixture, analyzed by mean of NMR.

Anionic polymerization under flow conditions. Stainless steel
reactors were dried overnight in an oven at 120 °C, before
cooling in a dessicator over silica gel under vacuum. The flow
system is composed of a first inlet containing a solution of
myrcene in THF (2 M) and a second inlet with n-BulLi solution
(0.3 M in hexanes). The solutions are passed through a first T-

shaped micromixer (stainless steel, 500 um of internal diameter
(ID)) connected to a tubular microreactor (stainless steel, 750
pm ID, 1 m length) at the desired flow rate. This microreactor is
immersed in a water bath thermostated at 10° C. The reaction
mixture then feed a second T-shaped micromixer (500 um ID)
to be quenched with methanol (flow rate 0.1 mL/min). The
guenched mixture is passed through a second tube of 300 mm
length and 750 um ID before collection in a vial containing 2 mL
of HCl 2 N (three dead volumes of reagents were run through
the system before collection to ensure reactor equilibrium,
approximately between 2 and 5 mL were collected for analysis).
The quenched mixture is extracted with dichloromethane (3 x
10 mL), washed with water (20 mL), dried over magnesium
sulfate, and concentrated under vacuum to afford a crude
mixture, analyzed by NMR.

Polymerization and functionalization with TMS under flow
conditions. The flow system is composed of a first inlet
containing a solution of myrcene in THF (2 M) and a second inlet
with n-BuLi solution (0.3 M in hexanes). The solutions are
passed through a T-shaped micromixer (stainless steel, 500 pum
of internal diameter (ID)) connected to a microreactor (stainless
steel, 750 um ID, 3 m length) at the desired flow rate. This
microreactor is immersed in a water bath thermostated at 10
°C. The resulting solution is introduced in a second T-shaped
micromixer (500 um ID) connected to a trimethylsilyl chloride
(TMSCI) inlet. The mixture is passed through a second tube of
300 cm length and 750 um ID before collection in a vial
containing 2 mL of HCI 2 N. The procedure for collection,
extraction and analysis of the sample was performed as above.
Telescoped polymerization and functionalization with CO,
under flow conditions. For the functionalization of
polymyrcene with CO; a similar system in continuous flow was
used as previously mentioned above. However, in the second
micromixer, instead of methanol, CO, gas is introduced by
connecting a gas tank to a mass flow controller (Bronkhorst
High-Tech BV). This inlet is connected to a second reactor
(Reactor 2: ID = 0.75 mm, L = 30 cm) to generate the PMYR
functionalized with a carboxyl group, before collection in a vial
containing 2 mL of HCI 2 N. The procedure for collection,
extraction and analysis of the sample was performed as above.

Results and discussion

This section describes the anionic polymerization of myrcene
under batch and flow conditions, in order to get polymyrcene
(PMYR) with finely controlled molar mass, and also to introduce
a carboxylic acid moiety on PMYR by direct carbon dioxide
incorporation.

Polymerization under batch conditions

First experiments were performed under batch conditions in a
simple flask under stirring in a thermostated bath at 10 °C as
already performed for anionic polymerization.3¢ Whereas s-BulLi
is mostly used for this purpose, n-Buli is also efficient but the
latter is much more stable in ethereal solvents in a broader
range of temperatures, preventing the competitive



decomposition of THF via reverse (3+2) cycloaddition when
non-cryogenic conditions are applied.37:38 The results of the
polymerization of myrcene into PMYR with n-BuLi (myrcene/n-

Table 1. Anionic polymerization of myrcene with n-Buli in batch at various scales.”

Buli = 17:1, providing a theoretical mass of 2316 g/mol) at
various scales (from 110 mg to 17 g) at various reaction times
are provided in Table 1.

Entry Quantity of t (min) Mn*H RMN Mn GPC b Yield (%)4 Conv. (%)¢ Mn theo/
myrcene (g) (g/mol)be (g/mol)?®
1 0.110 2 650 600 1.23 28 28 648
2 10 1050 1300 1.26 53 45 1227
3 20 2200 1850 1.19 71 95 1644
4 30 2400 1900 1.23 91 104 2107
5 1 1 970 900 1.24 20 42 463
6 2 800 950 1.14 32 35 741
7 1700 1600 1.12 61 73 1412
8 8 2330 2050 1.14 90 101 2084
9 10 2200 2800 1.24 59 95 1366
10 30 2700 3250 1.23 68 117 1574
11 60 2600 3000 1.35 65 112 1505
12 17 1 2060 2300 1.13 88 89 2038
13 10 2100 2000 1.17 92 91 2130

aperformed at 10 °C with myrcene/n-BulLi = 17:1. ® Average molecular weight. ¢ *H NMR yields are calculated by comparison of the relative intensity of CHs group of the
initiator (8 = 0.87 ppm) with that of vinyl CH of PMYR (8 = 4.75 ppm). 9 based on the mass of PMYR recovered after full removal of volatiles (including myrcene). ¢ based

on the Mn (*H NMR)/2316x100. f Theoretical Mn = yieldx2316/100.

