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Flow synthesis of coumalic acid and its
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Coumalic acid is a valuable platform compound which can be prepared from malic acid, a biorenewable
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feedstock readily derived from the fermentation of glucose. Current batch procedures to synthesise
coumalic acid have several drawbacks, which we address with the aid of tubular flow systems and a simple
heated rotating flow reactor. The prepared coumalate derivatives can be further used in inverse electron

demand Diels-Alder reactions to synthesise compounds with many applications including molecular
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Introduction

Molecular electronics is a branch of nanotechnology that uses
single molecules as components in electronic circuits, and
numerous reviews have been written on the subject." These
molecular materials include conductive polymers and molecu-
lar salts. One important family of molecules with wide rang-
ing applications as molecular electronic components includ-
ing in the area of organic light-emitting diodes (OLEDs) is the
terphenyls.>

A critical consideration in the syntheses of such molecules
is their purity, as even low levels of contamination (ppb) can
have a significant impact on their properties. This is particu-
larly true of residual heavy metal contamination. However,
traditional syntheses of such compounds inevitably rely on
nickel- or palladium-catalysed coupling reactions. As an in-
triguing alternative metal-free approach, an inverse electron
demand Diels-Alder reaction between an electron-poor
coumalic acid derivative as the diene component, partnered
with suitable electron-rich alkyne dienophiles (Fig. 1) pre-
sents many opertunities.” > To progress this approach at
meaningful scales consistent with the requirements of the
end product production we needed access to large quantities
of the coumalic acid derivative starting material.

Coumalates are platform molecules with a wide range of
applications: they are used in the flavours, fragrances and
cosmetics industries, as polymer components, and as phar-
maceutical scaffolds displaying anti-bronchial and -malarial
activity. There exist several literature-reported procedures for
the synthesis of the parent coumalic acid."*>" In this respect,
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electronics, with the added advantage of providing metal-free preparations.

the U.S. Department of Energy has named coumalic acid one
of ‘The Top Ten Value Added Chemicals derived from Bio-
mass’, indicating its general importance.>”> The most com-
mon precursor to coumalic acid is malic acid, a low cost, bio-
renewable feedstock obtained through the fermentation of
glucose (Fig. 2). Likewise the corresponding alkyne substrates
can be readily accessed at an industrial scale by simple dehy-
drogenation of the corresponding styrene or alkane
precursors®*>° which although currently are most often
sourced from petrochemical feedstocks are increasingly being
derived from bio-feeds.** Such consideration gives addi-
tional merit to a future production route originating from
these starting materials.

Historical context: syntheses of coumalic acid and derivatives

The earliest documented synthesis of coumalic acid was pub-
lished by von Pechmann in 1891 starting from malic acid."* A
mixture of concentrated sulfuric acid (97-98%) and fuming
sulfuric acid was used at 70 °C to effect conversion to
coumalic acid, in a reported 70% yield. Caldwell et al
reproduced the same reaction in 1944,%° and later in 1963,
Wiley et al. conducted the reaction on a 100 g scale, using the
same von Pechmann conditions (Scheme 1)."*> Several other
groups have subsequently used this transformation with
slight modifications to the protocol and changes in scale but
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Fig. 1 Retrosynthetic analysis, showing the substrates for the inverse
electron demand Diels-Alder reaction between alkyl coumalates and a
suitable dienophile.
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Fig. 2 The biorenewable feedstock, malic acid, derived from glucose,
and its dimerised condensation product coumalic acid.
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Scheme 1 Wiley synthesis of coumalic acid.

without significant impact on the derived yield or
throughput.'”*%*

Interestingly, it wasn't until 2003 that the mechanism of
this reaction was thoroughly investigated by researchers at
AstraZeneca Process R&D.'® They found it proceeded via an
acid-catalysed dehydration/decarbonylation of malic acid to
give an initial aldehyde acid enol which condenses by Mi-
chael addition of the enol to the enone, followed by
lactonisation and dehydration to give the desired coumalic
acid (Scheme 2). Overall, 2 moles of malic acid condense to
give a molecule of coumalic acid with the loss of 2 moles of
CO and 4 equivalents of water. Indeed, the evolution of car-
bon monoxide as the only gaseous product was confirmed by
gas chromatography-mass spectrometry in our preliminary
safety assessment of the reaction which is in full agreement
with the proposal of Ashworth et al.*®

The most recent innovations regarding coumalic acid
preparation have come from the work of Kraus et al. who
have shown that the addition of a solvent to the system en-
ables processing of malic acid in high conversions using ei-
ther concentrated H,SO, or triflic acid (Scheme 3).*"* In our
experience we found this protocol worked well at small scale
as reported when very effective mixing was used but we en-
countered many challenges when these conditions were
attempted at larger scales, resulting in much lower yields and
higher proportions of (2E)-butenedioic acid.

