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Abstract

This work investigates the functionalization of molecules with non-activated internal double bonds
via thiol-ene coupling (TEC) reaction. A comprehensive study of the reaction between cysteamine
hydrochloride (CAHC) and methyl oleate (MO) was carried out. A series of reactions were
conducted under different operating conditions in order to assess their effect on conversion and
selectivity. Different conditions were considered like the type of atmospheres and solvents, a

portionwise addition of CAHC, reagents concentrations, and excess of CAHC. Maximum
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conversion and selectivity were reached under inert atmosphere, diluted conditions, ethanol as
solvent, and the addition of CAHC at the beginning of the reaction with a molar ratio of CAHC/MO

of 3/1. This provides an approach for analyzing more complex reaction systems.

1. Introduction

Thiol-ene coupling (TEC) reactions are hydrothiolations that involve the addition of thiol groups
onto carbon-carbon double bonds via polar or radical mechanisms [*2]. The general mechanisms
of TEC reactions involve initiation, propagation, and termination steps 3!, Radical TEC reactions
are initiated in the presence of a suitable initiator that decomposes either thermally or by gamma
or UV irradiation. TEC reactions were originally considered as “click” because they are conducted
under mild experimental conditions, and can exhibit high reaction rates, yields, and selectivities

towards a single regio-selective product, with high tolerance to oxygen and water 11,

In the last decades, several polymerization processes have employed TEC reactions to obtain
polymer precursors or high polymers such as coatings, fibers, hydrogels, films, and adhesives [,
that are applicable in optics, biomedicine, and sensors [*l. However, the “click”’-chemistry concept
has been controversial in relation to the obtention of polymers or polymer precursors because of:
a) the presence of side reactions, such as disulfide formation, homopropagation, or intramolecular
formation of five and six-membered cyclic compounds [”); and b) a varying reactivity that strongly
depends on the nature of the double bonds substituents ©°!. Thus, in the case of internal double
bonds, their lower reactivity compared to terminal bonds requires an excess of thiol, higher
initiator concentrations, and longer reaction times, all of which introduce deviations from the

“click” concept.
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Vegetable oils (VOs) are triglycerides, with a glycerol molecule attached to three fatty acids that
may contain one or more double bonds [®l. Due to their structural characteristics, availability,
competitive cost, and potential biodegradability ), several chemical modifications of VOs have
been investigated as potential sources of biobased polymer precursors that enable to produce high
polymers such as polyamides, polyesters, polyurethanes (PUs), vinyl resins and epoxy resins %1,
In order to obtain such precursors, different synthetic routes are employed that involve

[10-13] [12, 13]

hydroformylation/hydrogenation , transesterification - Bl carbonation [#+16]

12, 13] [12, 13, 17, 18] [12]

ozonolysis/reduction ! , epoxidation/oxirane ring opening , or amidation
reactions. The inherent complexity of most of these reactions has spurred an interest in the
development of new synthetic routes capable of directly converting VOs into functionalized VOs
in a single step, in more economical and environmentally friendly processes. In particular, TEC
reactions have been investigated as a simple approach to synthesize polymer precursors from VOs,
with functionalities such as: a) alcohol -3 7> 1213, 17.19-231. 1 cyclic carbonate [29; ¢) isocyanate [J;
d) epoxy P*; e) silane P°; and ) amine > % 27-?°] In this last case of the amine VO precursors, all

of the mentioned articles have employed cysteamine hydrochloride (CAHC) for the thiol

functionality, and with initiators that operated either photochemically % 27-2°! or thermally 2%,

In this work, we aim at investigating the detailed chemical mechanism of the global TEC reaction
between CAHC and methyl oleate (MO) presented in Scheme 1, when carried out at room
temperature, in the presence of solvents, with UV irradiation of DMPA, and in an excess of CAHC.
Note that instead of a VO, MO is employed as a simple model compound due to its linear structure
and its single internal double bond. The main expected product (aminated methyl oleate, AMO) is
in principle only a mixture of two regio-isomers, depending on the double bond carbon position

where the thiol is added. However, the double bond of MO is not conjugated with the carboxylate
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group, which decreases their reactivity towards nucleophilic radicals, such as the sulfur-centered
radical derived from CAHC. As we shall see from our experiments, higher molar mass

contaminants are also obtained.

el
O S/\/NH3
7
A

Q . + Cluv . 0 . of
~ EN ~_-NH; ~ ~ N
OJL(\Q HS ompa  © o™ NH;
-

-

MO CAHC methyl methyl
9-((2-aminoethyl) thio) 10-((2-aminoethyl) thio)
octadecanoate octadecanoate

Scheme 1. TEC reaction between MO and CAHC. The main expected product (AMO) is in
principle a mixture of two structural isomers: methyl 9-((2-aminoethyl) thio) octadecanate and

methyl 10-((2-aminoethyl) thio) octadecanate.

Several investigations were carried out on the reaction kinetics between thiol and compounds
derived from VOs that provide an internal ene functionality **#*! (See Table S1 in the Supporting
Information). The articles in Table S1 are classified according to their thiol and ene functionalities,
stoichiometry, type of solvent, type of initiation, type of initiator, temperature, and reaction
atmosphere. In particular, our work is comparable to the investigations of Chatgilialoglu and co-
workers [*%3%* and Gonzalez-Paz and co-workers [*}], in the use of MO as ene functionality, excess

of thiol, photochemical initiation, and room reaction temperature.