Adding 110 mg of myrcene to a n-Buli /THF solution,
allowed to obtain increasing masses of polymer according to
reaction time (entries 1-4). Thus, quenching with methanol
after 2 min yielded an oligomer with 4 units (M = 650).
Increasing the reaction time allowed to gain mass up to 2400
after 30 min, with intermediate values M = 1050 (10 min), 2200
(20 min). It is therefore possible to finely control the
polymerization process to reach precise molar mass (Mn) value
for tailored made oligomers with a small amount of starting
materials. Increasing the amount of myrcene to 1 g afforded M
=970 after only 1 min (entry 5) and a maximum molar mass M=
2330 was obtained after 8 min (entry 8). A significant scale up
was finally performed on 17 g of myrcene. In this case, the effect
of the scale was tremendous since a single minute reaction
allowed to reach M = 2060 (entry 12). Such an effect of the
quantity of starting materials on the reaction rate can only be
attributed to an (expected) exothermic behavior of the reaction
despite the bath thermostated at 10 °C. Thus, the reaction was
reproduced in the presence of a thermal probe inside the
reaction medium: as soon as the myrcene was added to the
medium the reaction jumped from 10 to 50 °C within 2 minutes.
Regarding dispersity (D), the values obtained are regular and in
the classical range for anionic polymerization (<1.5).

From the experiments reported in Table 1, the following
conclusions can be drawn: it is possible to generate custom
made oligomers from an anionic process with a precise number
of units provided that the reaction is performed on a very small
scale (ca. 100 mg). As soon as the scale is increased, an
uncontrolled exothermic process occurs leading to a
competitive consumption of organolithium species (vide supra),
3738 with an increase in the monomer/organolithium ratio,
provoking thus a rapid and uncontrolled gain in molar mass.

Therefore, the obtaining of small oligomers in high amounts
cannot be obtained under batch conditions.

It must be noted that, for the 17 g experiment, lower final
molar masses are observed probably because n-Buli is used
directly from the commercial bottle, as provided (conversely to
the experiments performed on lower scales (0.11 and 1.0 g)
where it was dissolved prior to use), avoiding thus early
degradation of the initiator.

Polymerization under microflow conditions

Flow microreactors exhibit unique features that perfectly fit
with our purpose: the size of the reactor allows to react
extremely small quantity of monomers within a subminute
reaction time,30-3335  with expected highly positive
consequences on the precise control of the molar mass of the
PMYR. Moreover, the thermal transfers are extremely well
mastered as well avoiding the process to get out of hand. It is
also worth noting that since the reactor is working under
continuous flow, the quantity of PMYR produced is related to
the operating time of the reactor rather than on the size of the
reactor (ie under batch conditions). Thus, we implemented a
flow set-up for the anionic polymerization of myrcene, as
depicted in Figure 2.

Myrcene (2 M THF) @—_

n-BuLi (0.3 M hexane)

thermostated bath

Fig. 2. Flow polymerization of myrcene.



Our experiments were thus performed with a flow system
equipped with a stainless steel reactor composed of a T-shaped
mixer and tubing with ID = 750 um, the outlet being collected in
an aqueous acidic solution (Table 2).

Table 2. Anionic polymerization of myrcene with n-BuLi under flow conditions at various
temperatures and scales.%?

Entry T Mned Mne D Yield  Conv. Mn

(°C) 1H RMN GPC (%)e (%) theo.s
(g/mol) (g/mol)

1 10 700 650 1.27 28 30 648

2 20 1100 1000 1.23 43 47 996

3 30 1350 1050 1.18 65 58 1505
4 40 1500 1200 1.19 73 65 1690

5 50 1350 1200 1.21 58 58 1343

9 According to set-up depicted in Fig. 2. ® Myrcene/n-BuLi flow rate (mL/min) :
0.25/0.1 (68 mg/min for myrcene); tf = 75 s; L(reactor) =1 m; ID(reactor) = 0.7 mm;
[myrcene] in THF = 2 M; [n-Buli] in hexane = 0.3 M. ¢ Average molecular weight. ¢
Calculated by comparison of the relative intensity of CH3 group of the initiator (3 =
0.87 ppm) with that of vinyl CH of PMYR (3 = 4.75 ppm). € based on the mass of
PMVYR recovered after full removal of volatiles (including myrcene). fbased on the
Mn (*H NMR)/2316x100. 9 Theoretical Mn = yieldx2316/100.