Furthermore, although coumalic acid is a valuable starting
material for many synthetic applications its poor solubility re-
stricts its use, and more commonly the corresponding ester
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Scheme 2 Postulated mechanism for the synthesis of coumalic acid.
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Scheme 3 Improved synthesis conditions for the preparation of
coumalic acid.

is used as a more amenable starting point. Coumalic acid
can be methylated by esterification to give the corresponding
methyl coumalate. Several groups have attempted this, as ex-
emplified by the work of Boyer et al in 1956.>* They used
MeOH and H,SO, to achieve a 32-45% isolated yield of the
corresponding methyl coumalate (Scheme 4).

Upon initial inspection this yield appears to be rather low
for an apparently simple esterification. However, Ashworth
et al. also experienced difficulties with this procedure, espe-
cially at scale, noting that under the reaction conditions the
methyl coumalate was found to be unstable and underwent
decomposition and reorganisation to the alternative aromatic
species as shown in Scheme 5.

To circumvent this issue Ashworth et al. instead prepared
the desired ester via either an intermediate acid chloride or
mixed anhydride followed by reaction with MeOH.'® How-
ever, from a consideration of the processing practicality and
ease of scaling it was alternatively found that esterification
could also be achieved and in a higher yield (65%) by first
deprotonating the coumalic acid using a mixture of N,N-
diisopropylethylamine in NMP and then reacting the resultant
coumalate anion with dimethyl sulfate.

There have also been some attempts by first the groups of
Maeda'® and then of Kraus™ to also employ surrogate starting
materials such as ethyl 3,3-diethylpropionate and methyl 3-oxo-
propionate to direct ester products (Scheme 6). Whereas Kraus
relied on the standard acid-catalysed process, Maeda screened
a series of Lewis acid catalysts, with the most effective being
FeCl;-6H,0. Interestingly, they observed the accompanying for-
mation of triethyl 1,3,5-benzenetricarboxylate as a minor side-
product in several of their reactions.

Although these latter condensations of the alkyl 3-oxo-
propionate offer high yields in a direct transformation, the
preparation of these small fragment starting materials them-
selves is not a trivial matter.>>° Indeed, based upon accessi-
bility of reactants and associated cost, the two-step sequence
starting from malic acid is still the obvious route of choice.
Table 1 presents a summary of the main synthetic work in
this area which shows that despite the successive works by
several groups, improvements in yield and productivity have
been limited. If coumalic acid is to become a viable
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Scheme 4 Methylation of coumalic acid in H,SO,.
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Scheme 6 Maeda and Kraus syntheses of coumalic acid and
derivative esters.

commodity platform chemical, production throughput needs
to be dramatically upgraded.

With a desire to access larger quantities of coumalic acid
as an intermediate for the preparation of terphenylates for
application in the microelectronic industry we were required
to evaluate the processing and safety requirements of a new
processing sequence. Firstly, in order to increase productiv-
ity, several challenges pertaining to the physical processing
of material needed to be overcome: firstly, the high viscosity
of the sulfuric acid which causes mixing difficulties, and sec-
ondly, gas formation (CO) during the reaction which leads to
significant foaming. The reaction conditions are also rela-
tively harsh, requiring heating at high temperature for several
hours. Finally, the reaction is overall low-yielding as a two-
step sequence to generate the corresponding coumalic ester
which needed addressing.

Results and discussion

Herein we present a series of improved preparations of
methyl coumalate for its production at scale through the de-

Table 1 Summary of the literature syntheses of coumalic acid starting
from malic acid

Synthesis Scale/g  Yield Throughput g h™
von Pechmann 1891 (ref. 14) 1000 80% 200

Wiley 1963 (ref. 15) 100 65-70% 17.6

Engel 1973 (ref. 21) 50 81% “

Rosenmund 1990 (ref. 19) 268 85% 13.2

Ashworth 2003 (ref. 16) 200 65% 11.8

Kaminski 2008 (ref. 17) 200 67% 6.7

Kraus 2014 (ref. 13) 5 80-86% 0.13

“ No reaction time given.
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velopment of continuous flow processes including the
prototyping of a simple heated tube reactor.

Initial batch synthesis of methyl coumalate

We commenced our investigation by first attempting to repli-
cate the original Wiley-described batch procedure to
synthesise coumalic acid,"® followed by direct methylation of
the unisolated intermediate coumalic acid as a one-pot proce-
dure. The reaction was performed on 200 g of malic acid.
The resultant methyl coumalate was of very poor quality, and
required several recrystallisations from methanol to obtain
the pure product albeit in a low final 40% yield (Scheme 7).
This was however consistent with the previously reported
yield by Wiley of 65-70% which was quoted prior to
recrystallisation.

