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The ionic liquid, tributylmethylammonium methylcarbonate, has been employed as a catalytic base for
clean N-methylation of indole with dimethylcarbonate. The reaction conditions were optimised under
microwave heating to give 100% conversion and 100% selectivity to N-methylindole, and subsequently
transferred to a high temperature/high pressure (285 °C/150 bar) continuous flow process using a short

(3 min) residence time and 2 mol% of the catalyst to efficiently methylate a variety of different amines,
phenols, thiophenols and carboxylic acid substrates. The extremely short residence times, versatility, and
high selectivity have significant implications for the synthesis of a wide range of pharmaceutical
intermediates, as high product throughputs can be obtained via this scalable continuous flow protocol. It
has also been shown that the ionic liquid can be generated in situ from tributylamine, which has the net
effect of transforming an ineffective stoichiometric base into a highly efficient catalyst for this broad class

of reactions.

Introduction

Dimethylcarbonate (DMC) is a valuable green reagent with ver-
satile and tunable chemical reactivity'~ and can be used either as
a methoxycarbonylating agent (at lower temperatures, by nucleo-
philic attack at the carbonyl carbon of DMC) or as a methylating
agent (at higher temperatures, typically above 120 °C, via
nucleophilic attack at the methyl carbon of DMC). Methylation
processes are particularly significant for industrial chemistry, and
DMC is a good example of a green methylating agent, since it is
non-toxic, biodegradable, relatively inert and safe under ambient
conditions, and methylation occurs via methyl-oxygen bond
cleavage leading to the generation of only CO, and methanol as
by-products:

(CH3O)2CO + Nu-H — Nu-CHj3 + CH3;0H + CO,

DMC has been used as an alternative to dimethylsulfate and
methyl halides and triflate — all highly toxic and hazardous
chemicals — in the synthesis of surfactants, detergents, and
phase-transfer reagents from amines and phosphines,® and for
the methylation of a variety of substrates including carboxylic
acids, phenols, thiols, and NH-containing aliphatic and aromatic
amines of interest as pharmaceutical intermediates.*
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Usually, selective methylation using DMC requires elevated
temperatures (>160 °C) and extended reaction times. In order to
achieve reasonable reaction rates, or to drive conversion, in-
organic>® or strong organic bases (such as 1,8-diazbicycloun-
dec-7-ene (DBU) and 1,4-diazabicyclo[2.2.2]octane (DABCO)
etc.*) have been used, and although nominally catalytic, they
are frequently added in stoichiometric, or even excess, quantities.
Weaker organic bases such as tributylamine are usually con-
sidered to be inactive.®

Microwave heating has been successfully applied to DMC-
based methylation reactions in order to access the high tempera-
tures required and to shorten reaction times.” However, since
microwave batch processes can be difficult to scale,® the transfer
to continuous flow processes is desirable, and examples includ-
ing high-temperature DBU-catalysed methylation of phenols,’'°
microwave-heated continuous flow processes,!' and several
recent procedures using scCO, as solvent'? have been described.

There is significant interest in integrating ionic liquids'® as
solvents with the high temperature and pressure chemical
process optimisation elements of microwave'*'> and flow'® tech-
nologies. Because of the two modes of microwave absorption,
ionic liquids are heated particularly efficiently under microwave
irradiation'>'”'® and have zero- to low effective vapour press-
ures.'” These are characteristics which enable rapid heating
while maintaining relatively low reactor pressures leading to
safer operation, important to optimisations under conditions
where a reaction is “rapidly heated to the highest tolerable temp-
erature, held there for the shortest possible time and then
quenched”* as a route to kinetic products and improved conver-
sions. Indeed, there are a number of reports using organic salts
(and ionic liquids) to assist in reactions with DMC, either as
solvent,”! microwave absorbers,” or as phase transfer catalysts.**
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Fig. 1 Reaction of indole (1) with DMC forming N-methylindole (2)
and N-(methoxycarbonyl)indole (3) catalysed by the basic ionic liquid
tributylmethylammonium methylcarbonate (4).

Fabris et al.>> have used ionic liquids with methylcarbonate
([CH30CO,]") anions as basic catalysts for Michael and Henry
reactions. This suggested that such ionic liquids,** readily pre-
pared by reaction of aromatic or tertiary amines with DMC,*
might serve as promoters for methylation reactions with DMC
and so provide a congruent system where both the active catalyst
and products were generated using the same reagents.