The first experiments (entries 1-5, table 2) were performed
to determine the influence of the temperature at constant tf =
75 s. At this fast reaction time, a temperature of 10 °C allowed
to reach a short Mn = 700 (ie 5 monomer units) whereas 20 °C
led to Mn = 1100 (8 units) with a plateau at 30 °C with Mn =
1350 (10 units). Therefore, performing the reaction at a
temperature close to room temperature (10 to 20 °C) is energy
saving and allows fine control of the Mn of PMYR. Moreover it
avoids the competitive decomposition of THF in presence of
organolithium bases at higher temperatures.37-3°

Regarding the microstructure of PMYR obtained by anionic
polymerization, the effect of the solvent has been highlighted in
two distinct papers: Avila-Ortega reported that the reaction of
myrcene in pure benzene with s-BulLi afforded 1,4
microstructure as major isomer (85%) while Hillmeyer and Hoye
described the 3,4 isomer as major product (60%) along with 1,4
(30%) and 1,2 (10%) adducts in THF with s-BuLi (1.4 M in
hexanes).?941 An NMR comparison of the structures obtained
herein under batch and flow conditions were also performed. In
batch, it showed that the 3,4 isomer is the major adduct (57%)
along with 1,4 (33%) and 1,2 isomers (10%). In flow, the
proportion of the 3,4 isomer rises to 66% accompanied with 1,4
(22%) and 1,2 (12%). However, this is hardly assignable to the
nature of the reactor, but rather to the proportion of hexanes
in the polymerization medium. Whereas, in batch, n-BuLi was
used as provided (2.5 M in hexanes), the commercial solution
was diluted to 0.3 M for practical reasons in the flow inlet. This
results in a significant variation of the V/V percentage of
hexanes in the reaction medium (hexanes/THF): 14% (batch)
and 29% (flow) with obvious consequences on the reactivity and
selectivity.42

The influence of the residence time tf was further evaluated
at both these temperatures from t*f = 19 to 600 s by modifying

the flow rates in a fixed length reactor (L = 0.5 m; entries 1-6,
table 3). As expected, the molar mass increased according to tf
as well as to the temperature. For example, the increase goes
from Mn = 400 to 800 at 10 °C, and from 450 to 1100 at 20 °C.
By working at a precise residence time, either by varying the
flow rate or the reactor length, gave the same results. This
means that mixing (influenced by the flow rate in the mixing
zone) does not seem to be a major parameter in this reaction
between n-BulLi (in hexane) and myrcene (in THF). Probably
because an instantaneous anionic initiation of myrcene by n-
BuLi occurs even at low flow rates in our conditions (THF). Thus,
the tR can be tuned either through the flow rate or the reactor
size, indifferently. This was also confirmed by results reported
in entries 9-11. Therefore, we chose to perform final
experiments for the controlled synthesis of low-Mn PMYR at
fixed flow rate with various reactors at 10°C (entries 12-19) and
20 °C (entries 20-25). With the flow system it is therefore
possible to precisely select the number of monomer units with
Mn = 450 (tR = 19 s; entry 4) to 2100 (tf = 600 s; entry 19). It is
worth to note that such a fine t® tuning (and therefore Mn of
PMYR) is unreachable in a conventional batch reactor.

In order to confirm the living character of the
polymerization, it was decided to trap a relevant group instead
of a simple hydrogen atom. Indeed, whereas this hydrogen
should come from the methanol inlet, competitive processes
could also occur (such as deprotonation of THF) and quench the
polymerization in an early manner. For this, an inlet of TMSCI
was connected to the flow polymerization reactor (Fig. 3).

’

myrcene (2 M THF) % ;
% — @m € tusai

P

n-BulLi (0.3 M hexane) %

PMYR-TMS
Fig. 3. Assessment of living polymerization in the flow microreactor.