It has been reported that in reactions with internal double bonds, thiyl radicals catalyze cis/trans
fatty acids isomerization B3%-3% 36 431 Chatgilialoglu and co-workers 2! reported the detailed
mechanism of Scheme 2 for the UV irradiated reaction between thiols and internal mono-
unsaturated fatty acid methyl esters (FAMEs) with excess of thiol. The proposed mechanism

involves the following steps: 1) generation of thiyl radicals (RS") from a hydrogen atom abstraction
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by the photoinitiator radical (I"); ii) reversible addition of thiyl radicals (RS") onto double bonds
that generates an intermediate carbon-centered radical that fragments in two directions and renews
the thiyl radical (RS") with generation of the cis/trans isomers; iii) transfer of a thiol hydrogen
atom (RSH) by the intermediate radical that propagates the reaction, generating the main product
and the thiyl radical (RS"); and iv) termination of thiyl radicals (RS") via combination, generating
disulfide as secondary product (RS—SR).

Inititation

I' + RSH “sip RS' + |H

Propagation and Isomerization

. PN k, RS - k x> _R .
RS + R R, i.il\'- Ra _,7—]{- R1/\/ 2 + RS
Z R1 E
Transfer
RS ~ k RS
\I/\Rz + RSH RSH , \(\Rz + RS.
Ry Ry
Termination

2RSS —» Rs-SR
Scheme 2. General mechanism of the TEC reaction between a thiol and an internal mono-

unsaturated fatty acid methyl ester proposed by Chatgilaloglu and co-workers 2!, Note that the

addition product is generated in the transfer step.

In further investigations, Chatgilialoglu and co-workers B4 reported that inhibition and retardation
in the propagation and isomerization steps may occur due to an H-atom abstraction from the allylic
methylene groups of FAMEs (see Scheme 3), generating radicals that may later terminate by

combination.
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H-Allyl Abstraction

. S\ ! SN
RS + R1 R2 — R1 R2 + RSH

L
RS + p Re fuy o ~eRe s pep
Termination
7 R S

Scheme 3. General mechanism of the H-atom abstraction from the allylic methylene groups of

FAMEs and the corresponding termination step, proposed by Chatgilaloglu and co-workers 341,

Regarding photochemical initiation, it can be carried out by: a) direct excitation of the thiol
followed by a homolysis of the labile sulfur-hydrogen bond [“*); or b) excitation of cleavable
photoinitiators, such as di-tert-butyl ketone 1** 34, 1-hydroxy-cyclohexyl-phenyl-ketone (HCPK)
361 'and DMPA !, In particular, DMPA is a very efficient type I photoinitiator that absorbs UV
in the range of 310-390 nm 4. The free-radical photofragmentation of DMPA is shown in
Scheme 4. The carbonyl group absorbs a photon and becomes activated, which leads to a
homolytic cleavage of the excited a-carbon bond, yielding methyl benzoate and two radical
fragments: a methyl radical and a benzoyl radical (> 6], Both generated (benzoyl and methyl)

radicals could abstract a hydrogen atom from the thiol group, propagating the reaction.

Q ocH, . Q *
O - OCH; + CHs + '
OCH3

DMPA Methyl Benzoate 13 5

Scheme 4. Fragmentation of DMPA. The carbonyl group absorbs a photon and becomes activated,

leading to the cleavage of a-carbon bond into methyl benzoate, and methyl and benzoyl radicals.

This work is the first article of a series that aims to investigate the amine functionalization of

internal double bonds via TEC reactions between CAHC and MO at room temperature, employing
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2,2-dimethoxy 2-phenylacetophenone (DMPA) as photoinitiator, with the final goal of elucidating
the chemical kinetics. The aim of this first article is to find the best set of reaction conditions
between CAHC and MO to maximize the production of AMO. In the second article, a

mathematical model of an extended kinetic mechanism is derived.

In this article, the mentioned reaction is experimentally investigated for analyzing the effects on
double bonds conversion and selectivity of: a) the type and total concentration of solvent; and b)
the excess of CAHC. Spectroscopic techniques (\H-NMR) are employed for monitoring the
reactions. The final product of the best reaction conditions was characterized by: a) spectroscopic
techniques (NMR and FTIR); and b) size exclusion chromatography, SEC). In addition to the main
reactions, other simpler experiments were carried out to determine: a) the solubility of CAHC; b)
the fragmentation of the photoinitiator; c) the effect of dissolved oxygen; d) the effect of not
employing a photoinitiator; and e) the initiation of CAHC. As far as we are aware, this is the first
article that reports an extended experimental study of the TEC reaction between an amino thiol

(CAHC) and an alkene containing an internal double bond (MO).

