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1. EXPERIMENTAL SECTION

1.1 Batch synthesis of dimethyl fumarate from fumaric acid:

To a 125mL flask was added 5.0423 g (43.4 mmol) and 80 mL of methanol, and heated
to 55 ° C. Then 0.587 mL of H,SO,4 was added, the mixture was stirred for 120 min. After this
time, reaction was cooled to room temperature and allowed to crystallize under stirring for 8 h.
The formed solid was filtered off and recrystallized with a 20 % methanol: water solution,

filtered and dried at room temperature to give a crystalline solid in 83 % yield.

1.2 Batch synthesis of dimethyl fumarate from maleic anhydride:

To a 50 mL flask was added 10.0469 g (102.5 mmol) and 50 mL methanol, and heated
to 40 ° C. Then 0.3130 g (4.0 mmol) of maleic anhydride was added under constant stirring.
The conditions were maintained for 30 min. Following 0.815 mL H,SO, was added, and the
temperature was raised to 55 °C, the mixture was stirred for 120 min. After that, was cooled at
room temperature, crystallization go on under stirring for 8 h. The solid formed was filtered
and recrystallized with a 20 % methanol : water solution, filtered and dried at room temperature

to give a 65 % yield of crystalline solid.

2. STUDY OF OPTIMIZATION

2.1 From the esterification of fumaric acid in batch

O O @)
H,SO,conc cat.
HONOHZ_,_ 2H,;COH (2 C)4 = MQONOMG + HONOMC
T(°C), t (min
O O pmF O Mmr

Below is presented the results of parameters optimization (temperature, amount of catalyst and

substrate) from the esterification of fumaric acid:
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Table S1: Results from the temperature study.

T 55°C 45 °C 35°C
MF (%) DMF (%) MF (%) DMF (%) MF (%) | DMF (%)
t (min.)

5 62.4 3.6 353 2.4 0 0
10 54.4 59 44.2 5.5 0 0
15 47.0 5.7 52.0 9.0 2.46 0
20 52.7 8.0 534 9.6 7.22 0
30 55.0 11.6 59.8 17.1 4.45 0

Experimental Conditions: Fumaric acid 0.81 M, 0.081 M of H;SOycone. (25 mol%) in methanol,
30 min at 55 °C. Analyze Conditions: conversion calculated at GC-MS, oven programming, 60

°C for 1 min, heated for 7 °C/min until 170 °C and maintained 1 min.

Table S2: Results from the catalyst study.

at. conc. 5 % mol 7 % mol 10 % mol
t (min) MF (%) DMF (%) MF (%) DMF (%) MF (%) DMF (%)
min.
5 349 2.2 33.8 2.5 28.8 3.1
10 33.6 6.5 40.4 4.7 37.2 4.3
15 41.5 5.5 46.2 8.1 44.0 7.2
20 471 7.1 50.6 9.6 47.7 10.3
30 51.1 10.3 59.1 15.0 56.3 15.1

Experimental Conditions: Fumaric acid 0.81 M, H,SOyconc. as catalyst in methanol, 30 min at
55 °C. Analyze Conditions: conversion calculated at GC-MS, oven programming, 60 °C for 1
min, heated for 7 °C/min until 170 °C and maintained 1 min.
Table S3: Results from the fumaric acid concentration study.

Fumaric Ac. 54 mmol 81 mmol
onc.
MF (%) DMF (%) MF (%) DMF (%)

t (min.)
15 60.3 27.7 72.4
30 77.7 21.5 78.5
60 88.1 13.2 86.8
90 96.4 4.6 95.4
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120 2.8 97.2 2.0 98.0

150 0 100 0 100

180 0 100 0 100

Experimental Conditions: Fumaric acid, 10 mol % of H,SOycqnc. as catalyst in methanol, 30
min at 55 °C. Analyze Conditions: conversion calculated at GC-MS, oven programming, 60°C
for 1 min, heated for 7 °C/min until 170 °C and maintained 1 min.

