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Abstract

L-Menthyl glyoxylate monohydrate (LMGH) is an important pharmaceutical intermediate in the synthesis of
lamivudine and emtricitabine. Conventionally, the synthesis of this intermediate has been done in batch. The
present work demonstrates various continuous flow synthetic procedures towards LMGH in up to 78% yield
and 92% selectivity with residence time of five minutes or less.
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Introduction

L-Menthyl glyoxylate monohydrate (LMGH) is an important intermediate in the synthesis of two important
antiretroviral drugs, lamivudine and emtricitabine 1 (Figure 1). They are two of the most commonly prescribed
drugs that are used in combination therapy and function as cytidine reverse transcriptase inhibitors in the
treatment of HIV-1, HIV-2 and Hepatitis B; given that Sub-Saharan Africa is more affected by AIDS than
anywhere in the world, these generic drugs are particularly important in these countries.
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Figure 1. Structure of lamivudine (R=H) and emtricitabine (R=F).

One of the biggest factors to the cost of producing the active pharmaceutical ingredients (APls) of the
aforementioned drugs is the cost of producing the key starting material LMGH. Potentially, the cost of
producing these drugs may be significantly reduced by the use of more efficient technologies to produce
LMGH, such as continuous flow synthesis. In recent years, this technology has emerged as a cost effective
alternative compared to batch, due to its well-documented advantages. *® Indeed the group has already
completed the synthesis of lamivudine and emtricitabine in flow,” where we identified the need to produce
the starting LMGH ourselves at lower cost.

Many LMGH batch synthesis procedures have been reporte Most of these synthetic routes
involve direct esterification, in which L-menthol is reacted with a glyoxylic acid solution in the presence of
concentrated sulfuric acid as a catalyst.g’lo’14 Although sulfuric acid is a favoured catalyst for this reaction due
to its high catalytic activity, it has many drawbacks such as the high susceptibility of the products to oxidation

8-13
d.

during the dehydration step, affecting the purity and yield of the desired product.” Furthermore, the use of
concentrated sulfuric acid is particularly unfavourable in batch reactors, as it tends to corrode equipment and
its disposal into the environment causes serious pollution.*

Schouteeten® prepared LMGH in 77% yield by reacting an aqueous solution of glyoxylic acid (50% by
weight) with L-menthol (3 equiv.) in the presence of a catalytic amount of sulfuric acid. The water produced in
the reaction was removed by azeotropic distillation with a Dean and Stark apparatus accompanied by many
tedious purification steps.” Ebeling and Matthies'® studied the synthesis of (-)-menthyl esters that are
important in the synthesis of glycine derivatives and reported a method for the synthesis (-)-menthyl
glyoxylate through the (-)-menthyl glycolate intermediate. The formation of the intermediate from L-menthol
(1 equiv.) and glycolic acid (1 equiv.) had a low selectivity, thus lowering the yield (60%) of the two-step
synthesis.* The oxidation step to obtain the desired product gave a yield of 71%. Whitesell and colleagues,®
in their study of auxiliary alcohols in the synthesis of chiral glyoxylates, reported on the direct esterification of
glyoxylic acid (2.5 equiv.) using L-menthol (1 equiv.) giving a low LMGH yield of 45%. Caibo et al. developed a
method for selective synthesis of LMGH by reacting glyoxylic acid (1 equiv.) with L-menthol (1.5 equiv.) in the
presence of a solid acid catalyst in good yield (77-90%) and purity (83%)." It can be noted that the use of one
of the reagents in excess is necessary for promoting high yields in the esterification reaction. Therefore, since
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L-menthol is significantly more affordable than glyoxylic acid (about 10 times cheaper), we envisaged that its
use in excess will lead to a more economical and higher yielding process; furthermore the unreacted L-
menthol is easier to recover and recycle than the aqueous glyoxylic acid.

