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Abstract: Thia-Michael additions (1,4-additions of a thiol to a Michael 

acceptor) are generally catalyzed by an external Brønsted or Lewis 

base. A spontaneous (uncatalyzed) Michael addition of thiols to -

trifluoromethyl acrylates is described in this article, as well as its 

application to the very efficient preparation of a thermoset. A thorough 

mechanistic investigation, based on an experimental kinetic study and 

on DFT calculations, is presented for the addition of arene- and 

alkanethiols to tert-butyl trifluoromethyl acrylate in polar aprotic 

solvents, unveiling a probable solvent-assisted proton transfer in the 

rate-determining step and a considerable lowering of the energy 

barrier induced by the CF3 group. 

Introduction 

The thia-Michael addition is a nucleophilic conjugate (1,4-) 

addition of a sulfur nucleophile (“Michael donor”) to the β-carbon 

atom of an electron poor alkene (“Michael acceptor”) affording a 

thioether (thia-Michael adduct).1 This reaction is generally base-

catalyzed or nucleophile-initiated (Scheme 1). Weak Brønsted 

bases such as triethylamine induce a base-catalysis mechanism, 

whereas stronger Lewis bases such as phosphines lead to a 

nucleophile-initiated mechanism, the latter being the most widely 

used approach.2,3 The first step of both mechanisms consists in 

the formation of a thiolate anion by deprotonation. This anion is of 

course obtained by acid-base reaction for the base-catalyzed 

mechanism. Regarding the nucleophilic initiation, an enolate is 

first formed by addition of the nucleophile onto the acceptor and 

then it reacts with the thiol to produce the initial thiolate anion.4 

After initiation, both mechanisms follow the same route. Hence, 

the generated thiolate adds to the electron-deficient β-carbon of 

the Michael acceptor to form the corresponding enolate adduct 

during the propagation step. Finally, a proton transfer occurs 

between a new thiol function and the enolate, which leads to the 

formation of the final product and of a new thiolate. The latter can 

then start a new thia-Michael addition cycle.5 The thia-Michael 

addition was shown to be dependent on a few critical parameters 

such as solvent polarity,6,7 base or initiator properties8,9 and 

substrates design10,11 (basicity of the Michael donor9 and nature 

of the Michael acceptor12). Finally, mechanistic kinetic modelling 

have also been developed in order to predict the reactivity in thia-

Michael additions according to the nature of the involved 

substrates and base/initiator.13,14 

Scheme 1. Thia-Michael addition : nucleophile-initiated mechanism (top left) 

and base-catalyzed mechanism (top right). 

The thia-Michael addition is one of the most common method 

in organic chemistry to create a C-S bonds. Thia-Michael adducts 

have been used to synthesize a large range of products including 

pharmaceutical agents, bioactive natural products, pesticides, 

food additives, surfactants and polymers.8,14–21 In specific 

reference to polymer science, the thia-Michael addition has 

gained interest  because of its rapidity and efficiency, mild 

reaction conditions and high tolerance towards many functional 

groups.22 In addition, the thia-Michael addition is more selective 
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than the closely related radical-mediated thiol-ene reactions.23 

Indeed, secondary products are often obtained in the latter case 

through the homopolymerization of thiyl radicals.24,25 Therefore, in 

opposition to the radical-initiated thiol-ene reaction, the polar thia-

Michael addition can easily be performed in bulk or in dilute 

solutions.23,26 Thia-Michael additions have been proved to be 

efficient “click” reactions in numerous applications27,28 such as 

dendrimer synthesis,29 surface functionalization,30,31 

bioconjugation32–34 as well as in macromolecular engineering.35–

38 Moreover, the “click” reaction concept introduced by B. 

Sharpless et al.39 is in line with many of the green chemistry 

principles,40 making the thia-Michael addition a promising reaction 

for further development.  