2. Experimental Work

A series of experiments were carried out to assess the effect of the reaction conditions on
conversion and selectivity. The experimental conditions involved variations in: a) the reaction
atmospheres (air, inert gas: nitrogen or argon); b) the solvents (a 1:1 mixture of MeOH/EtOH or
pure EtOH), ¢) the reagent concentrations; d) the batch or portionwise additions of thiol; and d)
the excess of thiol (molar ratio of CACH/MO/DMPA = 1.5/1/0.1; 2.25/1/0.1; 3/1/0.1; 4.5/1/0.1).
Table 1 presents the employed experimental conditions and the main results. The experiments are

classified into Series A to D. Series A (Experiments 1 and 2) investigates the dissolution of CAHC.
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Series B (Experiments 3-5) investigates the fragmentation of the photoinitiator. Series C
(Experiments 6-9) investigates the effect of each individual component on the reaction system.
Series D involves TEC reactions (Experiments 10-19) and aims at selecting the best conditions for

maximizing conversion and selectivity towards thiolated products.

2.1. Materials

Oleic acid technical grade (90 %), CAHC (= 98 %), and DMPA were supplied by Sigma Aldrich.
Ethanol (EtOH), methanol (MeOH), THF, H,SOs4, diethyl ether, sodium sulphate, and sodium
carbonate (NaxCO3) were supplied by Cicarelli (Argentina). Methyl oleate (MO) was obtained by
acid catalysis with methanol as solvent (experimental details and MO characterization are provided
in the Supporting Information). NMR solvents (deuterated chloroform, CDCls, deuterated
methanol, CD;OD, and deuterated water, D>O) were obtained from Deutero GmbH and
Laboratorio P.I.A.P. (Argentina), respectively. All the reagents and solvents were used as received,

without further purification.

2.2. Characterization Techniques

2.2.1. Series A to C

"H-NMR measurements of simple reactions were performed in CDCls, CD;0D or H2O + D0 in
a Bruker Avance II 300 MHz spectrometer. Coupling constants are given in Hz, and chemical
shifts are reported in ppm. Data are reported as follows: chemical shift, multiplicity, coupling
constants, and integration. UV-Vis analyses of the photoinitiator fragmentation were performed

on a Shimadzu UV-Vis spectrophotometer.
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Table 1. Experimental Conditions and Main Results: Molar Concentrations of Reagents, Reaction Atmospheres, Employed Solvents,
and Conversions and Selectivities at # =24 h.

Molar Ratio Molar Concentrations (M) Reaction Solvent Resultsatz=24h
Exp. CAHC/MO/DMPA  CAHC MO DMPA  Atmosphere Type Volume (mL)  Conversion (xpg) Selectivity (S)
Series A
1 — 1.76 — — Air MeOH/EtOH 0.250 — —
— 0.45 — — Air EtOH 0.250 — —
Series B
3 — — — 0.001 N, MeOH/EtOH 50.0 — —
4 — — — 0.001 N, EtOH 50.0 — —
5 — — — 0.130 N, CD;OD 0.6 — N —
Series C
6 0.0/1.0/0.1 — 5 0.5 Air MeOH/EtOH 0.6 — —
7 0.0/1.0/0.1 — 5 0.5 N, MeOH/EtOH 0.6 — —
8 3.0/1.0/0.0 15 5 — Ar EtOH 0.6 — —
9 1.0/0.0/1.0 0.13 — 0.13 N, CD;0OD 0.6 — —
Series D
10 3.0/1.0/0.1 7.84 2.61 0.22 Ar MeOH/EtOH 1.6 0.25 0.60
11 3.0/1.0/0.1 6.68 2.22 0.22 Ar EtOH 1.6 0.95 0.90
12 3.0/1.0/0.1 13.36 4.43 0.44 Ar EtOH 0.8 0.9+ 0.73
13 3.0/1.0/0.1 13.36% 443 0.44 Ar EtOH 0.8 0.95 0.76
14 1.5/1.0/0.1 3.34 2.22 0.22 Ar EtOH 1.6 0.87 0.87
15 2.25/1.0/0.1 5.01 2.22 0.22 Ar EtOH 1.6 0.21 0.84
16 4.5/1.0/0.1 10.08 2.22 0.22 Ar EtOH 1.6 0.9> 0.82
17 1.5/1.0/0.1 6.68 443 0.44 Ar EtOH 0.8 0.9n 0.71
18 2.25/1.0/0.1 10.02 443 0.44 Ar EtOH 0.8 1.02 0.85
19 4.5/1.0/0.1 20.10 4.43 0.44 Ar EtOH 0.8 0.83 0.84

*CAHC was added in two fractions: 6.68 M at =0 h, and 6.68 M at t =4 h.
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2.2.2. Series D

The '"H-NMR spectra of the TEC reactions were obtained using a Bruker Avance III (600 MHz)
spectrophotometer in CDCIl; as solvent. The spectra were processed using the ACD
Processor/NMR software. Reagents and products were analyzed by FTIR using a Prestige 21
Shimadzu IR spectrophotometer with an accessory of attenuated total reflectance (ATR). The
turbidity of the reaction systems was indirectly determined by measuring the absorbances at
600 nm. Aqueous suspensions of BaSO4 were standards for obtaining a calibration curve of
turbidity vs absorbance (see Figure S2, Supporting Information). The turbidity of the BaSO4
standards (20, 100, 300, 500, and 700 ppm) was measured in a portable turbidimeter Hach
2100q. The UV-Vis analyses of the BaSO4 standards and the reaction samples were performed
on a Shimadzu UV-Vis spectrophotometer. The SEC analyses were performed on a
chromatograph equipped with an HPLC Waters pump model 515, a Rheodyne 77251 injector,
a set of 10 um PLgel fractionation columns, and a Waters 2412 differential refractometer. The
eluent was THF at 1 mL/min, and the chromatographic system was operated at room

temperature.