Direct esterification by coupling alcohols and carboxylic acids in the presence of an acid catalyst,
commonly known as Fischer esterification, is a fundamental transformation in organic and pharmaceutical
chemistry.?”*® Conventionally, this transformation has been performed in batch. Interestingly, recent
literature has demonstrated esterification in continuous flow systems.>®**?° Unlike in batch, where reaction
equilibrium can be shifted towards the desired product by the removal of the water by-product, the reaction
rate in flow is often only dependent on temperature, mole equivalents of the reactants and catalyst
amount.>?* Consequently, there are few examples of homogeneous acid catalyzed Fischer esterification in
flow owing to high equilibrium constant circumventing challenges.'®?! Contrary, there are more reports on the

19,21,24-2
92124728 Haterogenous catalysts are

continuous Fischer esterification in flow using heterogenous catalysts.
favoured because of better selectivity, recyclability and more significantly ease of separation from the
products.”?” In a bid to overcome the reaction equilibrium problem in flow, the use of alternative heating
sources such as microwave and introducing an applied voltage or electric field (electroosmotic flow) have

232 . . . . . . . .
d.2?° Microwave heating has shown considerable success resulting in higher vyielding ester
29-34

been studie
synthesis in both batch and flow.

Flow chemistry technology is an enabling technology, which has attracted considerable attention in the
synthetic chemistry and pharmaceutical industry owing its easy scale-up, safety and reproducibility. The
methodology developed in a lab may be directly scaled by using larger volume flow reactors with equal mixing
performance; industry is now using the technology up to 2000 tonnes per annum.

LMGH is an important pharmaceutical intermediate. However, the current production procedures are
not very efficient due to selectivity issues posed by using glyoxylic acid; a diacid in its hydrated form.
Therefore, this study comprehensively investigated whether this can be addressed by use of continuous flow
technology. There are many model esterification reactions that have been reported in literature, ™3>~
however we report a detailed optimisation of glyoxylic acid 2 esterification with the vision of further
integration of subsequent steps into the total synthesis of lamivudine and emtricitabine in flow.*
Furthermore, the final step in the synthesis of both lamivudine and emtricitabine involves cleavage of the
menthol from the product; hence the overall vision would be to recycle this within the process.

Results and Discussion

Synthesis of LMGH in a Chemtrix Labtrix® Start continuous flow system. In the first instance, the synthesis of
LMGH was optimised in a 19.5 pl Chemtrix glass reactor via esterification of L-menthol 2 with glyoxylic acid 3
in the presence of catalytic amount of p-toluenesulfonic acid (Figure 2). In our preliminary study, glyoxylic acid
3 (0.5 M) in acetonitrile was reacted with a solution of L-menthol (12 equiv.) in acetonitrile using a 19.5 uL
Labtrix SOR-mixer glass reactor at 150 °C and 5 min residence time. The reaction was done in the presence of
catalytic amount of p-toluenesulfonic acid (0.01 equiv.) which was mixed with glyoxylic acid 3 and pumped
separately from L-menthol 2 giving LMGH 4; this preliminary experimented demonstrated 67% conversion and
30% selectivity.
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Figure 2. Schematic manifold used for LMGH synthesis and optimisation studies.

With this result in hand, a comprehensive study on the effects of various parameters was conducted, in order
to optimise the reaction in a continuous flow system (Figure 2). Table 1 summarises the screening results.

Table 1. Optimisation studies for continuous flow LMGH synthesis

Entry 2 Equiv. T (°C) Rt (min) Conv.? (%) Sel.? (%)
1 4,8 78 4 22 68
2 4,8 78 1,5 14 74
3 4,8 132 4 49 58
4 4,8 132 1,5 27 46
5 10,2 78 4 29 64
6 10,2 78 1,5 25 69
7 10,2 132 4 68 32
8 10,2 132 0,5 49 51
9 7,5 105 5 38 69
10 7,5 60 3 19 76
11 7,5 150 3 62 55
12 12,0 105 3 52 41
13 7,5 105 3 41 78