Thus, we set out to evaluate whether basic ionic liquids could
be used to promote methylation reactions with DMC. Here, we
report on the use of the ionic liquid, tributylmethylammonium
methylcarbonate (4), as a catalyst for N-methylation of indole (1)
with DMC (Fig. 1), and the optimisation of the reaction under
microwave batch conditions to yield 100% conversion and selec-
tivity to N-methylindole (2). We also present a generally appli-
cable continuous flow N-, O,- and S-methylation protocol
employing dimethylcarbonate as solvent in its near- or supercriti-
cal state, in an extreme high-temperature/high-pressure
process window (285 °C/150 bar), which allows a reduction of
the required reaction time to approximately 3 min using only
2 mol% of an in situ generated environmentally benign ionic
liquid catalyst.

Experimental

All chemicals were purchased from commercial sources and
were used without further purification. Analytical HPLC analysis
(Shimadzu LC 20 AD) was carried out on a C-18 reversed-phase
analytical column (150 mm x 4.6 mm, particle size 5 um) using
mobile phases A (water—ethanenitrile, 90 : 10 (v/v) + 0.1% tri-
fluoroethanoic acid) and B (ethanenitrile + 0.1% trifluoroetha-
noic acid) at a flow rate of 1 cm® min~" and linear gradient from
solvent 30% B to 100% B in 9 min, hold at 100% solvent B for
1 min. GC/MS (FOCUSGC/DSQ II MS, ThermoFisher) moni-
toring was based on electron impact ionisation (70 eV) using a
HP/SMS column (30 m x 0.250 mm X 0.25 um). After 1 min at
50 °C the temperature was increased at 25 °C min™' up to
300 °C and kept at 300 °C for 1 min. The carrier gas was helium
and the flow rate was 1.0 cm® min™" in constant flow mode. The
identity of the peaks was confirmed by computerised comparison
with the NIST library. 'H NMR spectra were recorded on a
Bruker 300 MHz instrument. Chemical shifts (6) are expressed
in ppm downfield from TMS as internal standard. The letters s,
d, t, q, and m are used to indicate singlet, doublet, triplet, quad-
ruplet and multiplet.

Microwave irradiation experiments were carried out in a
Monowave 300 (Anton Paar GmbH, Graz, Austria) in 10 cm?®
Pyrex microwave process vials.'>*® Reaction times refer to hold
times at the temperature indicated, not to total irradiation times.

The temperature was measured using an internal fibre-optic
temperature sensor.

The flow chemistry experiments described were performed
using an X-Cube Flash flow reactor (ThalesNano Inc.).”” The
synthesised compounds were purified using an automated
chromatography system (SP1™, Biotage) using cartridges
packed with KP-SIL, 60 A (40-63 um particle size) and ethyl
ethanoate—petroleum ether mixtures as eluent. All products syn-
thesised in this study are known in the literature and were
identified and characterised by "H NMR and MS analysis.

General procedure for the batch microwave synthesis

In a typical experiment, a solution of indole (234 mg, 2 mmol)
in DMC-DMF (10: 1, 2.2 em®) and tributylmethylammonium
methylcarbonate (5.5-55 mg, 0.01-0.1 eq.) were placed in a
5 cm® microwave vial equipped with a magnetic stir bar. The
sealed reaction vial was placed in the microwave reactor and
heated, with stirring, at the indicated temperature over the indi-
cated time. The solution was then cooled to room temperature
and the reaction mixture analysed directly by HPLC.

General experimental procedure for continuous flow methyla-
tions (Table 2). To a stirred mixture (2.2 cm?®) of the correspond-
ing starting material (2 mmol, 0.9 M) in DMC-DMF 10: 1) was
added tributylamine (7.4 mg, 9.5 ul, 2 mol%) and the reaction
mixture was stirred for 30 s. At the same time the X-cube Flash
reactor was equipped with a stainless steel reaction coil (4 cm’
volume, ~3 min residence time at 1.3 cm® min~! flow rate). The
reaction conditions; temperature (285 °C), flow rate (1.3 cm’
min~") and pressure (150 bar), were selected and the solvent
DMC-DMF (10: 1) was pumped through the flow reactor until
the instrument had achieved a steady state. Then the freshly pre-
pared reaction mixture was pumped through the flow reactor, col-
lected, and concentrated under vacuum. The product was
isolated from the residue via flash chromatography on the
Biotage SP1™ instrument. All of the products are known com-
pounds and the obtained analytical data correspond to those
reported in the literature.

