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This work is a kinetic study of the coupling reaction of 2-mercaptoethanol with methyl undecenoate
and with methyl oleate through “click” chemistry. Reversibility and reactivity of each system were
followed through Fourier Transform Infrared Spectroscopy and ATR conversion (FTIR-ATR) and
Nuclear Magnetic Resonance Spectroscopy ('"H NMR). It was proved that the addition of thiol to
the alkene may be reversible, that it depends on factors such as the structure of the alkene and
the concentration of thiol or photoinitiator, but that it is mainly affected by the isomerization process
in fatty acids and the reactivity of each configuration (cis or trans). It was concluded that under
our “click” chemical experimental conditions, the cis form of methyl oleate is more reactive than
the trans form. Finally, the plausibility of applying this process in nanotechnology is discussed as a
cellular barrier mechanism to avoid internalization of toxic nanoparticles.
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1. INTRODUCTION

Nanotechnology has been globally declared as a high pri-
ority field of research not only in academia but also in
politics, since it embraces myriad of potential applica-
tions in pharmaceutical, food and electronic industries.
In 2009, the nanotechnology sector generated a total of
US$ 12 billion, and it is forecast a massive expansion in
this area in the coming decades. Nevertheless, the increase
in the amount of nanotechnology based products has been
accompanied by permanent uncertainty which character-
izes the evolution of scientific knowledge in this field, as
well as the social trajectory of their technological appli-
cations. This situation inevitably hinders efforts to create
regulations for the development and uses of this type of
technology.!

Nanomaterials have the potential to revolutionize
medicine because of their capacity to affect organs, tissues
and even cells at molecular levels. One of the principal
concerns related to human health risk is the possibility
that nanoparticles may pass through the cellular membrane
and interact with biomolecules inside the cell. However,
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it is possible to take advantage of this feature in order
to get rid of malign cells through delivery systems or
other mechanism. Nevertheless, the behavior of nano sized
materials is usually unpredictable as compared with their
macro or even micro counterparts. This reason justifies the
concern about unspecific internalization of nanomaterials
which could cause serious damage to vital organs such as
the brain.

In previous work® it has been observed that an isomer-
ization process occurs during thiol-ene coupling in fatty
acids with double internal bonds. Isomerization of unsatu-
rated fatty acids catalyzed by thiyl radicals has been stud-
ied for several years,*® mainly because it may contribute
to the conversion of the cis to the trans configuration of
unsaturated phospholipids present in cellular membranes
(Fig. 1). This isomerization generates important structural
changes in these membranes, affecting their barrier prop-
erties, because the trans configuration may pack better and
prevent passage of unwanted molecules through the cellu-
lar membrane.

This barrier mechanism could be used to prevent
nanoparticles from passing through the cellular membrane
(Fig. 1), but to do this it is necessary to understand this
isomerization process, as well as the reactivity of cis and
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Figure 1. Cis-trans isomerization of unsaturated fatty acids present in phospholipids of cellular membranes in the presence of thiyl radicals (RS") as

a proposed mechanism of cell barrier against nanoparticles.

trans configurations when confronted by these radicals
and the biological implications of causing this structural
changes, since inducing the trans form without any con-
trol could cause cell death or relevant metabolic reper-
cussions, a mechanism which is currently under study
as an antitumor therapy.” Therefore, this work is focuses
on the isomerization process, as well as the reactivity
of cis and trans configurations when confronted by thiyl
radicals.

Lowe® has recently published a review of previous
studies,** ! in which he mentions that the low reactivity
of double internal bonds with thiyl radicals is not only due
to steric hindrances, but also to the fact that the isomer-
ization process also reduces conversion speeds, because
the cis and trans configurations have different thiol-alkene
coupling speeds.'! 12

There is still an ongoing debate on which of the two
configurations (cis or trans) is more reactive. This work
therefore presents a detailed study of isomerization reac-
tion and conversion in the addition of 2-mercaptoethanol to
ethyl oleate, using FTIR-ATR and NMR 'H spectroscopy
measurements. In addition, a comparative analysis on the
addition of a thiyl radical to a double terminal bond and
to an internal bond is carried out.