On the path of green chemistry development, reactions that 

can be carried out under solvent- and catalyst-free conditions 

have recently gained increasing attention. A few examples of 

catalyst-free thia-Michael reactions, mainly using peculiar 

nucleophiles such as thioureas or isothiocyanates to prepare 

thiazinone derivatives, have been reported.27,41 The addition of 

thiols to very electron-deficient alkenes can also be performed 

under catalyst-free conditions. For instance, the addition of 

thioacetic acid on a variety of conjugated alkenes was 

demonstrated under solvent- and catalyst-free conditions, but 

requiring a large excess of thioacetic acid.41 An efficient addition 

under catalyst-free conditions was also reported for nitroalkenes 

as Michael acceptors.42 The effect of fluorinated groups on the 

reactivity of Michael acceptors was previously highlighted on 

model molecules by A. Fokin et al.43 and J. Zhao et al.44 The 

exceptional inductive effect of an or -trifluoromethyl substituent 

on the acceptor enabled the catalyst-free addition of aryl thiols. 

However, these two investigations were devoid of any kinetic and 

mechanistic studies, or of comparative studies with non-

fluorinated substrates to assess the activating role of the CF3 

group. Therefore, in order to quantify this role, we have carried 

out a thorough study of the catalyst-free thia-Michael addition of 

two model thiols (thiophenol and n-octyl mercaptan) on tert-butyl 

-trifluoromethylacrylate. A kinetic study coupled with DFT 

calculations allowed to improve the understanding of the catalyst-

free thia-Michael addition mechanism. Finally, the high reactivity 

of -trifluoromethyl acrylates in such a reaction was used to 

develop a new catalyst-free polymerization strategy leading to 3D 

networks. 

Results and Discussion 

Preliminary results. 

The first goal was to qualitatively confirm the rate-enhancing 

effect of an -CF3 group on a Michael acceptor on the thiol 

addition using simple model molecules (Scheme 2). Tert-butyl -

trifluoromethyl acrylate (MAF-TBE) 2 was reacted with either 

thiophenol 1a or n-octyl mercaptan 4 in THF at 50°C, without any 

external base. The addition products 3a and 5 were quantitatively 

produced in less than 20 minutes or 1 h, respectively. A 

competition experiment has been performed to qualitatively 

compare the rates of addition of 1a and 4: the reaction involving 

equimolar amounts of 1a, 4 and 2 in THF (1M concentration) at 

50 °C yielded a 92:8 mixture of 3a and 5 (only 3a is produced at 

RT), confirming the greater reactivity of 3a in this reaction. 

In contrast to these results with MAF-TBE, no reaction 

occurred after 8 h with tert-butyl methacrylate (MA-TBE) 6, under 

the same conditions, using either 1a or 4 as the nucleophiles. 

Prolonged reaction times only resulted in degradation products, 

presumably through homopolymerization of 6. 

These striking results confirmed the occurrence of a fast thia-

Michael addition to an -trifluoromethyl acrylate without the need 

of an external base. In order to quantify the rate-enhancing effect 

of the -CF3 group, as well as to get some insight into the 

mechanism, we embarked on a mechanistic investigation 

combining experimental kinetics and DFT calculations. 

Scheme 2. Thia-Michael reactions on MAF-TBE 2 or MA-TBE 6. 

Experimental kinetic study. 

The initial goal was to (i) quantitatively assess the effect of the 

CF3 group on the Michael addition rate, (ii) establish the rate law 

and determine the rate constant and the activation parameters of 

a representative reaction and (iii) collect experimental data that 

would give some indications on the mechanistic pathway. 

Unfortunately, and as expected from our preliminary molecular 

study, a direct comparison of an uncatalyzed thio-Michael 

addition on a non-fluorinated and on a fluorinated acrylate was 

not possible, because the uncatalyzed addition of thiophenol 1a 

to ethyl methacrylate or even ethyl acrylate was too sluggish, 

even at high temperatures, to allow any reliable kinetic 

measurement. We thus focused on the study of the addition of 

arenethiols onto MAF-TBE 2. 

The first task was to determine the experimental conditions 

(solvent, temperature) and to choose the analytical method that 

would be appropriate to perform a quantitative kinetic study. THF 

was used in the preliminary qualitative study but the reactions 

were too fast in this solvent (complete within 1 hour with PhSH at 

rt) to ensure an accurate measurement of the product 

concentrations. On the other hand, the reaction was found to 

proceed sluggishly in dichloromethane and not at all in benzene. 

Methyl tert-butyl ether (MTBE) adequately slowed down the 

reaction (completion reached after 4 h with PhSH) and was thus 

selected for the remainder of the study. These qualitative 

observations point to a significant polar character for the transition 

state, but also to an active role of the solvent basicity, because 

dichloromethane has a higher dielectric constant (ε = 8.93) than 

THF (7.4) and MTBE (4.50), but does not have basic properties. 