Next, we evaluated the modified conditions reported by
Kraus® again using 200 g of malic acid. This necessitated a 3
L volume of DCE and 397.6 g of sulfuric acid (98%, 5 equiv.)
to maintain the proportions of reagents in a direct scale up
of the published procedure. The mixture was slowly warmed
and heated to reflux (note: a reaction temperature of 100 °C
was applied at small scale). Periodic sampling indicated the
reaction had reached completion after 8 h, and therefore an
aliquot was removed, quenched and worked-up allowing iso-
lation of crude coumalic acid in 67% yield as a tan-coloured
powder. The remaining reaction mixture was diluted with
MeOH (300 mL) and heated at 80 °C for a further 8 h. Follow-
ing the literature work-up protocol, crude methyl coumalate
was isolated in 57% yield (~85% purity) and 43% yield fol-
lowing recrystallisation from MeOH (Scheme 7). For quantifi-
cation purposes we also repeated the sequences on 1 g and 5
¢ scales of malic acid utilising open flasks (reflux) and sealed
microwave vials to enable a reaction temperature of 100 °C to
be attained. In these experiments we found the yields were
essentially identical between open and closed vessels but
higher isolated yields of the final products could be attained.
We attribute this to the efficiency of quenching and extrac-
tion as part of the work-up protocols at these small scales.

Small-scale flow synthesis of coumalic acid

Having evaluated the most promising batch procedures and
established a target yield range we next turned our attention
to potentially improving the processing by performing the re-
action under flow conditions.*”** Due to the need for the ad-
ditional solvent in the Kraus procedure and the lack of any
meaningful advantage offered over the Wiley process in
terms of yield or work-up we focussed on the latter as the
most direct starting point.

Initial scoping and optimisation experiments were carried
out using a Vapourtec E-Series MedChem reactor system
coupled with a Masterflex L/S external peristaltic pump with
Masterflex C-Series tubing (size 13). Stock solutions were pre-
pared at a concentration of 100 g malic acid per 200 mL of
concentrated H,SO, (3.73 mol dm™; 4.93 equiv.) and warmed
to 40 °C for 30 min immediately prior to reaction to ensure

This journal is © The Royal Society of Chemistry 2018
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Scheme 7 Batch synthesis of methyl coumalate.

all malic acid had fully dissolved (note: no indication of reac-
tion at this temperature was observed even after 5 h). A sys-
tematic programme of investigation regarding the effects of
reactor volumes (residence times), concentration of the stock
solution, system pressure, flow rate and reaction temperature
on the first stage of conversion of malic acid to coumalic acid
was then undertaken.

Three different reactor volumes were evaluated: 10, 20,
and 50 mL, with the reaction performed at 0.3 mL min™* and
70 °C ensuring incomplete conversion. The configuration of
combining two 10 mL reactors gave the best and most consis-
tent results (Fig. 3).

On initial inspection the effect of changing the reactor vol-
ume appears inconsistent but is mainly due to gas evolution
during the reaction which leads to significant slug flow, with
segmentation of the liquid phase by large gaseous partitions.
This has the effect of propelling the reactant solution
through the reactor coil at an accelerated pace resulting in re-
duced residence times. As can be seen, the use of a single 10
mL (1 mm inner diameter tubing) reactor resulted in very
low conversions associated with very unstable flow and in-
consistent conversion. Appending a second 10 mL reactor in
series stabilises the system (higher pressure drop) creating a
more defined flow with more consistent residence times and
conversions. The result for the larger 50 mL reactor empha-
sises the effect as the flow coil is constructed from larger di-
ameter tubing (6 mm i.d.). This reduces the internal pressure
drop as well as decreasing mixing, again leading to more
phase separation, erratic flow and lower, inconsistent
conversion.

A simple solution considered was adding an in-line back-
pressure regulator (variable) to the exit of the reactor. How-
ever, this had a decidedly negative impact on conversion indi-
cating that gas release was an important factor in the suc-
cessful reaction. Interestingly, as observed under batch
conditions, reactions that exhibited more rapid gas evolution
and foaming also correlated well with faster reaction times
and improved isolated yields. As there was no beneficial rela-

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Reactor length plotted against % conversion to coumalic acid
(assessed by 'H NMR spectroscopy). Reactions were performed at 70
°C.

tionship between applied pressure and conversion, we elected
to run all further reactions without pressure induction (i.e.
an in-line BPR or restrictor valve). We note that the installa-
tion of an in-line tube-in-tube reactor*®*’ allowing constant
removal of the generated gas may be beneficial in this sce-
nario but was not tested in this phase of the work.

The parameter of flow rate was next investigated. The in-
built peristaltic pumps of the Vapourtec reactor unit were
used to scope nominal flow rates from 100 to 10000 pL
min~". However, due to the very high viscosity of the stock so-
lution, the set flow rate was not representative of the actual
flow rate produced, with the relationship between the two be-
ing non-linear. The Vapourtec pumps were eventually ex-
changed for larger Masterflex L/S peristaltic pumps which
were fully calibrated prior to use (see ESIt). Although changes
in flow rate had a noticeable effect on conversion the results
were not easily correlated, as they were interlinked with
changes in viscosity, gas evolution and pressure drop. In gen-
eral, a lower flow rate gave more consistent results and so a
fixed value of 0.3 mL min"' was selected for further
reactions.