Feed glyoxylic acid concentration - 0.5 M
“Glyoxylic acid conversion by HPLC
’LMGH selectivity by HPLC

The reaction was monitored using HPLC fitted with a diode-array detector, at a UV wavelength of 194 nm. An
increase in mole equivalents of L-menthol 2 resulted in an increase in the conversion of glyoxylic acid 3 and
inversely resulted in a decrease in selectivity towards our desired LMGH ester 4 (Table 1: Entries 1 and 5, 2 and
6, 3 and 7, 12 and 13). This shows that the use an excess of L-menthol 2 improves the glyoxylic acid conversion
as expected. Most esterification reactions in literature use simple alcohols (e.g. methanol, ethanol etc) as both
solvent and reactant thus being highly in excess.'>*"**?% Unfortunately, this excess proved detrimental for
LMGH 4 selectivity. This is understandable because glyoxylic acid 3 forms a diacid in its hydrated form, thus
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the excess L-menthol 2 reacts with both sites of the diacid resulting in an unwanted diester 5. As expected, an
increase in temperature increased glyoxylic acid 3 conversion. Contrary, this temperature increase resulted in
a decrease in the selectivity of LMGH (Entries 1 and 3, 2 and 4, 5 and 7, 10 and 11, 11 and 13). High
temperatures promoted the formation of the unwanted diester 5. On heating, glyoxylic acid 3 undergoes a
disproportionation reaction, thus forming glycolic acid and oxalic acid 7.** The oxalic acid undergoes a double
esterification with menthyl electrophile 6, produced by the hydrolysis reaction of L-menthol 2, to give the
diester 5 (Scheme 1).

< <
H O OH : :
6 7 8 5

Scheme 1. The formation of oxalic di(1-menthyl) ester.

Increase in residence time increased glyoxylic acid 3 conversion. However, longer residence times promoted
the diester formation, thus lowering LMGH 4 selectivity (Table 1: Entries 1 and 2, 5 and 6, 7 and 8, 9 and 13).
Generally, from all the above observations, the esterification reaction carried out in Chemtrix Labtrix Start
system was found to be highly dependent on temperature, L-menthol 2 equiv. and residence time. It can be
concluded that the use of excess of L-menthol 2, high temperatures and longer residence time improves
glyoxylic acid 3 conversion, but conversely led to a drastic decrease in LMGH 4 selectivity. In an effort to
achieve a reasonable balance between conversion and selectivity, the optimum glyoxylic acid conversion
within the Chemtrix reactor was found to be 51% affording LMGH in 48% selectivity using 6 equiv. L-menthol
at 105 °C and 1.2 min residence time.

The low conversions obtained in Labtrix Start system may be attributed to the failure to remove water
produced during the reaction. The removal of water from Fischer esterification reactions is known to push the
reactions forward.'”*>?* In an effort to improve the conversion and selectivity of this reaction, we considered
the incorporation of a Zaiput in-line liquid-liquid phase separator.*? Unfortunately, due to the mechanism of
separation; it was impossible to remove water from the reaction solvent acetonitrile using the Zaiput liquid-
liquid separator, as they are miscible.

Microwave-assisted continuous-flow synthesis of LMGH: The use of microwave irradiation in organic
synthesis is a widely reported method for improving the efficiency of esterification reactions.****° Since the
initial continuous flow glyoxylic acid esterification proved to be only moderate yielding, it was reasonable to
investigate whether the reaction efficiency could be improved by using a microwave-assisted continuous flow
reactor. The microwave-assisted continuous-flow reactor set-up was used in the study of the reaction (Figure
3). The reactants glyoxylic acid (0.5 M) and L-menthol (3 M, 6 equiv.) both in acetonitrile were pumped into
the reactor column packed with 1.0 g of Amberlyst-15 catalyst (Figure 3). In order to more efficiently study the
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effect of reaction parameters, a central composite design (CCD) was used for LMGH synthesis optimisation
studies (Table 2). Optimisation studies were carried out by varying temperature and residence time and the
CCD experiments; observations are shown in Table 2. Glyoxylic acid conversion (%) and LMGH selectivity (%)
were used as the response factors.