2.2 Study of optimization from the esterification of maleic anhydride in batch

O O

0
OUO Tiouréia cat. (%) HO)K/\WOMe HpSO4eonc (10%) O)WoMe
MeOH O MeOH O
40 °C, t (min) 55°C, 120 min
MF DMF

Table S4: Results from the time study.

Time (min) DMF (%) MF (%) Anhydride(%)
60 1.3 98.0 0.7
120 1.6 96.5 1.9
180 2.0 94.6 3.4
240 2.2 95.6 2.1
300 2.5 95.4 2.1
360 2.9 94.9 2.1

Experimental Conditions: Anhydride 2.0 M, 0.1 M of thiourea (5 mol%) in methanol, at 40 °C.
Analyze Conditions: conversion calculated at GC-MS, oven programming, 60 °C for 1 min,
heated for 15 °C/min until 118 °C, heated for 20 °C/min until 150 °C, heated for 15 °C/min
until 180 °C and maintained 1 min.

Table S5: Results from the catalyst study with time variation.

Cat. 5% 10% 15%
Time DMF MF Anhydride | DMF MF Anhydride | DMF MF Anhydride
(min) | () (%) (%) (%) (%) (%) (%) (%) (%)

30 0.6 98.3 1.1 0.4 98.4 1.2 0.4 97.6 2.0

60 0.6 98.3 1.1 0.4 98.4 1.3 0.4 97.7 1.9

75 0.7 98.2 1.1 0.4 97.8 1.9 0.4 97.6 2.0

90 0.7 98.1 1.2 0.4 97.6 2.0 0.4 97.7 1.9

120 0.8 98.6 0.7 0.4 97.8 1.7 0.4 97.4 2.1

Experimental Conditions: Anhydride 2.0 M, thiourea as catalyst in methanol, at 40 °C. Analyze
Conditions: conversion calculated at GC-MS, oven programming, 60 °C for 1 min, heated for
15 °C/min until 118 °C, heated for 20 °C/min until 150 °C, heated for 15 °C/min until 180 °C
and maintained 1 min.

S4



Table S6: Results from the cascade reaction.

Time (min) DMF (%) MF (%) Anhydride (%)
30 0.2 98.4 1.4
920 95.0 3.7 0.0
150 98.6 0.9 0.0

Experimental Conditions: Anhydride 2.0 M, 0.1 M of thiourea (5 mol%) in methanol, at 40 °C,
after 30 min the H,SO,4 was added and the temperature was raised to 55 °C. Analyze Conditions:
conversion calculated at GC-MS; oven programming, 60 °C for 2 min, heated for 15 °C/min
until 80 °C, heated for 10 °C/min until 135 °C, heated for 20 °C/min until 140 °C and
maintained 1 min, heated for 20 °C/min until 180 °C and maintained 1 min.

3. CHOMATOGRAPHIC ANALYSIS
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Figure S1: Chromatographic profile obtained by GC-MS after the optimized batch conditions.
Retention time: 6.4 min —Dimethyl fumarate, 8.3 min — Methyl fumarate; Experimental
Conditions: Fumaric acid 0.81 M, 10 mol% of HySOycone. in methanol, 2 h at 55 °C. Analyze
Conditions: oven programming, 60 °C for 1 min, heated for 7 °C/min until 170 °C and
maintained 1 min.
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Figure S2: Chromatographic profile obtained by GC-MS after the optimized batch conditions
for anhydride. Retention time: 6.4 min —Dimethyl fumarate; Experimental Conditions:
Anhydride 2.0 M, 0.1 M of thiourea (5 mol%) thiourea in methanol, at 40 °C, after 30 min the
H,SO,4 was added and the temperature was raised to 55°C. Analyze Conditions: conversion
calculated at GC-MS; oven programming, 60 °C for 2 min, heated for 15 °C/min until 80 °C,
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heated for 10 °C/min until 135 °C, heated for 20 °C/min until 140 °C and maintained 1 min,
heated for 20 °C/min until 180 °C and maintained 1 min.

4. ESPECTRAL DATA

4.1 "TH-NMR spectra: Dimethyl fumarate (DMF). o
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Figure S3: Recrystallized Dimethyl Fumarate (DMF).

5. Pictures from the RGB system used for crystallization:
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