1-Methyl-1H-indole (Table 2, entry 1). Isolated yield 98%,
yellow oil. '"H NMR (300 MHz, DMSO-dy): &/ppm = 3.78 (s,
3H), 6.41 (dd, J=3.0, 0.7 Hz, 1H), 7.02 (t, J = 7.9 Hz), 7.14 (t,
J = 8.1 Hz, 1H), 7.31 (t, J = 3.1 Hz, 1H), 7.42 (dd, J = 8.2,
0.6 Hz, 1H), 7.54 (d, J= 7.8 Hz, 1H); MS (EL, m/z) = 131 [M"].

1,2,3-Trimethyl-1H-indole (Table 2, entry 2). Isolated yield
93%, yellow oil. '"H NMR (300 MHz, DMSO-dy): 6/ppm = 2.18
(s, 3H), 2.31 (s, 3H), 3.62 (s, 3H), 6.69 (t, J = 7.3 Hz, 1H), 7.05
(t, J = 7.5 Hz, 1H), 7.31 (t, J = 8 Hz, 1H), 7.39 (t, J = 7.6 Hz,
1H); MS (EI, m/z) = 159 [M™], 144 [M"—15].

2-Methoxynaphthalene (Table 2, entry 3). Isolated yield 88%,
white crystals, m.p. 71-73 °C, 1it.>® m.p. 72-74 °C. '"H NMR
(300 MHz, CDCls): 6/ppm = 3.94 (s, 3H), 7.15-7.19 (m, 2H),
7.35 (t, J= 7.4 Hz, 1H), 7.46 (t, J = 6.9 Hz, 1H), 7.74-7.8 (m,
3H); MS (EI, m/z) = 158 [M"], 115 [M"—43].

1-Methoxy-4-nitrobenzene (Table 2, entry 4). Isolated yield
90%, yellow crystals, m.p. 52—54 °C, lit.*’ m.p. 54 °C. '"H NMR
(300 MHz, DMSO-d¢): 6/ppm = 3.89 (s, 3H), 7.14 (d, J = 9.3
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Hz, 2H), 8.21 (d, J = 9.3 Hz, 2H); MS (EI, m/z) = 153 [M"],
123 [M"=30], 95 [M"=58], 77 [M'=76].

1-Fluoro-4-methoxybenzene (Table 2, entry 5). Isolated yield
94%, liquid. "H NMR (300 MHz, DMSO-dy): 6/ppm = 3.73 (s,
3H), 6.9-6.97 (m, 2H), 7.06-7.16 (m, 2H); MS (EI, m/z) = 126
M, 111 [M"—15], 83 [M"—43].

4-(Methylthio)toluene (Table 2, entry 6). Isolated yield 87%,
liquid. "H NMR (300 MHz, DMSO-de): 6/ppm = 2.25 (s, 3H),
2.43 (s, 3H), 7.10-7.23 (m, 4H); MS (EI, m/z) = 138 [M'], 123
[M"=15], 91 [M"—47].

4-(Methylthio)pyridine (Table 2, entry 7). Isolated yield 52%,
liquid. "H NMR (300 MHz, DMSO-dg): &/ppm = 2.55 (s, 6H),
7.08-7.12 (m, 1H), 7.29 (dt, J = 8.1, 0.9, 1H), 7.61-7.67 (m,
1H), 8.41-8.44 (m, 1H); MS (EL m/z) = 125 [M'], 79 [M"—46].

Methyl-2,6-dimethylbenzoate (Table 2, entry 8). Isolated yield
93%, liquid. "H NMR (300 MHz, DMSO-dy): 6/ppm = 2.22 (s,
6H), 3.84 (s, 3H), 7.09 (d, J = 7.5 Hz, 2H), 7.24 (t, /= 7.3 Hz,
1H); MS (EI, m/z) = 164 [M'], 132 [M"=32], 105 [M"=59], 77
[M"-87].

Methyl benzoate (Table 2, entry 9). Isolated yield 86%,
liquid. "H NMR (300 MHz, DMSO-de): &/ppm = 3.85 (s, 3H),
7.53 (t, J = 7.5 Hz, 2H), 7.66 (t, J = 7.4 Hz, 1H), 7.96 (d, J =
7 Hz, 2H); MS (El, m/z) = 136 [M'], 105 [M'=31], 77
[M*"=59].