2.3. Main Experiments

2.3.1. Series A

The solubilities of CAHC in MeOH/EtOH and EtOH were determined in Experiments 1 and 2
by the shake flask method at 25°C. Briefly, the CAHC solution was prepared by adding an
excess of salt to the solvent, with a stirring rate of 50 rpm for 24 h. The concentrations of
CAHC and cystamine dihydrochloride (formed in solution in the presence of O,) ") were
calculated by 'H-NMR employing D>O as solvent and using sodium acetate as the internal

standard, through:
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10

10.1002/ajoc.202400334

35U9D17 SUOWIWLIOD dARID 3|t (dde 8y Aq pausenob ae sajoiLe YO ‘9sn J0 Sajni Joj Akeiqi auljuQ A1 UO (SUONIPUD-pUR-SLLBILL0D' AS |1 AReIq1pUI [UO//SANY) SUORIPUOD PUe SWLB L 34383 *[7202/60/60] UO AeiqiauIuO 48] ‘sSuoioeBnsanu| ap feuoeN 0lsuod 130INOD A ¥EE00YZ02 20 /200T OT/10p/Wod A8 1M Aleiq U jU0'Sade//Sdxy wo1y papeojumoq ‘ef ‘STESETZ



Asian Journal Of Organic Chemistry

(Ax/2)xmmoly,

mmol X = ac/3)

[1]

where Ay is the relative area of the peak corresponding to -CHz— groups of CAHC or cystamine
dihydrochloride, and A 4. is the relative area of the peak corresponding to —CH3 group of sodium

acetate.

2.3.2. Series B

The fragmentation of DMPA in both MeOH/EtOH and EtOH was investigated in: a)
Experiments 3 and 4 by UV-Vis spectroscopy (Table 1); and b) Experiment 5 by 'H-NMR
employing CD3OD. In Experiments 3 and 4, diluted solutions (0.001 M) of DMPA in
MeOH/EtOH or EtOH were prepared and transferred to 1 cm® quartz cuvettes under an inert
atmosphere and were then irradiated at room temperature for fixed times. The inert
atmospheres were obtained by bubbling the samples with N> for 30 min. The cuvettes were
irradiated by a set of 4 lamps of 8 W each, and the distance between the lamps and the cuvettes
was 5 cm. The emission spectrum was measured with a fiber optic spectrometer, resulting in a
range between 300 and 400 nm, with a maximum emission of 368 nm and an irradiance of 12.5
mW/cm?. The UV absorbance was measured in the range 300-400 nm. The fragmentation of
DMPA was monitored by the changes in the absorbance at 338 nm (i.e. the wavelength of the
maximum absorption), until no further significant change in the absorption spectrum. The
absorbance background was subtracted from each sample by employing a blank sample of only
solvent. The range of concentrations employed (0.5-2.3 mM) obeys the Beer-Lambert law for
both solvents (see Figure S1, Supporting Information). In Experiment 5, DMPA was dissolved
in CD30D and magnetically stirred in a Schlenk reactor. Once the mixture was homogenous,
the solution was transferred to a screw-cap NMR tube and irradiated at room temperature under

a nitrogen atmosphere. Irradiation was performed with only one of the 8 W-lamps previously
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described, which was located at a distance of 19 mm from the reaction center. /n situ NMR

measurements were carried out to monitor the time evolution of DMPA and methyl benzoate.

2.3.3. Series C

The effect of the individual reaction components on the system was investigated by 'H-NMR
in Experiments 6-9 (Table 1). Experiments 6-8 were carried out at room temperature in Schlenk
reactors with magnetic stirring and under air or inert atmosphere. The reactors were irradiated
for 6 h by the same set of lamps as Experiments 1 and 2, maintaining the same distance between
lamps and reactors. Then, the reaction mixtures were added to 50 mL of a sodium carbonate
solution, and extracted with ethyl ether (3 x 50 mL). The combined organic extracts were
washed with water (50 mL), dried over anhydrous sodium sulphate and filtered, and the solvent
was eliminated under vacuum at room temperature. The dry organic extracts were analyzed by
"H-NMR in CDCls. In Experiment 9, reagents were first dissolved in CD3;O0D and magnetically
stirred in a Schlenk reactor. Once the mixture was homogenous, the solution was transferred
to a screw-cap NMR tube and irradiated at room temperature under a nitrogen atmosphere.
Irradiation was performed with an 8 W-lamp located at a distance of 19 mm from the reaction
center. In situ "H-NMR measurements were carried out at different times to monitor the
evolution of CAHC initiation. The irradiation of CAHC in the presence of DMPA generates
cystamine dihydrochloride, a disulfide by-product derived by termination between two thiyl

radicals.