A representative experiment was performed with tR2 = 227
s, and the degree of functionalization was determined by H
NMR analyses by comparing the (CHs)s groups from TMS with
the CH; group from the n-Bu initiator: a 73% degree of
functionalization was measured, showing thus the living
character of this process. It should be noted that the
uncomplete functionalization of the polymer with the TMS
group is much likely due to the traces of HCl in the TMSCI
(injected neat).

From these results it can be concluded that, in a flow
system, an anionic living polymerization of myrcene can be
performed in a flow microreactor: the molar mass (Mn) of PMYR
can be modulated by adapting the residence time and the
temperature within the flow reactor, conversely to batch
polymerization which depends on the amount of material used.
Thus, a kinetic model can be of interest to better apprehend this
type of reaction under flow conditions.



Table 3. Anionic polymerization of myrcene with n-BuLi under flow conditions, different scales at 10 °C and 20 °C.”

Entry T(°C) t? (s) L (m)? Mn*H RMN Mn GPC D Yield (%)¢ Conv (%) Mn theo.9
(8/mol) < (g/mol)¢
1 10 19 0.5 400 300 1.18 10 17 231
2 38 450 400 1.44 13 19 301
3 75 800 650 1.10 26 35 602
4 20 19 0.5 450 400 1.25 18 19 416
5 38 700 600 1.25 26 30 602
6 75 1100 900 1.30 40 47 926
7 10 38 8.0 600 350 1.16 29 26 671
8 75 900 550 1.23 47 39 1088
9 10 75 0.5 800 650 1.10 26 35 602
10 1.0 700 650 1.27 28 32 648
11 8.0 850 550 1.23 47 37 1088
12 10 38 0.5 450 400 1.44 13 19 301
13 75 1.0 700 600 1.27 28 30 648
14 120 1.6 1000 850 1.33 42 43 972
15 157 2.0 1150 900 1.19 54 50 1250
16 180 2.4 1300 1050 1.16 57 56 1320
17 227 3.0 1050 1200 1.43 47 45 1088
18 302 4.0 1500 1400 1.20 69 65 1598
19 600 8.0 2100 1700 1.36 54 91 1250
20 20 38 0.5 900 600 1.25 40 39 926
21 75 1.0 1100 850 1.26 51 47 1181
22 120 1.6 1450 1050 1.36 78 63 1806
23 157 2.0 1650 1450 1.36 73 71 1690
24 180 2.4 1500 1500 1.34 78 65 1806
25 302 4.0 1700 1800 1.18 74 73 1713

9 |D(reactor) = 0.7 mm; [myrcene] in THF = 2 M; [n-BulLi] in hexane = 0.3 M; flow rates are adjusted according to t* = Vreactor/Q. © Reactor length. ¢ Average molecular
weight. ? Calculated by comparison of the relative intensity of CH3 group of the initiator (5 = 0.87 ppm) with that of vinyl CH of PMYR (8 = 4.75 ppm). € based on the mass
of PMYR recovered after full removal of volatiles (including myrcene). fbased on the Mn (*H NMR)/2316x100. 9 Theoretical Mn = yieldx2316/100.

Kinetic modeling of myrcene polymerization in continuous

flow —
Non-ideal mixing conditions could occur in batch conditions, +
e~ S ) e

decreasing the accuracy of kinetic constant evaluation. To
overcome such issue, microfluidic conditions was used to
estimate kinetic constants for myrcene polymerization. myrcene
The study of anionic myrcene polymerization in batch
conditions was performed by Gonzalez-Villa et al. in 2019. This
study was carried out in cyclohexane initiated by n-butyllithium
at different temperatures (55, 63, and 71 °C). For example, at 55
° C a propagation constant of kp = 1.24 L(1/b)/ (mol”* (1/b)*min)
was evaluated.*® The anionic polymerization myrcene follow  Fig. 4. Reaction path for the anionic polymerization of myrcene.
the reaction path depicted in Figure 4.

butyllithium myrcene




The reaction rates of step 1 and 2 were expressed as:

R, = k,[nBulLi][myrcene]
R, = k,[Intermediate][myrcene]

We assumed a plug flow model for the continuous reactor.

The material balances are expressed as:

ac,

Fra T Equation 1

Thus, the material balance for each compound is:

a[M] .
Fra —R; — R, Equation 2
d[Int
[01 | =R, —R, Equation 3
d[Dim
[ ] = +R, Equation 4
ot
0[BulLi
% =—R, Equation 5
T

The kinetic modeling was performed in ModEst software;
ODEs were solved by ODESSA solver.4445

Myrcene concentration was used as an observable. The
objective function was defined as OF= ([M]exp-[MIsim)?.