The reaction of the double bond of fatty acid with mer-
captoethanol is a thiol-alkene coupling reaction, which
has been used for many years to produce numerous
materials.'? Tt is frequently used in coatings where UV
light induces a crosslinking (photocuring) between unsat-
urated polymers and multifunctional thiol, showing the
great advantage of not using heavy metal catalysts as
curing agents. In addition, these are fast, simple, spe-
cific reactions which are tolerant of many functional
groups, effective under soft conditions, compatible with
oxygen and water, requiring neither anhydrous nor inert

2

conditions. All these features make thiol-alkene coupling
reactions highly sustainable and biocompatible, allowing
them to be “click” reactions as defined by Sharpless'* in
2001. As a result, many researchers have recently syn-
thesized new materials with applications in several areas
such as nanotechnology using “click” thiol-ene coupling
reactions.'>"”

2. MATERIALS AND METHODS

The following chemical products were obtained from
the mentioned sources: oleic acid (from Mallinckrodt),
and 10-undecenoic acid (from Merquinsa) were used as
received to synthesize methyl 10-undecenoate (MUD) and
methyl oleate (MOL), following standard procedures.’
Lithium aluminum hydride (LiAlH,) at 95% from
Aldrich, 2,2-dimethoxy-2-phenylacetophenone (DMPA) at
99% from Aldrich, 2-mercaptoethanol at 99% from
Aldrich.

2.1. Thiol-Alkene Double-Bond Coupling Reaction

To study the thiol-ene coupling reaction, 10-undecenoate
methyl and methyl oleate were used as alkenes.
2-mercaptoethanol was always used as the thiol. In one
of the systems, the 2,2-dimethoxy-2-phenylacetophenone
(DMPA) was used as the photoinitiator in the free-radical
reaction. The reactions were carried out using a UV (4 W)
lamp with a A = 365 nm wavelength and magnetic agi-
tation at 250 rpm. The addition of thiol to alkene and
the isomerization process was followed using FTIR-ATR
absorption bands of the cis and trans configurations of the
double bond, and through NMR 'H using integration of the
signals corresponding to the protons of the C—=C double
bond.
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2.2. Thin-Layer Chromatography

Silica gel plates on Merck 60 F254 aluminum were used
to distinguish the different components. A carbonizable
compound developer (0.5 ml of anysaldhyde and 1 ml of
sulphuric acid in 50 ml of ethanol) was used. Before use,
the silica plates were first introduced into the developer
solution and immediately taken out and heated at a tem-
perature of approximately 200 °C until stains were seen.
A mix of 9/1 ethylhexanol acetate was used as an eluent.

2.3. Nuclear Magnetic Resonance (NMR)
Spectroscopy

The 'H and *C NMR spectra were performed in a Varian
Mercury Vx 400 spectrometer with Fourier Transforms,
operating at 400 MHz for 'H and at 100 MHz for C.
The solvent used was deuterated chloroform (CDCl). The
chemical shifts are indicated in ppm, using tetramethylsi-
lane (TMS) as an internal standard.

2.4. Fourier Transform Infrared Spectroscopy and
ATR Conversion (FTIR-ATR)

Infrared spectra were recorded in a FTIR-ATR JASCO 680
spectrophotometer. For the isomerization and kinetic stud-
ies of thiol-alkene coupling reactions, a UV (4 W) lamp
A =365 nm was coupled to the spectrophotometer at a dis-
tance of 20 cm from the sample holder where the reaction
took place.