2.3.4. Series D

The TEC reactions in Experiments 10-19 (Series D) were carried out to investigate the effects
of the reagents concentration and the excess of CAHC on conversion and selectivity. The
reagents concentrations were modified by varying the solvent volume (1.6 and 0.8 ml), and the
excess of CAHC was evaluated by varying the reagents molar ratio (CAHC/MO/DMPA =
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1.5/1.0/0.1, 2.25/1.0/0.1, 3.0/1.0/0.1, and 4.0/1.0/0.1). All the reactions were carried out at
room temperature in batch reactors and under an inert atmosphere. Pyrex glass tubes (16 mm
outside diameter, 13 mm inside diameter) stirred by a magnetic stir bar in a vertical position at
300-500 rpm were irradiated by a single 9 W UV lamp. In Series D, the UV irradiation was
lower than in Series C due to the experimental setup. This should not affect the reaction
mechanism and the distribution of products but affects the kinetics [**). The emission spectrum
consisted of > 99.99% UV A1 radiation (340-400 nm) and < 0.01% UVA2 (315-340 nm), with
maximum emission at 365 nm. The solvents were methanol:ethanol or pure ethanol. In a typical
experiment, CAHC was mixed with the solvent in a Pyrex glass tube, and the mixture was
stirred at room temperature for 10 min. DMPA was dissolved in MO by stirring in a beaker
and this solution was then added to the CAHC solvent mixture. The UV-irradiated reactions
were carried out under argon atmosphere for 24 h. During the reactions, samples were
withdrawn at 2, 4, 7, and 24 h to determine double bond cis/trans isomerization, conversion,
and selectivity by 'H-NMR. Each sample was transferred to a separation funnel, where a
saturated Na,COjs solution was added. The mixture was shaken and the phases were settled and
separated. The organic phase was washed with deionized water until neutral pH. Afterwards,
the organic phase was dissolved in diethyl ether and dried over anhydrous sodium sulphate.

Finally, the solvent was evaporated in a rotary evaporator at 40 °C.

The organic extracts were characterized by 'H-NMR for determining double bond cis/trans
isomerization, conversion, and selectivity. The double bond cis/trans isomerization was
estimated by comparison of the relative area of the peaks at 5.34 and 5.39 ppm, that respectively
correspond to the cis and trans configurations. The conversion of MO double bounds (xps) and

the selectivity (S) were calculated through:

AcH= 2 (Ach= i i
xDB (%) — CH CH|M0 Z( CH CH|ReactLonMthure) X 100 (2)
AcH=cHIMo0
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S (%) = AcHz-NH2 x 100 3)

Ach=cHlmo —2X(AcH=cH|Reaction Mixture)

where Acy-cu corresponds to the normalized areas of vinyl protons in 'H-NMR spectra at 5.34-
5.39 ppm; and Acw2-nm2 corresponds to the normalized area of methylene protons bonded to
amine groups at 2.95 ppm. Note that the selectivity refers to the thiolated products, and this
includes AMO and other compounds obtained by termination steps. The peaks were normalized
taking as reference the integral of —CH3 protons of MO at 0.85-0.91 ppm (corresponding to 3
protons). In addition, the effect of turbidity on the reaction system was investigated in
Experiments 13 and 17 through UV-Vis spectroscopy, with a turbidity vs UV-Vis absorption

calibration curve.

To further study the nature and composition of the radical addition reaction, the mixture of
AMO regio-isomers in the best reaction conditions (Experiment 11) was isolated by column
chromatography (silica gel), employing elution gradients (hexane:ethyl acetate = 98:2 to 50:50,
ethyl acetate:methanol 10:1 in 31% isolated yield); and characterized by 'H-NMR, '*C-NMR,
and FTIR. For structural elucidation, complementary 2D experiments were performed. Their
data and spectra are provided in the Supporting Information (Figures S3-S9). Finally, the
product distributions in the reaction of Experiment 13 and the mixture of the corresponding

AMO isomers after purification were analyzed by SEC, and compared with MO.

'H-NMR [300 MHz, CDCIs] § (ppm): 0.85-0.90 (m, 3H, —CHj terminal), 1.12-1.43 (m, 22H,
—CH - from fatty chain), 1.43-1.68 (m, 6H, —CH>— from fatty chain); 2.30 (¢, /= 7.5, 2H, —

CH>-C(O)OCHs), 2.51-2.61 (m, 1H,
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—CHy~CH(S(CH,):NH,)-CHa-), 2.62-2.69 (m, 2H, —S—CH>-CH,-NH,), 2.95 (¢, J= 6.4, 2H,
—S-CH,~CH>-NH,); 3.04 (bs, 2H, -NH?>), 3.66 (s, 3H, —C(0)O—CH3).

13C-NMR [70 MHz, CDCL] & (ppm): 14.1 (~CHs), 22.6 (-CHa), 24.9 (-CHb), 26.6 (—CHa),
26.7 (-CHz; 2C), 29.1-29.6 (—CHa, 11 C), 31.8(-CHa), 32.8(~-CHa), 34.0 (-CHa, 2C), 34.8 (~
CHa, 3C), 41.0(~CHa), 45.9 (-CH), 51.4 (-CHz), 174.2 (-CO).