Methyl thiophene-2-carboxylate (Table 2, entry 10). Isolated
yield 81%, liquid. '"H NMR (300 MHz, DMSO-dg): &/ppm =
3.82 (s, 3H), 7.22 (dd, J = 5.0, 3.8 Hz, 1H), 7.81 (dd, J = 3.7,
1.3 Hz, 1H), 7.95 (dd, J = 5.0, 1.3 Hz, 1H); MS (EI, m/z) = 142
M, 111 [M"=31].

Results and discussion

Recent work from our laboratories has shown that high-tempera-
ture/high-pressure microwave protocols can be translated into
scalable continuous flow processes with relative ease.® Reaction
optimisation was performed using controlled microwave heating
in a single-mode batch microwave reactor capable of superheat-
ing reaction mixtures up to 300 °C and 30 bar pressure (b.p.
DMC = 90 °C at ambient pressure) in order to identify desired
high-temperature/high-pressure continuous flow conditions.?®

Initially, we focused our attention on the selective N-methyl-
ation of indole (1) as a model reaction (Fig. 1), since this trans-
formation is well studied in the literature.*°

The reactions of indole with DMC using DBU as a base has
been described by Shieh ef al.*' Stoichiometric amounts of base
were used and gave improvements to both conversion and rate
compared to milder bases such as Na,COs3, or K,CO5 when used
at 90 °C. Under microwave irradiation at 160 °C, the reaction
times could be substantially reduced and the authors also note
that the addition of tetrabutylammonium iodide, presumably as a
phase transfer catalyst, enhanced the reaction rate. Subsequently,
the same group reported the N-methylation of indoles using
DABCO in catalytic amounts.® DABCO promoted N-methyl-
ation using 10 mol% of base (at 90 °C over 5 h), whereas using
dimethylaminopyridine or DBU, the N-methoxycarbonylated

product was predominantly formed. Using tributylamine, no
reaction was observed. The high costs of both DBU and
DABCO necessitate their use in catalytic quantities; methylation
of phenols with DMC, using DBU in catalyst, has been
described at higher temperatures (160-220 °C) operating under
continuous flow conditions. """

The reaction of indole with DMC, in the presence of tributyl-
methylammonium methylcarbonate ionic liquid, was investi-
gated here, first under batch conditions using an Anton Parr
Monowave 300 microwave reactor, and then in flow using a
ThalesNano X flash reactor. Initial results (not shown) in which
an excess of the ionic liquid was used as the reaction solvent
indicated that the methylation reaction was feasible. Reaction
optimisation was subsequently performed using a 10:1 vol/vol
mixture of DMC-DMF with sub-stoichiometric quantities of the
ionic liquid as a catalyst. The effects of catalyst content, reaction
temperature and time were examined, starting from 10 mol% of
ionic liquid (relative to indole) and reaction times between
10-30 min.

In a standard microwave experiment, a solution of indole (1)
in DMC-DMF (10: 1 v/v) together with 10 mol% of tributyl-
methylammonium methylcarbonate (4) catalyst were heated for
10 min at 90 °C. Analysis by HPLC (215 nm) revealed only
45% indole conversion and formation of N-(methoxycarbonyl)
indole (3) as the major product. In subsequent experiments the
reaction temperature was gradually increased (results are shown
in Table 1). The yield of N-(methoxycarbonyl)indole (3)
increased as the temperature increased (entries 1-3, Table 1),
with a slight maximum in conversion using a short reaction time
at 130 °C (entry 3). At reaction temperatures below 150 °C, no
N-methylindole was detected (even when the reaction time was
increased to 30 min).

At reaction temperatures at or above 150 °C, formation of
N-methylindole (2) in the reaction mixture was observed, and
both the overall conversion of indole and selectivity to N-methyl-
indole were significantly improved by increasing the temperature
(entries 58, Table 1) with 99% conversion of indole and 98%
selectivity to N-methylindole (2) observed after 10 min. at
230 °C (~17 bar). When the reaction time was extended to
20 min, N-methylindole (2) was obtained exclusively (Table 1,
entry 9). The results, for 10 min reaction times, are plotted in
Fig. 2 and show both the partial optimal production of the
N-(methoxycarbonyl)indole at 130 °C, and onset of N-methyl-
indole formation at 150 °C. This is anticipated, as the result of
methylcarboxylation via the Boc2 mechanism, whereas at higher
temperatures methylation through the Ba;2 mechanism
dominates.'