3. RESULTS AND DISCUSSION

The production of a thiyl radical in thiol-alkene reac-
tions may be thermically or photochemically induced,
taking place through a free-radical reaction mechanism
(Scheme 1), which was initially outlined in 1938 by
Kharash et al.,”° where once the thiyl radical is produced,
it is added to the C—C double bond, and later an H is
detached from another thiol molecule to form the product;
the last step is the slowest part of the reaction.

As previously mentioned, this work studies thiol-ene
coupling in unsaturated fatty acids, the isomerization

RS\/\R1

Thiol-ene product

A\

RS-H + Initiator —» RSe RS\/\R1
0A /
( o

Scheme 1. Free-radical reaction mechanism for the thiol-alkene cou-
pling reaction.
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process during this coupling, and the reactivity of the cis
and trans configurations. It was determined that the thiol-
alkene addition may indeed be reversible,” as described,
and depends on several factors: the structures of the alkene
and/or thiol, thiol concentration, solvents used, tempera-
ture, and the presence and concentration of a photoinitia-
tor. There are few studies on the effect of the structures of
the alkene and/or thiol on this reaction, and it is therefore
extremely important to determine the optimal conditions
for the reaction to be irreversible, i.e., without generat-
ing isomerization, so that thiol-alkene coupling takes place
efficiently.’

Methyl undecenoate is a compound with a termi-
nal C=C, which is obtained from esterification of
10-undeceoic acid (the principal product of pyrolysis and
hydrolysis of castor oil).?! Roper et al.!! showed that ter-
minal double bonds quickly react with thiol, generating
complete irreversible conversions, regardless of the length
of the aliphatic chain, due to easy access by the thiyl rad-
ical (RS") to the double bond, since there are no steric
hindrances. On the other hand, the intermediate radical
formed (Fig. 2) does not have any type of interaction to
stabilize this radical, which translates into the rapid detach-
ing of an H from another thiol molecule to yield the prod-
uct. For this reason, in terminal double bonds the slow step
of thiol-alkene coupling reaction (detaching an H) takes
place quickly and the process is not reversible. Thiol-ene
coupling systems have therefore been proposed in terminal
double bonds without the use of photoinitiators, although
this reaction mechanism has not been clearly defined.?>2

Taking the aforementioned points into account, this
study found that the best reaction conditions for methyl
undecenoate and 2-mercaptoethanol with a molar relation-
ship of 1:1.8, respectively, were: room temperature, light at
A =365 nm, and without photoinitiator (DMPA). The reac-
tion took place irreversibly with a very good yield (95%)—
the total conversion of the double bonds occurred in only
40 minutes, and the final product showed a high level of
purity. The 'H and '*C NMR spectra are presented below.

In the proton spectrum the triplet can be seen at
2.51 ppm (k signal), which verifies the formation of the
new CH,—S bond. In addition, both the integration of all
the signals as well as their shifting and multiplicity corre-
spond to the proposed thiol-ene coupling structure. Like-
wise, the '*C NMR spectrum confirms the creation of the
expected product, as can be seen in Figure 4 where all
signals and their corresponding values can be observed.

The second thiol-ene coupling system studied corre-
sponds to the reaction of methyl oleate (MOL) with

RS

Figure 2. Radical intermediary formed in a terminal double bond dur-
ing thiol-eno coupling.
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Figure 3. NMR of 'H (400 MHz, CDCl;) of 11-(2-hydroxyethyl)methyl undecenoate.

2-mercaptoethanol. In this case, the MOL shows an inter-
nal C=C in the cis configuration in the natural state,
which impedes the addition of the thiyl (RS) radical
even more due to steric hindrance; in addition, the steric
strain resulting from the thiol coupling in the internal
double bond has a dramatic effect on conversion speed,
which allows time for the reaction to be reversible.
In general, as the size of the substituent is increased
on both sides of the double bond, the conversion speed
decreases.!!

Chatgilialoglu et al.* have carried out kinetic stud-
ies with MOL, changing the thiol concentration
(2-mercaptoethanol) and using a photoinitiator, to deter-
mine the optimal conditions to achieve total conversion.