3. Results and Discussion

3.1. Series A

Experiments 1 and 2 (Table 1) were carried out in order to study the CAHC dissolution kinetics
in methanol:ethanol and in ethanol. Figure 1 presents the time evolution of dissolved CAHC.
As observed, a higher dissolution rate was obtained when methanol:ethanol was employed. As

seen in Figure 1, the final solubilities were 1.76 mmol CAHC/mL in methanol:ethanol and 0.45

mmol CAHC/mL in ethanol.
2.0
Q o
Ceanc (dis) 1.5 Exp. 1
(mmol/mL) 10, )
o
@]
0.5
0.0 ‘ ‘ ,

0 25 50 75 100 125 150 175 200
Time (min)

Figure 1. CAHC Dissolution: Concentration of dissolved CAHC as a function of time in

methanol:ethanol (Experiment 1) and in ethanol (Experiment 2).

3.2. Series B

Figure 2 presents the measurements involving DMPA fragmentation. Experiments 3 and 4
(Table 1) were monitored by UV-Vis spectroscopy to study the effect of the solvent on the

photoinitiator fragmentation. Figure 2a presents the evolution of the absorbance vs irradiation
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time for a diluted solution of DMPA in both solvents. A higher fragmentation rate was observed
for DMPA in ethanol compared with DMPA in methanol:ethanol. In addition, Experiment 5
(Table 1) was carried out to investigate the fragmentation kinetics of DMPA. Figure 2b presents
the time evolution of DMPA and the main fragmentation product (see Scheme 2): methyl
benzoate. Note that the decrease in the concentration of DMPA is equal to the increase in the
concentration of methyl benzoate, in concordance with Fisher and co-workers [ and

Degirmenci (461,

a) 030 882000 ° o Exp{.)3
Absorbance Y :
(—) 0.2
0.1
0.0 T . ,
0 20 40 60
Irradiation Time (min.)
b) 0.20
C 0157
(mmol/mL) _@i’b SN DMPA
0.10 o
o
0.051 o
o © Methyl benzoate
00042 :

0 40 80 120 160 200
Irradiation Time (s)

Figure 2. DMPA Fragmentation. a) Absorbance as a function of irradiation time for a diluted
solution of DMPA in methanol:ethanol (Experiment 3) and in ethanol (Experiment 4). b) Time
evolution of DMPA and methyl benzoate concentrations obtained by 'H-NMR in CD.OD

(Experiment 5).

3.3. Series C

The effect of the reaction atmosphere on the reaction was studied in Experiments 6 and 7

(Table 1), by irradiating MO in the presence of DMPA under air or nitrogen. Figure 3 presents
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the 'H-NMR spectra of MO and the organic extracts of both experiments, together with the
assignment of signals. As expected, the peak at 5.35 ppm (f), corresponding to MO double
bonds, reveals that no isomerization of MO (cis configuration) into methyl elaidate (¢trans
configuration) had occurred. These results indicate that cis/frans isomerization does not occur
when thiyl radicals are not present, as reported in the literature 4. In the presence of air
(Experiment 6), two new peaks appear at 3.94 and 3.24 ppm. This could suggest that MO is

39,4247 However,

oxidized through a free radical mechanism, generating peroxide groups |
under inert atmosphere (Experiment 7), no differences between non-irradiated MO and

irradiated MO spectra are observed. Therefore, the subsequent reactions were carried out under

inert atmosphere.
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N
TMS

J .

Chemical Shift (ppm)

Figure 3. Effect of reaction atmosphere: 'H-NMR spectra of MO and organic extracts of
reactions between MO and DMPA under air (Experiment 6) or inert atmosphere (Experiment

7).

The effect of the absence of the photoinitiator was considered in Experiment 8 (Table 1), where
the reaction between CAHC and MO was carried out in ethanol. Figure 4 presents the 'H-NMR
spectra of MO and the organic extract of Experiment 8, together with the assignment of main
signals. Note that the signals at 5.3-5.5 ppm in Experiment 8 showed isomerization of double
bonds, suggesting the generation of thiyl radicals and their reversible addition onto the double
bonds. In addition, the broad peaks observed at 0.8-2.3 ppm in Experiment 8 could be related

to the formation of non-thiolated products with a structure similar to MO.
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Figure 4. Effect of the absence of the photoinitiator: 'H-NMR spectra of MO and organic
extract of the reaction between CAHC and MO without photoinitiator and in ethanol

(Experiment 8).

The initiation of CAHC with equimolar amounts of DMPA as photoinitiator was investigated
in Experiment 9 (Table 1), and Figure 5 shows the time evolution of CAHC and cystamine
hydrochloride concentrations determined from the 'H-NMR spectra. As expected, cystamine
disulfide is the single termination product from the UV-Vis initiation of CAHC, and its

concentration is one-half of the CAHC concentration.
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Figure 5. Initiation of CAHC: Time evolution of CAHC and cysteamine hydrochloride

concentrations obtained by '"H-NMR in CD30D (Experiment 9).