The effect of the catalyst loading was then investigated.
Taking the optimal conditions from the screen at 10 mol% cata-
lyst (230 °C, 20 min reaction time), the amount of ionic liquid
added was reduced (Table 1, entries 11-14). It was found that
the amount of catalyst 4 required could be reduced to 2 mol%,
while retaining complete conversion and high selectivity for
N-methylation, within a 20 min reaction time (shown graphically
in Fig. 3). By comparison, in the control experiment, reaction of
indole with dimethylcarbonate in the absence of 4 (Table 1,
entry 10) resulted in only 85% conversion of indole and a
reversed product distribution, now strongly favouring the for-
mation of N-(methoxycarbonyl)indole (3). This highlights

This journal is © The Royal Society of Chemistry 2012
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Table 1 Methylation of indole — optimisation using batch microwave heating (Fig. 1)

Selectivity/%
Entry Temp./°C t/min Catalyst 4/mol% Conversion/% (HPLC 215 nm) 2 3
1 90 10 10 45 0 45
2 110 10 10 59 0 59
3 130 10 10 64 0 64
4 150 10 10 59 2 57
5 170 10 10 66 15 51
6 190 10 10 79 47 32
7 210 10 10 90 79 11
8 230 10 10 99 98 1
9 230 20 10 100 100 0
10 230 20 0 85 6 79
11 230 20 5 100 100 0
12 230 20 2.5 100 100 0
13 230 20 2 100 100 0
14 230 20 1 96 84 12
Table 2 Continuous flow methylation of various substrates” 10 A—B—A—h—a~ Y T T 100
AN e
Entry Substrate Product Yield/%" I \f\ d/: ! 1
\ Palyd
80 \ / —80
1 98 P
N\ \ o/
N N i AR 1
H \ X 0-0~o_ O~ R / K3
CHs = 60 g ~o \ 160 3
-, A =
2 CH3 CH3 93 g L /O \\/I i =
2 (5/ |:|I/\\ S
N—cH, V—cH, S 40 /A H40 3
N N © / \
H CH i ! < 1
3 / \
\
3 OH OCH; g 20+ A \ 20
/ \
il b
OH OCH B o M7 1 Ll A A
4 s %0 %450 150 200 250
Temperature /°C
O;N O,N
OCHjg 94 Fig. 2 Conversion of indole (1, circle) and relative selectivity to the

3
7 J
7 N s NN SCHs 32
8 CHj CH3 93
C[COZH ﬁ:[cozm3
CH3 CH3
9 ©/C02H ©/C02CH3 36

81

“Reaction conditions: X-Cube Flash, 4 cm? stainless steel coil, 150 bar,
285 °C, 2.2 cm® sample of 0.9 M starting material solution in DMC—
DMEF (10 : 1), 2 mol% tributylamine, 1.3 cm® min~" flow rate. ? Isolated
yields obtained after flash chromatography.

two observed products, N-methylindole (2, square) and N-(methoxycar-
bonyl)indole (3, triangle), from the reaction of indole with DMC cata-
lysed by tributylmethylammonium methylcarbonate (10 mol%) as a
function of temperature under batch microwave heating (10 min, reaction
time).

the catalytic effect of the ionic liquid 4 on the methylation
process.

Mechanistic investigations have shown that methylation with
DMC in the presence of tertiary organic bases (DABCO, DBU,
etc.) proceeds through an intermediate formed in situ by reaction
of the amine base with DMC, which may be considered to be
the actual catalyst. Since tributylmethylammonium methylcarbo-
nate (4) is in fact synthesised by treatment of tributylamine with
DMC in MeOH at 160 °C for 10 h,%° it was envisaged that, in
the high temperature régime, the methylation reaction might be
also catalysed using tributylamine, which would form the ionic
liquid 4 in situ under the reaction conditions. This would con-
trast to the inactivity of tributylamine at 90 °C, as reported by
Shieh et al.® Indeed, adding 2 mol% of tributylamine to a 0.9 M
solution of indole in DMC-DMF (10: 1, v/v) and exposure to
230 °C/20 min microwave heating resulted in full conversion of

3074 | Green Chem., 2012, 14, 3071-3076
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Fig. 3 Effect of tributylmethylammonium methylcarbonate catalyst
loading on the methylation of indole with DMC, showing conversion of
indole (1, circle) and selectivity to N-methylindole (2, square) and
N-(methoxycarbonyl)indole (3, triangle) at 230 °C, 20 min reaction
time.

indole and 100% selectivity to N-methylindole (2) without the
need to independently prepare the ionic liquid catalyst 4. Simi-
larly to using the preformed ionic liquid as catalyst, the use of
lower amounts of tributylamine resulted in reduced conversion
and selectivity (cf. Table 1, entry 14).