These authors determined that for thiol concentrations
>0.1 M it is possible to obtain total conversion, while for
thiol concentrations <(0.1 M there is no conversion, and
only double bond isomerization is observed (Scheme 2),
because fragmentation of the intermediate radical (A")
towards the initial cis configuration or towards the trans
configuration takes place faster than the detaching of an
H from another thiol molecule to yield the final product
(kf cis and kf trans > kSH), as opposed to thiol concentra-
tions >0.1 M where this fragmentation competes with the
detaching of the H.?

We proposed several formulations (F1-F5), varying the
thiol and photoinitiator concentration (Fig. 5) to study
the effect of increases in the photoinitiator and thiol

cDcl,

N L L A EE N B A R R
180 170 160 150 140 130 120 110

ppm

N L S A EE N R A L A R
90 80 70 60 50 40 30 20

Figure 4. NMR of '*C (100 MHz, CDCl,) of 11-(2-hydroxyethyl)methyl undecenoate.
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Scheme 2.

concentrations to achieve total conversion of the MOL
double bond.

Figure 5 shows C=C conversion through time; as can
be seen, between F1 and the F2, where only the thiol con-
centration varies (an increase of 0.3 mol), the conversion
increases remarkably during the reaction process. After
3 hours 72% conversion was reached for F1, while for
F2, 88% conversion was reached, although we can also
see that conversion speed beginning at that point decreases
markedly—at six hours the conversions reached were 77%
and 90% respectively, and at 24 hours the conversion had
not yet reached 100% (F1: 87% and F2: 95%). In F3
and F4 the amount of photoinitiator was increased com-
pared to F2 (0.024 mol and 0.049 mol respectively) and
93% conversion was reached after 3 hours of reaction,
but likewise, 100% conversion was not reached during the
reaction. A little more thiol (0.3 mol) was added in F5
compared to F4, and 95% conversion was reached after
only 1 h, and after 6 h, 99% conversion was achieved.
This last combination of factors (F5), which produced a
total conversion of the C—=C of the MOL, made it possi-
ble to establish the ratio of 1.8 mol thiol/l mol C=C and
0.085 mol DMPA/1 mol C=C as the most appropriate
method.

Figure 5. Conversion of the double bond according to time measured
by 'H NMR, according to the molar ratio of the reactants: methyl
oleate:2-mercaptoethanol: DMPA.

J. Nanosci. Nanotechnol. 17, 1-9, 2017

Isomerization mechanism and kinetic of fatty acids catalyzed by thiyl radicals.

This kinetic study of the thiol-ene coupling reaction
demonstrated that the thiol concentration added initially to
the formulation is indeed the principal factor that has an
effect on the speed of the conversion of the internal double
bond, rather than the initial concentration of the initiator
(DMPA).

The 'H and *C NMR spectra for the product obtained
according to F5 are presented below.

Figure 6 corresponds to the '"H NMR spectrum of the
product obtained using F5, and as can be seen, the signal h
in the form of a quintuplet at 2.57 ppm verifies the forma-
tion of a new CHS bond. Furthermore, both the integration
of all the signals and their shifting and multiplicity corre-
spond to the proposed structure. Likewise, the *C NMR
spectrum confirms the creation of the product, as may be
seen in Figure 7.

During the 1960s, Sivertz et al.,>*2° and Walling and
Helmreich® determined that the speed constants for addi-
tion of thiyl radicals to the cis and trans configurations of
some alkenes are different, as are the fragmentation speed
constants of the intermediate radical formed in each con-
formation. Several years ago Chatgilialoglu et al.’ found
that for methyl oleate, speeds of addition of the thiyl rad-
ical to the cis and trans forms have the same order of
magnitude and are practically equal, while the fragmenta-
tion speed of the intermediate radical A* (Diagram 2) to
yield a trans configuration is an order of magnitude greater
(kf TRANS = 1.6 x 108 M~'s7!) than that which yields the
cis form (kf CIS = 1.7 x 107 M~'s™"), so the fast fragmen-
tation of the intermediate radical A" in the trans isomer is
attributed to the low activation barrier (kf TRANS >> kf
CIS) for the formation of the trans isomer from the inter-
mediate free-radical reaction A".