IR Temperature
Sersor

PC controlier
Microwave Applicator

Figure 3. Microwave-assisted continuous-flow reactor/furnace setup for LMGH.

Table 2. Observations of the microwave-assisted continuous flow LMGH synthesis

Experiment T(°C) R¢ (min) Conv. (%) Sel. (%)
1 69 1,2 32 81
2 69 4,3 48 69
3 111 1,2 72 63
4 111 4,3 78 51
5 90 0,5 52 76
6 90 5 68 65
7 60 2,8 31 75
8 120 2,8 81 49
9 90 2,8 57 61

10 90 2,8 58 60
11 90 2,8 57 60
12 90 2,8 58 58

The data in Table 2 was analysed and modelled using Statistica-13 software obtaining profile plots illustrating
the effects of temperature and residence time on conversion and selectivity (Figure 4 and 5).
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Figure 4. Profile plot on the effect of temperature and residence time on glyoxylic acid conversion.
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Figure 5. Profile plot on the effect of temperature and residence time on LMGH selectivity.

Temperature and residence time have a direct proportional relationship with the conversion of
glyoxylic acid 3. Therefore, an increase in temperature and residence time favours the glyoxylic acid
conversion (Figure 4). Contrary, high temperatures and longer residence times were detrimental for LMGH
selectivity (Figure 5). These observations were consistent with the earlier observations in the Chemtrix glass
reactor system. Evidently, the use of microwave to enhance the continuous flow esterification of glyoxylic acid
with L-menthol 2 was found to have a significant effect on the conversion and selectivity, giving better results
than those in Chemtrix system. Activated molecular sieves where loaded together with the Amberlyst-15
catalyst in the column reactor to improve the reaction. The optimum conversion (72%) and selectivity (63%)
were achieved at 111 °C and 1.2 min residence with respect to attaining a reasonable balance between
glyoxylic acid conversion and LMGH 4 selectivity, microwave-assisted flow esterification was more efficient
than the use of a Chemtrix glass reactor.
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LMGH synthesis in a packed-bed reactor: We further investigated whether the use of heterogenous
catalysts would improve the glyoxylic acid 3 esterification reaction of L-menthol 2 in flow. An experimental
design (CCD) was used to investigate the effect of using a heterogenous catalyst on the glyoxylic acid 3
esterification with L-menthol 2 in a Unigsis FlowSyn continuous flow system fitted with packed column
reactor. This is a bench top microreactor system that is ideal for rapid reaction condition screening and
optimisation. The experiments were carried out according to Table 3, where glyoxylic acid 3 (0.5 M) and L-
menthol 2 in acetonitrile were pumped separately through a heated Unigsis FlowSyn flow system fitted with a
column reactor packed with Amberlyst-15 (4 g) and activated molecular sieves (2 g) (Figure 6). The molecular
sieves absorb any water produced in the reaction and were replaced after every three experimental runs, at
which point they were saturated with water. Optimisation studies were done by varying L-menthol 2 equiv.,
temperature and residence time and the observations are shown in Table 2. Glyoxylic acid 3 conversion (%)

and LMGH 4 selectivity (%) were used as the response factors.
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Figure 6. Amberlyst-15 packed column reactor for LMGH flow synthesis and optimisation studies.

OH &—

A
2

Page 56 ©AUTHOR(S)



Arkivoc 2020, iii, 49-63 Moyo, M. et al.
Table 3. Observations flow LMGH synthesis in a FlowSyn packed column
Experiment 2 Equiv. T(°C) Rt (min) Conv. (%) Sel. (%)
1 4,8 72 4,1 22 88
2 4,8 72 1,4 30 65
3 4,8 108 4,1 34 71
4 4,8 108 1,4 51 59
5 10,2 72 4,1 29 74
6 10,2 72 1,4 45 47
7 10,2 108 4,1 59 45
8 10,2 108 0,5 78 64
9 7,5 90 5,0 32 92
10 7,5 90 2,8 64 48
11 7,5 60 2,8 27 89
12 7,5 120 2,8 62 68
13 3,0 90 2,8 35 78
14 12,0 90 2,8 68 54
15 7,50 90 2,8 53 75
16 7,50 90 2,8 52 70
17 7,50 90 2,8 52 71
18 7,50 90 2,8 51 74
19 7,50 90 2,8 50 73
20 7,50 90 2,8 52 71