In theory it is desirable to be able to perform the reaction
at high concentration, thereby giving the flow process a
higher throughput. Initial scoping experiments indicated that
the viscosity of the solution greatly increases with malic acid
concentration and made the pumped delivery progressively
more challenging. After a series of trials, a stock solution at
the highest pumpable concentration was prepared from ma-
lic acid and conc. sulfuric acid at a ratio of 1:1 g mL™" (7.46
mol dm™). However, the pre-heating period required to form
a fully homogeneous solution at this concentration was in ex-
cess of 90 min at 40 °C. Furthermore the greater viscosity
also had a pronounced impact on the residence time (0.3 mL
min~" at 70 °C, 20 mL reactor) equating to 14 min (39% con-
version) compared to just 3 min and a 72% conversion at the
lower concentration of 3.74 mol dm™ (1:2 g mL™). It was
also noted that the use of a 20 mL coil at this higher concen-
tration led to ‘over-cooked’ material (significant browning
and decomposition) especially at higher temperatures due to

React. Chem. Eng., 2018, 3, 722-732 | 725
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the extended residence times. Importantly, changing the con-
centration also impacts upon the stoichiometry of the reac-
tion, sulfuric acid being both the reaction media and reagent.
A malic acid to cone. sulfuric acid ratio of 1:1 g mL™ (7.46
mol dm?) equates to only a 2.47 equivalent excess of H,SO,.
From an assessment of the proposed mechanism (Scheme 2)
it should be noted that 3 protonation steps are necessary
leading to the loss of water in each case, and as a high acid
strength has been noted as being critical to the success of
the reaction'’ it is worth considering the acidity of sulfuric
acid. The pK, values for sequential deprotonation of sulfuric
acid are -3 and 2 respectively. This implies it is highly likely
that at least 3 equivalents of H,SO, would be required to
maintain the necessary high acidity. Despite additional
screening, the most effective concentration, balancing con-
version, viscosity and reactivity, was deemed to be the ini-
tially defined value of 3.74 mol dm™ (1:2 ¢ mL™).

Through experimentation, the most important parameter
determining conversion to product was determined to be
temperature. There is a strong positive correlation between
temperature and conversion, as seen in Fig. 4. At a tempera-
ture above 120 °C, conversion was higher but the quantity of
the isolated product was lower due to a rapid increase in the
amounts of decomposition products. A compromise must
therefore be accepted between temperature, rate of conver-
sion, and isolated yield. A processing temperature of 120 °C
furnished the best results.

In summary, through rapid sequential analysis of the key
reaction parameters we determined the optimal working win-
dow for this flow reaction to be 120 °C, with an input rate of
0.3 mL min™" using a 3.74 mol dm™ (1:2 ¢ mL™") sulfuric
acid solution of the malic acid. This equated to a residence
time of ~3 min (ref. 50) equating to a throughput of 11.2 g
h™" in a conversion of ~87% which upon quenching and iso-
lation allows a 68% yield.

Synthesis of methyl coumalate

Having established a working flow procedure to generate the
coumalic acid intermediate we next considered the methyla-
tion step. Our approach was to first optimise the esterifica-
tion step in isolation before attempting to telescope the
whole sequence directly from malic acid. Furthermore, this
interruption to the flow sequence, creating a two-stage pro-
cess, allows for easy degassing of the first stage process prior
to progression of the reactants. In addition, dilution of the
crude sulfuric acid product (3.74 mol dm™ - an exothermic
process) with methanol greatly decreases the viscosity, mak-
ing the solution much easier to pump through the second
stage.

To assess the impact of concentration three different solu-
tions (1.99, 2.35, 2.89 mol dm™) based upon the first stage
dilution were prepared and passed through a short coil reac-
tor (2.75 mL) housed in a Polar Bear Plus system maintained
at 90 °C (Scheme 8). The outcomes were analysed by "H NMR
spectroscopy of the crude outputs, using the characteristic

726 | React. Chem. Eng., 2018, 3, 722-732
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Fig. 4 Impact of temperature on % conversion determined by *H NMR
spectroscopy in the Vapourtec flow process.

peaks H, and Hg. This showed a viable working concentra-
tion of ~2.35 mol dm™>,

Based upon these preliminary results an additional six ex-
periments were performed centred on the 2.35 mol dm™ con-
centration, varying residence time by altering the reactor
coils and the flow rate (Table 2).

A working residence time of 8.25 min was sufficient to en-
sure quantitative conversion of the coumalic acid. Longer re-
actions, although displaying full conversion, also led to
higher levels of product decomposition in line with the ob-
servation of Ashworth et al. in batch.*®

Having established the necessary individual processing re-
quirements, the sequence was evaluated and tested as a
telescoped flow synthesis (Scheme 9). A stock solution of ma-
lic acid (3.73 mol dm™) was pumped using a Masterflex L/S
peristaltic pump at 0.3 mL min~" into two sequentially linked
10 mL PFA tubular reactors housed on the Vapourtec system
heated at 120 °C (3 min residence time). The exiting product
stream containing the crude coumalic acid was collected into
a magnetically stirred and vented flask, to which methanol
was constantly added via a second pump (channel 1 on the
Vapourtec system) at 0.5 mL min . The methanol containing
reaction mixture was pumped (channel 2 on the Vapourtec
unit) at 1 mL min"" into an 8.25 mL PFA coil reactor housed
on a Polar Bear Plus reactor maintained at 90 °C (8.25 min
residence time). The output stream containing methyl
coumalate was collected as a batch and quenched with H,O
resulting in the formation of a precipitate of the crude