3.4. Series D

The main results of Experiments 10-19 are shown in Figures 6 and 7. The organic extracts of
all these experiments were characterized by 'H-NMR. As an example, Figure 6 shows the 'H-
NMR spectra of MO and of the organic extracts in Experiment 11 (Table 1) at different reaction
times (¢ =4, 7, and 24 h). The main evidences of thiol-ene addition were: a) the disappearance
of vinyl protons at 5.35 ppm from MO (f); b) the formation of methylene (—CH>—) protons
linked to the amino (—-NH3) group at 2.8-2.94 ppm (k); and c) the presence of methine (—CH-)
and methylene protons bonded to the thiol (-SH) group at 2.5-2.7 ppm (4, j). The signals at
5.2-5.5 ppm in Figure 6 are expanded to appreciate the cis/trans isomerization of the MO
double bond during the thiol-ene addition. The MO double bond appears around 5.35 ppm (f)
and corresponds to the cis configuration. At 4 h of reaction, 34% of the double bonds were
consumed; but now most of the remaining double bonds were in the trans configuration.
Cis/trans isomerization increased progressively with C=C conversion along the reaction.
Isomerization has been reported during thiol-ene addition, and it consists of the reversible
addition of thiyl radical to the double bond to produce a trams configuration that is

thermodynamically more stable than the cis 4% 3%,
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Chemical Shift (ppm)

Figure 6. 'H-NMR spectra of MO and organic extracts of samples taken along Experiment 11,

and peaks assignment.

Experiments 10-19 employed CAHC concentrations above the solubility limits. For this
reason, the effect of the turbidity on the reaction system was studied for the initial reaction
mixtures at the following conditions: molar ratio of CAHC/MO/DMPA = 3.0/1.0/0.1, ethanol
as solvent, inert atmosphere, and both lower and higher reagents concentrations (Experiments
11 and 12, respectively). Figure S2 (Supporting Information) shows the turbidity vs absorbance

calibration curve using BaSO4 standards. The initial mixtures for Experiments 11 and 12 were
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measured at 600 nm, and the turbidity values were calculated employing a calibration curve,

yielding approximately 1160 and 2010 NTU, respectively.

The effect of the solvent, portionwise additions of thiol, concentrations of reagents, and excess
of CAHC were investigated in Experiments 10-19 (Table 1) for the TEC reactions between
CAHC and MO using DMPA as photoinitiator, and are shown in Table 1 and Figure 7. Figure

7 presents the time evolution of the conversion of double bonds and selectivity.

o Exp. 10 Exp.11 —o—Exp.12 <& Exp. 13
a) 100 b) 100 )
& S o L —
80- o 80 o © .
Conversion 5 Selectivity 5 S
0 N -
(%) 60+ - () 60 .
o
. 404 '
40 o " L
204 7 20
O - T T T T A T 0 3’ T T T T A T
0 2 4 6 8§ 22 24 0 2 4 6 8 22 24
Reaction Time (h) Reaction Time (h)

Figure 7. Experiments 10-13: The time evolution of the conversion of the double bonds (a),
and the selectivity (b), for a CAHC/MO/DMPA ratio of 3.0/1.0/0.1, and different solvents and
reagents concentrations. Experiment 10 (black squares): MeOH/EtOH as solvent, and lower
concentration of reagents. Experiment 11 (blue stars): EtOH as solvent, and lower
concentration of reagents. Experiment 12 (red circles): EtOH as solvent, and higher
concentration of reagents. Experiment 13 (green rhombus): EtOH as solvent, a higher

concentration of reagents, and addition of CAHC in two fractions.

Associated with the conversion of double bonds and with selectivity, the effect of the solvent
can be analyzed by comparing the reaction between CAHC and MO in methanol:ethanol

(Experiment 10) and in ethanol (Experiment 11). Conversion was lower for the reaction carried
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out in methanol:ethanol (Experiment 10), in accordance with the fragmentation kinetics of the

DMPA photoinitiator, and also probably due to solvent effects.

The effect of portionwise additions of CAHC was analyzed by comparing the reaction between
MO and CAHC with a single addition of CAHC at the beginning of the reaction (Experiment
12) and with two additions (Experiment 13); with the first addition at the beginning of the
reaction and the second addition after 4 h of reaction. At short reaction times, higher
conversions were achieved when CAHC was added in two steps (Experiment 13); but at higher
reaction times, similar conversions of around 95% and selectivity of around 74% were obtained
in both experiments. These results could be attributed to a lower turbidity generated by a lower
quantity of CAHC at the beginning of the reaction (Experiment 13), thus indicating that a lower
amount of suspended CAHC increases the fragmentation of the photoinitiator. However, the
initial selectivity increased when all the CAHC was added at the beginning of the reaction
(Experiment 12). This behavior could be related to the double bond/thiol ratio, which is lower
for Experiment 13 at the beginning of the reaction (CAHC/MO/DMPA = 1.5/1/0.1 at ¢t = 0 h),
implying that by-products have a greater probability of being generated, thus decreasing

selectivity.

The effect of reagents concentration (i.e. amount of solvent) was investigated by comparing
the reaction between CAHC and MO at lower concentrations (Experiment 11) and higher
concentrations (Experiment 12). Note that a lower concentration increases conversion at lower
reaction times, due to systems turbidity. In addition, in Experiment 12, the selectivity decreased
at long reaction times, probably indicating that the addition of thiyl radicals onto double bonds

becomes important.