Table 3 data was analysed and modelled using Statistica-13 software obtaining profile plots illustrating

the effects of temperature and residence time on conversion and selectivity (Figure 7 and 8).
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Figure 7. Profile plot on the effect of temperature and L-menthol equiv. at 0.5 min residence time on glyoxylic

acid conversion.
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Figure 8. Profile plot on the effect of residence time and temperature using 6 equiv. L-menthol on glyoxylic
acid conversion.
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Figure 9. Profile plot on the effect of temperature and L-menthol equiv. at 0.5 min residence time on LMGH
selectivity.
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Figure 10. Profile plot on the effect of residence time and temperature using 6 equiv. L-menthol on LMGH
selectivity.

As illustrated by the profile plots above, an increase in residence time, temperature and L-menthol 2
equiv. increases glyoxylic acid 3 conversion using Amberlyst-15 packed column reactor (Figure 7 and 8). Longer
residence times, higher temperatures and excess L-menthol therefore favours the consumption of glyoxylic
acid 3 affording esterification products as expected. Conversely, these high temperatures, longer residence
times and excess L-menthol 2 proved to negatively affect LMGH 4 selectivity (Figure 9 and 10). This is
consistent with the general observations from both the microwave-assisted flow reactor and Chemtrix 19.5 pL
glass microreactor discussed earlier. Evidently, the esterification reaction in the FlowSyn system fitted with a
column flow reactor, showed improvements in conversion and selectivity from those obtained in the Chemtrix
Labtrix Start system and microwave-assisted reactor. This observation may be ascribed to the presence of
molecular sieves that were incorporated together with Amberlyst-15 catalyst. The molecular sieves were
replaced after 3 experimental runs to ensure that they are not used when they are saturated with water. The
use of the heterogenous catalyst Amberlyst-15 may also have contributed to the increase in conversion as it
was demonstrated under the batch reactions that Amberlyst-15 gave better results than p-TSA.***

According to Table 3 it can be noted that the highest selectivity of 92% was obtained in experiment 9;
7.5 eq. of 2, at 90 °C and a residence time of 5.0 min, however this gave a poor glyoxylic acid conversion (32%).
On the contrary, the experimental conditions (experiment 8; 10.2 eq. of 2, at 108 °C and 0.5 min residence
time) that gave the highest conversion 78% resulted in lowered LMGH selectivity (64%). In an effort to attain a
reasonable balance between glyoxylic acid 3 conversion and LMGH 4 selectivity, the optimum conversion
(68%) and selectivity (77%) were achieved at 80 °C and 2.5 min residence by using 6 equiv. L-menthol in a
Amberlyst-15 packed column reactor.
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Conclusions

We demonstrated that LMGH 4 can be synthesised with relative success in continuous flow. One of the main
challenges in LGMH 4 synthesis optimisation was that the optimum conditions for conversion gave a lower
selectivity. As a result, we settled for a compromise between conversion and selectivity for optimum reaction
conditions. There were several factors that were found to be pivotal in the optimisation of this reaction,
namely the type of catalyst, mixing in the reactor, temperature and above all the ability to remove the water.