The minimization of the objective function was done by the
simplex and Levenberg-Marquardt algorithm.

The estimated kinetic constants: k1 (T), k1 (Tref), ka(T), k2 (Tref),
and a modified Arrhenius equation was expressed as follows:

) = k(1) ol #775)

Equation 6

—Eg(1_ 1
k,(T) = kZ(TTef) * e[ K (T T”f)] Equation 7

From Table 4, one can notice that the credible interval for
k1 is quite large, that could be explained by the fact that we do
not measure the intermediate concentration.

Table 4. Estimated kinetic constants and statistical data

Parameters estimated Values Credible Credible interval in
at15°C interval %
k1 (Tref :15°C)
(L/mol/s) 0.14 +/-0.14 97.50
Eal (J/mol) 0 - -
kp (Tref :15°C)
(L/mol/s) 0.08 +/-0.01 9.10
48700.0
Eap (J/mol) 0 +/-7760.0 15.90

From the preliminary modelling, it seems that the rate
constant k; was temperature independent, for that reason we
put Ea;=0 J/mol.

The credible intervals for the other kinetic constants are
narrow, meaning that the parameters are well identified.

The correlation matrix (Table 5) shows that the correlations
are negligible in this case. According to Toch et al.,*¢ two
parameters are correlated if their binary correlation coefficient
is higher than 0.95.

Table 5. Parameter correlation matrix

Parameters k1 (L/mol/s) kp (L/mol/s) Eap (J/mol)
k1 (L/mol/s) 1.00 0.00 0.0
kp (L/mol/s) -0.84 1.00 0.0
Eap (J/mol) -0.49 0.49 1.0

Globally, Figures 5 and 6 show that the model can fit the
experimental concentration of myrcene.

Kinetics of myrcene polymerization at 10 °C
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Fig. 5. Simulation vs experimental trend of concentration vs residence time at 10 ° C.

Kinetics of myrcene polymerization at 20 °C
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Fig. 6. Simulation vs experimental trend of concentration vs residence time at 20 ° C.



Experimental vs simulation of the myreene concentration

1.40 4
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Flgd 7. Ex;;erlmental concentration vs simulation concentration of myrcene (10
and20°C

Figure 7 (parity plot) shows that the model can predict the
experimental concentrations.

End-functionalization of PMYR with CO; in a flow system

Feedstock-derived functional oligomers are attractive as
molecular building blocks in replacing oil-based moieties.
Among polyterpene derivatives amine w-terminated B-myrcene
polymers have been synthesized as well as hydroxytelechelic
PMYR, these last being used as toughening agents.4’~4° To our
knowledge acid end-groups have never been introduced on
PMYR yet.43,50-52

As stated in the introduction, continuous flow systems
exhibit higher mixing between chemical reagents, with major
improvements in gas/liquid mass transfer. In this line, Yoshida
and Jamison independently reported that the challenging
trapping of CO,, which often suffers from unselective
consecutive competitive additions (carboxylic acid - ketone -
tertiary alcohol) could be performed in a selective fashion in
flow reactors.>35* Thus, a flow reactor system fed with an
organometallic reagent (R-Li or R-MgX) in a first inlet, and a CO,
tank connected to a mass flow controller in a second inlet
provided the selective mono-addition product R-CO,H without
over-addition products, even without cryogenic conditions.
Conversely, consecutive competitive over-addition occurred in

Table 6. Experiments for the end-functionalization of PMYR with CO; at 10 °C.°

batch reactors.>3:54 Based on these reports, we envisioned that
the concatenated polymerization/CO,H functionalization in
flow synthesis of ketones would be a mean to overcome all the
drawbacks associated with the analogous batch synthesis: 1) as
shown above the Mn of PMYR can be finely tuned, 2) the higher
interfacial contact between gas and liquid phases should
enhance the selectivity of carboxylation. Moreover, it is possible
to use stoichiometric amounts of CO, in flow, whereas it is
generally much challenging under batch conditions. Thus, CO,
was introduced in the previous flow set up implemented for the
controlled anionic polymerization of myrcene was connected a
third inlet connected to the CO; tank and controlled by mean of
amass flow controller (constant flow rate of 1.36 mL/min under
1 bar). The outlet was collected in an aqueous acidic solution
(Figure 8).

CO, tank

Reactor 2

® -1

Ny

thermostated bath

PMYR-CO,H

Fig. 8. Telescoped anionic pol}/menzatlon of myrcene/functionalization with CO;
in a flow system (MFC = mass tflow controller).