Having identified suitable reaction conditions for the selective
N-methylation of indole with DMC under batch microwave con-
ditions, the process conditions were then evaluated for transfer to
a scalable continuous-flow set-up. For this purpose a high-temp-
erature and high/pressure continuous-flow reactor was employed
(X-Cube Flash, ThalesNano Inc.).>” The reactor uses stainless
steel coils (i.d. 1 mm) of variable length (4, 8, and 16 cm?®
internal volume) that can be directly heated across their full
length by electrical resistance heating to temperatures up to
350 °C. The reaction mixture was introduced to the reactor block
containing the steel coils and heat exchanger via one or more
standard HPLC pumps (flow rate 0.01-10.0 cm® min~"). The
system pressure valve stabilises the set pressure value in the
range 50—180 bar. In a typical set-up for indole methylation, the
instrument was equipped with a 16 cm’ stainless steel coil,
allowing residence times (reaction times) of up to 32 min at flow
rates of 0.5 cm® min~'. Employing the flow reactor system, the
batch microwave conditions shown in Table 1, entry 13 (230 °C,
20 min) and a flow rate to 1.2 cm® min™"' (~20 min residence
time) were used to achieve 100% conversion of indole (1) into
N-methylindole (2).

To further intensify the reaction, an even higher temperature/
pressure regime (285 °C, 150 bar), potentially reaching the near
— or supercritical state for DMC (T, 275 °C, P, 45 bar),32 was
explored. Using a 4 cm’ stainless steel coil and a flow rate
of 1.3 cm® min™' (residence time of ~3 min), the reaction
mixture was processed through the continuous-flow instrument
at 285 °C and 150 bar pressure. HPLC-analysis of the
collected reaction mixture revealed 100% conversion, and sub-
sequent isolation by chromatography gave N-methylindole (2) in
98% yield.*

The optimised flow methylation conditions were subsequently
evaluated for other substrates (Table 2). Thus, continuous flow
methylation experiments with a variety of -NH, —OH, —SH and
—CO,H functionalised substrates were carried out without any
further optimisation of reaction conditions. Structurally diverse
indoles, phenols, thiophenols and carboxylic acids all reacted
smoothly at 285 °C and 150 bar pressure to provide the desired
methylated products in good to high isolated yields and with
excellent selectivity. The degree of conversion was easily deter-
mined by monitoring the composition of the reaction mixture by
HPLC-UV and/or GC-MS analysis. For all of the examples
shown in Table 2, full conversion of the starting material was
achieved. Using the conditions described above, typically
250-370 mg of product could be produced within a ~3 min run,
leading to a calculated productivity of ~100 g per day. This ver-
satility and high selectivity has significant implications for the
synthesis of a wide range of pharmaceutical intermediates.

Conclusions

The ionic liquid, tributylmethylammonium methylsulfate, can be
used as a base, in catalytic quantities, to promote the archetypal
methylation of indole with DMC. The reaction conditions have
been optimised, under batch microwave heating, to achieve
100% selectivity and 100% conversion to N-methylindole at
230 °C in 20 min using only 2 mol% loading of the catalyst.
These batch optimised conditions were successfully translated
into a high-temperature/high-pressure continuous flow protocol
for the methylation of a variety of different substrates — amines,
phenols, thiophenols and carboxylic acids — using a high temp-
erature/high pressure process window (285 °C/150 bar) and short
(3 min) reaction times. This enables high throughput through a
scalable continuous flow process, combined with high conver-
sion and selectivities.

Importantly, in the high-temperature/pressure reaction window
the ionic liquid catalyst can be generated in situ, which has the
net effect of transforming an ineffective stoichiometric base (tri-
butylamine) into a highly efficient catalyst for these reactions.
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