Finally, the effect of the excess of CAHC at high (Experiments 11, and 14-16) and low

(Experiments 12, and 17-19) solvent content was investigated. The values of conversion and
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selectivity at the end of the reactions (z = 24 h) are presented in the last columns of Table 1.
Note that the CAHC concentrations are over the solubility in all experiments, and for this
reason, no significant effect on conversion or selectivity is measured both for diluted and
concentrated systems. In addition, the results reveal that the system turbidity does not affect
the conversion and selectivity at the end of the reaction. Regarding experiments with the same
reagents molar ratio but different amounts of solvent, similar conversions were obtained.
However, higher selectivities were obtained for experiments with higher amounts of solvent,
because of a lower probability of secondary reactions associated with the lower concentration

of double bonds.

The results of the TEC reactions (Experiments 10-19) show that higher conversions and
selectivities are obtained when the reactions are carried out in ethanol and under inert
atmosphere, with lower concentrations of reagents (higher amounts of solvent) and when

adding all CAHC at the beginning of the reaction (Experiment 11 and 14-16).

The trans/cis ratio was calculated for Experiments 10-13. In all cases, it resulted in 4.2 + 0.4,
i.e. close to the trans/cis ratio of 4.3 in methanol reported by Sprinz and co-workers P!l and of
5.15 in tert-butanol reported by Chatgilialoglu and co-workers 3% 34, These results imply that
equilibrium was reached between trans and cis configurations for these experiments, and that
trans configuration reacts faster than the cis, as previously reported by Claudino and co-

workers 6],

For providing further spectroscopic and chromatographic characterization, the reaction mixture
corresponding to the conditions of Experiment 11 (in bold in Table 1) was purified by silica
gel column chromatography, and analyzed by FTIR and SEC (Figure 8). After purification, a
fraction containing only a mixture of both expected addition products was obtained. Figure 8a

compares the FTIR spectra of the purified regio-isomers mixture with the corresponding
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spectra of CAHC and MO reagents. The most relevant information obtained from these spectra
is the disappearance of the C=C stretching band in cis configuration at 3007 cm™ corresponding
to MO. In addition, evidence of CAHC addition to MO are the new N—H stretching and N-H
bending bands at 3290 cm’!, and at 1642 and 1543 cm’!, respectively, as well as the new C-S

stretching vibration at 692 cm™.

Figure 8b shows the SEC chromatograms of the regio-isomers mixture product after
purification obtained from the reaction between MO and CAHC at the conditions of
Experiment 11, with the corresponding MO reagent. The chromatogram corresponding to MO
presents a main peak at 33.0 mL corresponding to MO, and a secondary peak at 31.1 mL, that
could be related to impurities. Along the reaction, the peak corresponding to MO is reduced,
and a multimodal molar mass distribution (MMD) appears, with at least three different
compounds, with maxima at around 29.8, 30.8, and 32.6 mL. The presence of a multipeak
distribution could indicate that the product is a mixture of both regio-isomers of AMO (at 32.6
mL) with other by-products such as higher molar mass oligomers generated by

homopropagation and termination reactions.
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Figure 8. Spectroscopic and chromatographic characterization of the final isolated product
mixture obtained from the reaction between MO and CAHC at the conditions of Experiment

11: a) FTIR spectra; and b) SEC chromatograms.

4. Conclusions

The amine functionalization of MO with CAHC via TEC reaction was experimentally
investigated under different experimental conditions, such as reaction atmosphere (air and inert
gas), type of solvents (methanol:ethanol or ethanol), the addition of CAHC in one or two steps,
reagents concentrations (amount of solvent), and excess of CAHC. High conversions and
selectivities were obtained under conditions of inert atmosphere, diluted conditions, using

ethanol as solvent, and adding the CAHC all at once at the beginning of the reaction.

The results of this study suggest that the reaction involves a complex mechanism, that possibly
arises from the low reactivity of the internal double bonds. In particular, the homopropagation
of intermediate radicals and corresponding termination reactions could be the reason for the
relatively important higher molar mass fractions, as were measured by SEC for the purified

product of Experiment 11, corresponding to one of the best reaction conditions.
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In a future work, and based on the experimental results of Series A to D, a reaction mechanism
will be proposed for the TEC reaction between CAHC and MO, which considers the
photoinitiator fragmentation, thiol initiation, isomerization of double bonds, homopropagation
of carbon-centered radicals, generation of addition products, and termination reactions steps
that produce different thiolated and non-thiolated products. This mechanism will include the
homopropagation and corresponding termination reactions in order to obtain the observed
products. In addition, a mathematical model will be developed based on the proposed
mechanism, that will enable to predict the evolution of reagents, radicals, and products over
time. To determine the involved kinetic constants, the model will be adjusted to the
experimental measurements obtained in this work for the best conditions. The final aim of the
model is to optimize the system parameters (reagents molar ratio, amount of solvent) to obtain

higher conversions and selectivities.

Supporting Information

Additional experimental details regarding the synthesis of methyl oleate, DMPA
concentrations obtained by UV-Vis measurements, turbidity measurements, and NMR spectra
of the final product ('"H-NMR, '*C-NMR, DEPT-35 *C-NMR, 'H-'H COSY, 'H-*C-HSQC,

'H-13C-HMBC) are provided in the Supporting Information (PDF).
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