(0] (0] (0]
Ha Conc. HySO4 Ha Hg
[ 9 wmeon (9. 03
Z Xmolldm® Z &
1.00 mL/min
O~ "OH O~ "OH O~ OMe

90 °C

2.75mL X =[2.89]; 65:35
X =1[2.35], 37:63
X=[1.99]; 33:67

Scheme 8 Optimisation of the flow methylation of coumalic acid.
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Table 2 Optimisation of the flow methylation of coumalic acid

Flow rate/mL  Reactor Residence

Row min* volume/mL time/min % conversion
1 1.00 2.75 2.75 63

2 0.75 2.75 3.67 76

3 0.500 2.75 5.50 96

4 1.00 8.25 8.25 >99¢

5 1.00 11.00 11.00 >99”

6 0.500 8.25 16.50 >99°¢

7 0.500 11.00 22.00 >99¢

Isolated yield. “ 54%. ? 41%. ¢ 34%. ¢ 26%.

product which was isolated by filtration in 53% yield, gener-
ating a throughput of methyl coumalate of 1.65 g h™.

This flow approach gives a modest improvement in the
overall isolated yield compared to the equivalent one-pot
batch sequence. The reaction times are very much shortened
using an elevated temperature for each stage. In addition, by
changing from batch to flow, the gas production and
foaming encountered in the first step are no longer an issue.
Additionally the viscosity of the sulfuric acid has been shown
to be a major factor in the effective flow processing of the
first step of the process, determining residence times and
flow consistency. Indeed, the achievable pumping speed de-
pends on the viscosity of the solutions which limits the speed
material can be processed, therefore limiting the throughput
of material.

Process intensification

In our above investigations of coumalic acid formation it was
shown that temperature was a critical reaction parameter and
that liberation of the gaseous by-product (CO) also benefited
the reaction. Furthermore, the high viscosity of the reaction
mixture and issues encountered with reliable pumping of the
viscous starting solution motivated us to consider a gravity
fed system in a new design of reactor. Having considered the
various options amenable to the process we elected to pursue
a simple heated rotating tube design (Fig. 5).

The rotating tube design selected was anticipated to fur-
nish a thin film flow (promoting rapid thermal transfer and

Conc. HySO4

(3.73 mol/dm®) 120°C  120°C o
0.3 mU/min 10 mL 10 mL >
MeOH
0.5 mL/min o OMe

(not isolated)

Scheme 9 Small-scale flow procedure for the synthesis of methyl
coumalate.
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presenting a high surface area for release of the CO/H,O va-
pours) of the starting material which would traverse under
gravity/centrifugal force along the work-tube heated in an
oven to exit and be collected at the end of the reactor. Modifi-
cation of the reaction temperature could be readily achieved
through changes to the oven and residence times could be
influenced by both rotation speed and potentially the angle/
diameter of the tube's slope. In practice, the angle at which
the work-tube was held was fixed in this prototype unit at 12°
below horizontal, but would be expected to affect the fluidic
flow and hence be a variable that would impact upon
conversion.

To construct the prototype reactor, a laboratory glass dry-
ing oven was modified by drilling holes (diameter = 50.8
mm) through the left- and right-hand sides with a 12° decline
(left — right). A glass work-tube (Smith Scientific R/38, outer
diameter = 38.0 + 0.8 mm, inner diameter = 36 mm) was
inserted through the holes and one end connected to a rotary
drive taken from a Biichi rotary evaporator (Rotavapor R-124).
The opposing end of the glass tube was supported with a
custom-made bench roller yoke to ensure smooth rotation.
The drive motor enabled the glass tube to be spun at a con-
trolled rotation speed. To dispense the reaction media vari-
ous sizes of suspended dropping funnels could be connected
via a short length of wide bore PTFE tubing (outer diameter =
8 mm, inner diameter = 5 mm) to run into the mouth of the
work-tube. We nicknamed this reactor design the Heated Ro-
tating flow reactor (abbreviated to the HeRo reactor, Fig. 5).