Thus, after polymerization of myrcene in a stainless steel
flow microreactor (ID = 0.75 mm, L = 3 m) as described above
[Q(myrcene) = 0.25 mL/min, Q(n-BuLi) = 0.1 mL/min, tR = 227 s]
and CO; was delivered in a further inlet (Reactor 2: ID = 0.75
mm, L = 30 cm). Delightfully, this telescoped process afforded
the target PMYR terminated by a useful CO,H functional moiety
PMYRCO;H (Table 6, entries 3-5). Increasing the mass flow rate
-and therefore increasing the number of equivalents of CO,-
allowed to reach a functionalization degree FD = 95% with 3
equiv. of gas with regard to n-Buli.

Mass flow Molar flow . Mn
Entry Conditions  t(s)b rate rate M:Iai.ratlo (g/mol) ) Product FD (%)¢

(mg/min) (mmol/min) U0 R are

1 batch 60 - - bubbled gas 1750 950 2.50 ketone -

2 batch 120 - - bubbled gas 1800 1350 2.17 ketone -

3 flow 7.6 1.32 0.03 1:1 1000 1200 1.58 acid 30

4 flow 4.6 2.64 0.06 1:2 1050 850 1.69 acid 64

5 flow 3.6 3.96 0.09 1:3 1415 1100 1.19 acid 95

2 According to set-up described in Fig. 7. ® Entries 1,2: bubbling time of CO; in the batch reactor; Entries 3-5: residence time in reactor 2 (t??). ¢ Functionalization degree
(FD) calculated by *H NMR by comparing the relative intensity of CH(CO2H) (8 = 3.05 ppm) with the CHs group of butyl chain initiator of PMYR (3 = 0.86 ppm).
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n-BuLi n-Bu
X
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Fig. 9. End-functionalization of PMYR: reactivity according to batch or flow conditions.

It is worth to note that a parallel experiment was conducted
under batch conditions (Table 6, entries 1 and 2) which afforded
a different result: a ketone connected to two PMYR moieties
was obtained as major product as attested by 13C NMR in which
asignal at 6=207.19 ppm, typical of a -C(=0)- moiety appeared
(in contrast to &{CO;) = 178.48 and 177.89 ppm detected in the
flow experiment. This difference of reactivity (confirming thus
the previous observations by Yoshida and Jamison with small
organometallics) is depicted in Fig. 9, along with the
corresponding reaction paths. Thus, in any reactor, PMYR-Li
adds onto CO; to afford the intermediate A. Due to lower
liguid/gas mass transfer in the batch reactor, there is, in this
case, coexistence between PMYR-Li and A that can undergo a
second addition to yield B. This latter, upon elimination of Li,0O,
provides the ketone (PMYR),C=0 1. Beside mixing issues, a
plausible explanation for this divergence of reactivity lies on a
major dichotomy between batch and flow conditions: the
composition of the reaction medium according to space and
time. In a batch reactor, the chemical composition of the
reaction medium evolves with time as the conversion of
reagents/substrates to products increases. In contrast, under
flow conditions, the conversion increases along the reactor:
thus, any point of the flow reactor corresponds to a specific
state of the progress of the reaction, with -ideally- a completion
at the outlet of the reactor. In our case, this major feature
avoids reactions between PMR-Li and the primary product A,
and thus undesired competitive products, with high benefits for
chemical selectivity toward PMYR-CO,H 2.55

Conclusions

In conclusion, we have shown that the anionic polymerization
of myrcene can be finely controlled under microfluidic
conditions to yield custom polymyrcene (PMYR) oligomers. The
common issues associated to mixing and temperature control,
directly related to the amount of starting material used, are
circumvented under these flow conditions. Moreover, a kinetic

model has been developed that can perfectly predict the

i ; : 0
LiO OLi (HY) : :
PMYR' PMYR? : PMYR' PMYRZ:
Li,O : :
B : 1
PMYRz-Li/
CO, 0
PMYR'
OLi
A
H* o i
\— ' PMYR1—<
: 2 OH
L. ’
Microflow

outcome of the polymerization. In addition, thanks to the
microfluidic reactor, we have been able to trap CO,, at the end
of the polymerization, in a fully selective fashion to avoid the
consecutive competitive reactions and introduce a useful
carboxyl function. This work opens the door to a new
sustainable process to obtain controlled and functionalized
oligomers.
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