On the other hand, Hoyle et al.'' studied reactivity of
some monofunctional alkenes with an internal or terminal
C=C with a monofunctional thiol, 3-ethyl mercaptopropi-
onate, and their results demonstrated that the trans config-
uration in internal double bonds shows reduced reactivity
with thiol, and a lower total conversion in internal dou-
ble bonds than with a terminal C=C, which they attribute
to the resulting steric strain due to the 1-3 interactions
of the intermediate free-radical reaction (Fig. 8). They

5
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Figure 6. NMR of 'H (400 MHz, CDCl;) of 9-(2-hydroxyethyl)methyl octadecanoate.

confirm that reactivity and conversion of the C=C trans
decrease when the substituents of the C—=C are larger,
reaching a minimum when the size of the substituent is
equal or greater than that of a propyl, and that the cis
C=C react quickly with thiol, but experience rapid iso-
merization generating the trans isomer, which then reacts
at reduced speed with the thiol.

Samuelsson et al.!> studied reactivities and reaction
speeds of thiol-ene coupling of methyl oleate and of
methyl linoleate with two different thiols, two trimercap-
tan derivatives. They observed that the structure of both
the thiols and of the C—=C have an important effect
on the reaction of the thiol-ene addition. They studied

k
HO/\J./S

CcOo

W

the reversibility of the thiol-ene addition by measuring
FTIR and NMR, and found greater isomerization speeds
in oleate systems, as compared to those of linoleate, which
they attribute to more limited rotation of the C—C bond
(after the addition to the C=C) in the linoleate. They
also observed that cis unsaturation in the methyl oleate
isomerizes much faster, which has important implications
for thiols’ total addition speed because according to their
results the trans isomer is more reactive than the cis iso-
mer. In any case, total C—=C conversion reached for all
the systems were around 70%.

The current investigation carried out a detailed study
of isomerization and conversion reaction in the addition

deg, mp
cocl,

180 170 160 150 140 130 120 110 100

ppm

Figure 7. NMR of '*C (100 MHz, CDCI3) of 9-(2-hydroxyethyl)methyl octadecanoate.
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Steric tension

Figure 8. Intermediate radical formed in the internal double bond trans
configuration during a thiol-alkene coupling.

of 2-mercaptoethanol to methyl oleate using FTIR-ATR
and '"H NMR spectroscopy measurements, reaching con-
version rates of 100%. In FTIR-ATR the bands selected
were 3005 cm™! for the cis configuration and 968 cm™!
for the trans configuration, and in proton NMR a double
bond signal at 5.3 ppm was used which made it possi-
ble to follow the conversion of the reaction, measuring its
decrease until it disappeared.

The results obtained are presented in Figures 9-12.
Figures 9 and 10 show an extension of the absorbance
bands for the cis configuration (3005 cm~') and for the
trans configuration (968 cm™'), and their evolution at dif-
ferent reaction times. As can be seen, at the beginning
of the reaction only the cis configuration exists, whose
band disappears entirely after 1 h, while the band of the
trans isomer is not seen initially, becoming visible after
2 min, reaching a maximum absorbance level at 15 min,
and totally disappearing at 3 h.

This isomerization and conversion process was proved
through 'H NMR (Fig. 11) where at 0 min at 5.33 ppm
the signal for olefinic protons is observed in the 100%
cis configuration, and after 5 min a new signal appears
at 5.36 ppm which corresponds to olefinic protons of the
trans isomer. Then at 60 min the signal at 5.33 ppm (cis)
almost disappears, while the signal of the trans configura-
tion at 5.36 totally disappears after 3 h.