A systematic investigation was conducted into the relation-
ships between various reaction parameters and the conver-
sion/yield of the malic acid to coumalic acid process. To aid

Tank

Tubing

Rotary drive
Glass tube

Fig. 5 The HeRo reactor in situ, shown here with the oven door open
to demonstrate the placement of the glass work-tube. The dropping
funnel and tubing can be seen on the left, leading into the rotary drive
which is connected to the work-tube. The material is collected in a
flask situated behind the oven door.
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in optimisation a full experimental domain was interrogated
through a central composite design (CCD). Components
tested included the temperature, rotation and reactant addi-
tion speeds, as well as the concentration of the stock solution
and the diameter of the rotating work-tube. From our previ-
ous experiments we knew this to be a complex reaction as
during the course of the reaction, the viscosity of the reaction
mixture decreases as the temperature of the solution in-
creases. In addition, as the reaction progresses, gases (CO
and water vapours) are produced which are now able to easily
escape the thin film of the reacting mixture as it travels down
the work-tube; this causes the mass of the solution to de-
crease (and change viscosity). The required residence time
for the material processing depends on the interplay between
all these factors but was typically found to fall in the range of
1-2 min. From the full principle component analysis several
process-critical parameters emerged as dominating the con-
version and isolated yield of the desired product. These were
rotation speed, temperature, residence time and substrate ad-
dition rate.

Rotation speed

At certain temperatures and rotation speeds, the reaction
mixture forms a helical fluidic path which can be controlled
(Fig. 6). The tightness of this helix, its length and the number
of turns depended on the speeds of rotation and substrate
addition rate, and was due in part to the high viscosity of the
solution. The entire process can be described as a rivulet wet-
ting the surface of a rotating heated inclined cone. There are
two phases (liquid and gaseous) and it can be further consid-
ered as an evaporation process due to the gas production. As
indicated previously the current set-up is too complex to eas-
ily model, and the helical behaviour of the rivulet depends
on too many variables. To highlight this behaviour, a stream
of water or EtOAc did not form a similar rivulet flow, but in-
stead wet the entire inner surface of the work-tube.

The effects of the rotation speed on the characteristics of
the helix were examined at an addition rate of 10.14 mL
min~" and a temperature of 110 °C. At rotation speeds below
7 rpm, no helix was observed. As the rotation speed in-
creases, the length of the helix increases approximately line-
arly (Fig. 7). The maximum would be 600 mm, since this is
the full length of the work-tube. As the rotation speed in-
creases, the helix becomes ‘tighter’, and the rise of each helix
in one revolution decreases.

A simple equation to describe the path length is as fol-
lows, where N = number of turns; H = rise of helix in one rev-
olution (mm); r = radius (36 mm); L;, = length of helical be-
haviour (eqn (1)).

Path length, D = N |( H* + (2nr)’") +(600 - ,) (1)

A series of manipulated helices which exhibited full heli-
cal behaviour (L, = 600 mm) were created by changing the ro-
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Fig. 6 The helix effect seen as the reaction is occurring on the inner
surface of the work-tube. The colour change from colourless to
yellow can be seen as the reaction occurs. The opacity of the solution
appears to change; this is due to the formation of gas bubbles which
are escaping.

tation speed and addition rate, and are shown below
(Table 3).

For the most extreme example (row 5, Table 3), it was pos-
sible to increase the path length (relative to the linear
straight traverse of the tube) by more than 20 times, so that
the material will have travelled more than 12 metres as op-
posed to the direct flow path of 0.6 m experienced with no ro-
tation. Even at low rotation speeds of 20 rpm, high conver-
sions are possible if the temperature is sufficient. By
examining a series at fixed temperature (for example, the
blue data points in Fig. 8 at 70 °C), there is an approximately
linear trend relating rotation speed and conversion.

Reaction temperature is however much more important
than the rotation speed in determining conversion (Fig. 9).
This was previously shown as a key parameter in the simple
Vapourtec assembled flow system described above (Fig. 4).

Other factors were also briefly investigated. The diameter
of the work-tube would be expected to have an effect on con-
version, as increasing the diameter should increase conver-
sion by providing a longer residence time (through helical
motion). The general phenomenon can be illustrated by
looking at the comparable conversions of two tube diameters;
44 (51%) and 36 (23%) mm i.d., at a fixed temperature (110
°C) and rotation (14 rpm). The reduced radius of the 36 mm
work-tube will shorten the path length by a factor of 2.75
compared to the 44 mm. In our HeRo system the tubing di-
ameter used imposed operational restrictions on the rotation
speed possible due to the higher loading placed on the rotary

450

y=30.725x- 226.95
400 R?=09728

w
8
s

~
&
3

N
S
5]

&
3

Length of helical behaviour/ mm

o S
) 3
.

o
.

Rotation speed/ rpm

Fig. 7 The effect of rotation speed on the length of the helix at 110
°C.
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drive and increased vibrations resulting in instability at
higher revolutions (44 mm i.d., maximum = 28 rpm). A more
stable system was found using the 36 mm i.d. tubing which
allowed rotation speeds of up to 120 rpm.

Test reactions were also performed with a higher concen-
tration stock solution (7.46 mol dm™), but these resulted in
significantly lower conversions; 12% compared to 45% at
3.73 mol dm™ (100 °C, 14 rpm). Note the discussion above
on acid stoichiometry.

One of the benefits but also a limitation of this set-up is
the use of a dropping funnel as the substrate dispensing
tank. This does not give easily adjusted and quantitative con-
trol of the addition rate, however due to the viscosity and
high density of the material the addition rate does not signif-
icantly vary with the volume/height of solution in the
dropping funnel. Indeed, the steady-state behaviour persists
for a large proportion of the dropping funnel's capacity.
Interestingly there wasn't a meaningful correlation between
conversion and addition rate in the range evaluated (1.25-
3.00 mL min™").