Experimental Section

General. Reagents were sourced from Sigma Aldrich and were used as supplied. Nuclear magnetic resonance
(NMR) spectra were recorded at room temperature as solutions in deuterated chloroform (CDCls). A Bruker
Avance-400 spectrometer (400 MHz) was used to record the spectra and the chemical shifts are reported in
parts per million (ppm) with coupling constants in Hertz (Hz). Infra-red spectra were recorded from 4000 to
500 cm™ using a Bruker spectrometer and peaks (Vmax) reported in wavenumbers (cm™). Continuous flow
reactions were performed on various systems were monitored by Agilent 1200 HPLC fitted with a diode array
and Agilent 7890A Gas Chromatography (GC). HPLC analysis was performed on Agilent Zorbax C18-column
(250 mm x 4.6 mm i.d, 5um) at ambient temperature using an isocratic system. The mobile phase consisted of
70% acetonitrile and 30% water. Sample injection volume was 5 pl, eluted at a flow rate of 1 ml/min and
detected at 194 nm with a run time of 16 min. GC analysis was performed on a ZB-5 MS capillary column of
length 30 m and an internal diameter of 0.25 mm.

Continuous flow glyoxylic acid esterification in Chemtrix Labtrix Start flow system. A Chemtrix Labtrix Start
system fitted with a 19.5 pl glass reactor was used to perform all solution phase esterification investigations.
Two syringe pumps were used to pump reagents from two 10 ml SGE Luer lock gas tight glass syringes into the
thermally controlled micro-reactor system, which was fitted with a 10-bar back pressure regulator. Glyoxylic
acid 3 (0.1 M) and catalyst were both dissolved in acetonitrile and L-menthol 2 dissolved in acetonitrile
prepared according to the mole equivalents under investigation were pumped into the flow system separately
(Figure 2). The reagents were prepared at various mole ratios with glyoxylic acid as the limiting reagent and p-
TSA (0.5% v/v) as the catalyst. Samples were collected and analysed using HPLC. LMGH 4 and the diester 5
were observed at the following retention times; 2.310 and 3.565 mins, respectively.

Microwave-assisted continuous flow glyoxylic acid esterification. The microwave-assisted continuous-flow
reactor set-up was used in the study of the reaction fitted with a 10-bar back pressure regulator. Glyoxylic acid
3 (0.1 M) and L-menthol 2 (0.6 M) in acetonitrile were premixed and pumped into the reactor column packed
with a mixture 2.0 g of Amberlyst-15 catalyst using an HPLC pump. The reactor temperatures were controlled
by use of pre-installed WaveCraft software. Samples were collected and analysed by HPLC. The reactor was
allowed to equilibrate between sample runs.

Continuous flow glyoxylic acid esterification in a packed column. A Unigsis glass column reactor (1 cm ID x 10
cm) packed with Amberlyst-15 (4 g) and activated molecular sieves in the ratio 2:1 (5 cm bed height, 3,9 cm?
reactor volume) was used. The column reactor was heated using the Unigsis heating frame and the system
was pressurised using a 10-bar back pressure regulator. Glyoxylic acid (0.1 M) and L-menthol 2 were both
dissolved in acetonitrile were pumped into the column reactor using a peristaltic HPLC pump (Figure 6). The
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reagents were prepared at various mole ratios with glyoxylic acid as the limiting reagent. Samples were
collected and analysed using HPLC.

L-Menthyl glyoxylate monohydrate (LMGH) 4. Solid: white powder with a melting point of 79 °C (Lit. value mp
77.0—-79.0 °C). FT-IR (cm"l) v: 3420, 3345, 2959, 2873, 1738, 1455, 1219, 1095, 1030, 9556, 796. '"H-NMR (400
MHz, DMSO) 6 ppm: 0.72-0.70 (d, 3H), 0.89-0.84 (m; 7H), 1.06-0.94 (m; 2H), 1.47-1.35 (m; 2H), 1.65-1.62 (m,
2H), 1.87-1.84 (m, 2H), 4.64-4.57 (m, 1H), 4.97 (s; 1H), 6.59 (bs; 2H). *C-NMR (400 MHz, DMSO): & ppm 170.6,
87.4,73.9,46.9,34.1, 31.3, 25.9, 23.4,22.3, 20.9, 16.2.
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