These results can be seen in a more comparative form
in Figure 12, where the absorbance of each configuration

Figure 9. Isomerization followed by FTIR-ATR of the methyl oleate
during coupling reaction with 2-mercaptoethanol, cis configuration
(3005 cm™!).

J. Nanosci. Nanotechnol. 17, 1-9, 2017

Figure 10. Isomerization followed by FTIR-ATR of the methyl oleate
during coupling reaction with 2-mercaptoethanol trans configuration
(968 cm™'): (A) t = (0-14) min and (B) = 15 min-3 h.

was normalized and the conversion of the double bond
through '"H NMR was quantified. Absorbances were nor-
malized using the band of asymmetric deformation of the
CH, at 1463 cm™' as a reference, which remained con-
stant throughout the process, and the conversion of the
double bond through 'H NMR was quantified using the
triplet at 0.9 ppm corresponding to CH; as a reference
signal.

The results stemming from the kinetic study of
the 2-mercaptoethanol-to-methyl oleate coupling reaction
demonstrate that there is indeed an isomerization process
and that it is faster than total conversion of the double
bond; the cis configuration of the methyl oleate reacts gen-
erating greater conversion rates in less time than the trans
configuration. At 10 min 42% conversion was achieved,
and during this time only the cis form reacted, since as
can be seen (Fig. 12) the trans configuration starts to
reduce its relative absorbance (concentration) at 15 min.
After 1 h, the conversion rate was 72%; during this time
the cis configuration disappears, leaving only the trans
configuration which takes 2 more hours to reach 100%
conversion.
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Figure 11.
methyl oleate.

Figure 12. Relative absorbance measured through FTIR-ATR and dou-
ble bond conversion of the methyl oleate measured through 'H NMR
during the kinetic study of the addition of the 2-mercaptoethanol.

4. CONCLUSION

This kinetic study on the reaction of the coupling of
2-mercaptoethanol to methyl undecenoate and to methyl
oleate followed using FTIR-ATR and 'H NMR demon-
strates that addition of the thiyl radical to the terminal
double bond indeed occurs in less time than that needed in
the case of the internal double bond, and additionally that
it is irreversible. On the other hand, it was shown that dur-
ing the coupling reaction of 2-mercaptoethanol to methyl
oleate an isomerization process takes place which is faster
than total conversion of the double bond. It is clear that
the cis configuration of the methyl oleate reacts yielding
greater conversions more quickly than in the case of the
trans configuration. For these reasons it may be concluded
that under our “click” chemical experimental conditions,
the cis form of methyl oleate is more reactive than the
trans form.

These results and conformational analyses carried out
using FTIR-ATR and 'H NMR help to better understand

8

5.36

5.36

t=30 min t=1h t=2h t=3h

Extension of the 5.45-5.20 ppm zone of the '"H NMR spectra during the kinetic study of the addition of the 2-mercaptoethanol to the

the isomerization process in fatty acids, as well as
the reactivity of the different configurations with thiyl
radicals. This information could be highly useful in
nanotechnology, to promote a barrier mechanism for
preventing unwanted nanoparticles from passing through
phospholipids of the cellular membrane when a configura-
tional change is made that allows for better macromolec-
ular packing of the membrane’s physical structure. For
instance, when surfaces of nanomaterials are functional-
ized with molecules that can generate thiyl radicals in the
physiological medium near cellular membranes, these cel-
lular barrier mechanisms could be modulated. Recently’
it has become possible to generate thiyl radicals in lipo-
somes as biomimetic models of cellular membranes, using
mercaptoethanol in the presence of belomicyn; this com-
pound is capable of generating membrane isomerization
towards the trans configuration and modulate different per-
centages of this configuration depending on thiol concen-
tration. Finally, further investigations are needed in order
to prove the cellular barrier mechanism of the studied sys-
tems and their potential use in nanotechnology.
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