HeRo model

A simplified but representative model of the HeRo system
was created, using temperature and rotation speed as the two
key factors. The most important factor in determining con-
version was temperature (Fig. 10 and 11).

Using the model, a processing window was established
equating to 3.73 mol dm™ of malic acid in conc. sulfuric
acid, at 120 °C, an addition rate of 3 mL min " and a reactor
rotation speed of 60 rpm. The reactor was run for an initial
period of 15 minutes to reach steady state and then the out-
put collected for a further 8 hours of continuous operation.
The mixture was divided, and half was quenched with ice wa-
ter and allowed to precipitate enabling isolation of 143 g of
high quality coumalic acid representing a 76% yield. The sec-
ond portion of reaction mixture was diluted with methanol
(3:5) and progressed at 6.5 mL min_" through a 52 mL flow
coil reactor maintained at 90 °C. This gave a complete con-
version to the corresponding methyl coumalate which was
isolated in 58% overall yield for the two-step process.

Comparing the syntheses of coumalic acid

Two measures of efficiency and productivity were used to
compare the processes (Table 4).

Table 3 Helix dimensions and path lengths, ending with the factor by
which the path length of the material is increased relative to the non-
helical path

Number of  Rise of helix in one Path length,
Row turns, N revolution, H/mm D/mm D/600
1 10 60 1170 1.95
2 13 46 1440 2.40
3 14 43 1530 2.55
4 60 10 6060 10.1
5 120 5 12100 20.1

This journal is © The Royal Society of Chemistry 2018
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% conversion
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70 80 90 100 110 120 130 Temperature/ * C

Fig. 8 The effect of rotation speed on % conversion estimated by H
NMR spectroscopy for the HeRo process.

The throughput and space-time yield (STY) for the batch
process are both low. This is due to the longer reaction time
(6-8 h) and the use of a large vessel necessary to accommo-
date the reaction foaming (release of CO). Moving to the
small-scale Vapourtec flow process (Masterflex L/S peristaltic
pumps), the throughput and STY increased, but were still
limited by the achievable pumping speed. Finally, the HeRo
reactor yields a much higher throughput, and a STY increase
of between 3.3 and 21.7 times the batch process. The
pumping speed limitation has also been removed, and the
residence time is similar to that of the Vapourtec process.

Inverse electron demand Diels-Alder reactions with methyl
coumalate

The original stimulus to develop a scalable route to methyl
coumalate was as a sustainable starting material for a pro-
posed inverse electron demand Diels-Alder/retro-Diels-Alder
sequence with electron-rich alkynes to provide metal-free syn-
theses of terphenyls for use in OLED applications
(Scheme 10).

As a starting point it had previously been reported that
amino functionalised pyranones underwent reaction with ac-
tivated alkene acceptors (maleic anhydride and N-substituted
maleimides) either thermally in tetralin (207 °C) or in the
presence of tert-butanol under microwave irradiation to gen-
erate fused biaryl aniline derivatives.>’™* Also of interest was
that simple mono substituted acetylenes (R = CO,Me, Ph)

120y - 9006 + 1474
R%: 0935

100

% conversion
3 8

a
&

20

60 70 80 90 100 110 120 130 140
Temperature/ * C
—% conversion .- Rotation speed % conversion (Fit)
Fig. 9 The linear relationship between temperature and % conversion
estimated by *H NMR spectroscopy. Line of best fit: y = -90.1 + 1.47x
and R? = 0.935.
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Fig. 10 Modelling the HeRo process, plotting temperature against %
conversion estimated by *H NMR spectroscopy.

100

% conversion Leverage Residuals

[
4 20 40

60 100 120
Rotation speed Leverage, P<.0001

Fig. 11 Modelling the HeRo process, demonstrating the relationship
between rotation speed and % conversion estimated by H NMR
spectroscopy.

could be utilised in similar cycloaddition-reversion se-
quences generating aromatic rings.>*

Based upon these results we heated a 1:1 ratio of the
coumalic methyl ester with phenylacetylene (10 mmol) in
tert-butanol under microwave irradiation for 2, 4 and 6 h at

Table 4 Comparing the efficiencies of the three syntheses of coumalic
acid described in this paper

Process Throughput/g h™  Space-time yield/kg m™> h™
Wiley 1963 (ref. 15) 17.6 (100 g) 55.1

Batch 8.5 (200 g) 8.5

Small-scale flow 11.2 560

HeRo flow reactor  35.8 184.1
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170 °C. Analysis of the crude reactions by "H-NMR indicated
48, 67 and 74% conversion respectively. However, after each
reaction, the pressure in the microwave vial had increased
significantly (8-12 bar residual pressure) due to the produc-
tion of carbon dioxide in the final decarboxylation step as
well as potential decomposition of the solvent. Furthermore,
higher reaction temperatures could not be achieved without
exceeding pressure safety limits. Consequently, based upon
its microwave heating efficiency, high solvating ability and
lower vapour pressure we changed to 1,4-dioxane as the reac-
tion solvent.’>>® This allowed us to achieve a controlled reac-
tion temperature of 200 °C (8-10 bar working pressure) and
also gave a lower final post-reaction pressure of >0.5 bar.
Conducting the repeat reactions at this elevated temperature
gave increased '"H-NMR conversions of 83, 88 and 91% re-
spectively. In an attempt to push the reaction to completion
we next employed a slight excess of the coumalic ester (1.2
equiv.) which led to quantitative conversion after 4 h and an
isolated yield of 93% following chromatographic separation.
As a further validation we applied the same reaction condi-
tions to the transformation of the less activated 1-phenyl-3-
butyne which satisfyingly also reacted to yield 91% of the
expected aryl derivative after purification.

With a set of working conditions, we turned our attention
to the processing of the target bis-acetylenes. Commencing
our evaluation, we started with a reaction stoichiometry of 2:
1 in respect to the pyranone to the corresponding 1,3- or 1,4-
diethynylbenzene, applying a heating sequence of 200 °C in
1,4-dioxane for 4 h. These acetylenes proved to be less reac-
tive, furnishing mixtures of the mono- and di-functionalised
products as well as indicating unreacted starting materials
(8-12%; Table 5). Extending the heating period to 8 h gave
better results but still resulted in incomplete conversion. Fi-
nally, by utilizing an excess of the pyranone (2.4:1 ratio) with
an 8 h reaction time, high conversion to the desired products
could be achieved.

As a simple proof of concept for the direct flow scale-
up of the reaction we took a stock solution (0.35 M) of
the 1,3-diethynylbenzene and pyranone (1:2.4 ratio) and
passed this mixture through a heated 40 mL stainless
steel coil operated with a 250 psi in-line back pressure
regulator placed at the exit. Using a flow rate of 150 pL
min™" (residence time of 4.4 h) and a reactor temperature
of 220 °C we achieved a steady state conversion of 89%

|| MeO.__O
i %

MeO O O
o
o
(1 equiv.) | o // (1 equiv.) O

B =
O O~ "OMe

eaum) g
O~ "OMe

MeO™ O

Scheme 10 Diels-Alder reactions between methyl coumalate and
diethynylbenzenes.
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Table 5 Selected results for the reactivity of the bis-acetylenes and
methyl coumalate

Acetylene Time, ratio (Py: Acet) Ratio (SM: mono: bis)
1,3- 4h,(2:1) 12:38:50

1,4- 4h,(2:1) 8:47:43

1,3- 8h,(2:1) 1:19:80

1,4- 8h,(2:1) 2:23:75

1,3- 8h, (2.4:1) 0:3:97

1,4- 8h, (2.4:1) 0:2:98

All reactions were conducted on 10 mmol acetylene scale, 200 °C
under microwave irradiation. 'H-NMR calibration of starting
acetylene and intermediate non-substituted acetylene against 1,3-
dimethoxybenzene as an internal standard.

and a productivity of 850 mg h™ based upon a 78% iso-
lated yield. This flow set-up was successfully run
uninterrupted for 33 h before being stopped, enabling
over 28 g of the product to be isolated.

Encouraged by the success of these approaches, we ven-
tured to expand the substrate scope and attempted to access
the corresponding regioisomeric products by reacting methyl
coumalate with the readily prepared enol acetate partners
(Scheme 11). These substrates, based upon the reactivity of
the equivalent vinyl ethers, would be expected to deliver the
alternative meta derivatives."> Unfortunately, it was shown
that these species were almost entirely unreactive allowing
mainly starting material to be recovered after 16 h of heating
at 200 °C. Although disappointing, this aptly demonstrates
the sensitive electronics of this transformation. Indeed, the
equivalent reaction with 1-methoxy-2-phenylethylene when
trialled progressed to 38% in our hands (16 h of heating at
200 °C; note 51% reported in the literature'®), whereas the
equivalent vinyl acetate substrate was again essentially inac-
tive (<6% after 16 h). We are currently undertaking computa-
tional calculations to determine the feasible partners for this
transformation which we hope to be able to report in the
near future.

o
o
|

Z .
(2 equiv.) OAC

J OAc 07 ~OMe AN
{1 equiv.)
N (1 equiv.)
N\
AcO
© AcO
o]
o (o
OMe ‘

Scheme 11 Potential Diels-Alder reactions between methyl
coumalate and enol acetates.
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Conclusions

We have demonstrated a new, intensified continuous flow pro-
cess for the synthesis of coumalic acid from malic acid, a bio-
renewable feedstock platform compound. As part of this work,
we have built a new type of flow reactor, with a heated rotating
work-tube, which we anticipate being useful in a diverse range
of chemical reactions. In addition, we have shown that methyl
coumalate could be used in several inverse electron demand
Diels-Alder reactions to generate terphenyls with value in the
areas of OLEDs and molecular electronics.
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