This suggests a possible involvement of proton transfer from the 

thiol in the rate-determining step. A monitoring of the reaction by 
19F NMR was carried out by diluting withdrawn aliquots in C6D6. 

The latter acted as an efficient quencher of the Michael addition. 

A control experiment showed that the relative quantities of the 
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reaction partners only marginally evolved after several hours 

following the dilution. 

Under these conditions (Scheme 3), the reaction order in each 

reagent (2 and 1a) was first checked at 25°C. Using a large 

excess (10 equivalents, [1a]0 = 1 M) of 1a, the plot of ln([2]/[2]0 vs. 

time (Figure 1a and data in Table S1) showed an unambiguous 

linear dependence (R2 = 0.99) and yielded the value of the 

pseudo-first-order (observed) rate constant, kobs = (1.68±0.01)·10-

4 s-1. Having proved that the reaction is first order in Michael 

acceptor, the reaction was also performed with 15 and 20 

equivalents of the Michael donor 1a (data in Tables S2 and S3) 

to check the kobs dependence on [1a]0. The results (Figure S1, 

Table S4 and Figure 1b) indicate a more than acceptable linear 

(first-order) dependence. The statistical analysis of this fit yields k 

= (1.93±0.15)·10-4 s-1M-1 for the reaction rate constant at 25 °C. 

The slight kobs deviation toward greater values relative to the best 

fit at higher [1a]0 is attributed to an increase of the medium polarity. 

A possible alternative interpretation of this deviation would involve 

the contribution of an additional second-order pathway, resulting 

from the participation of a second thiol molecule in a proton shuttle 

mechanism. Higher-order processes have previously been 

observed with implication of water or alcohols or amines as proton 

shuttle in proton transfer reactions such as transesterification and 

aminolysis.45,46 However, this possibility seems discarded by the 

DFT calculations (vide infra).   

Scheme 3. General reaction for the kinetic study. [2]0 = 0.1 M. [2] was 
monitored by 19F NMR after dilution of withdrawn reaction samples in C6D6. 

At that point, we wished to probe the possible contribution of 

a more active proton shuttle molecule, namely water, on the rate 

of the thia-Michael addition. The reaction was thus monitored 

using (i) MTBE dried over 4Å molecular sieves (20 ppm of water 

according to Karl-Fischer (KF) titration), (ii) “wet” MTBE as 

received from the commercial supply (162 ppm of water according 

to KF titration) and (iii) MTBE with added water (5227 ppm 

according to KF titration). The determined pseudo-first order rate 

constants, kobs, were respectively (1.15±0.001)·10-4 s-1, 

(1.31±0.02)·10-4 s-1 and (3.62±0.09)·10-4 s-1 (see SI, Tables S5-

S7 and Figures S2-S5 for details). The presence of water has thus 

a significant, but not particularly remarkable influence on the rate 

of the reaction, suggesting that water has indeed the power to 

open a competitive proton shuttle pathway. The observed effect, 

however, is too small to make a marked difference between the 

commercial solvent and the carefully dried one. However, in order 

to avoid any reproducibility issue, the following experiments were 

carried out using MTBE dried over molecular sieves. 

In order to clarify the effect of the medium polarity and basicity, 

a Hammett study was undertaken to check the effect of the aryl 

thiol para-substituent on the kinetics, using a series of electron-

donating and electron-withdrawing groups (1b-e). For each 

nucleophile, the rate data measured with [1]0 = 1 M (10 

equivalents with respect to 2) were again in agreement with a first 

order decay (see Tables S8-S11 and Figures S6-S9 for details), 

yielding the rate constants collected in Table 1. Quite remarkably, 

a strong electronic effect was observed, since p-CF3C6H4SH 

reacted 120 times faster than its methoxy-substituted analogue. 

A plot of log(kX/kH) as a function of 
X gave a Hammett correlation 

with an excellent linear fit (R2 = 0.995), see Figure 2. A rather high 

positive electronic effect ( = 2.38) was observed, which suggests 

a build-up of negative charge on the thiolate anion at the transition 

state level. 

Figure 1. (a) Reaction monitoring for [1a]0 = 1M at 25 °C, and (b) plot of kobs 
as a function of [1a]0 at 25 °C. 

Table 1. Kinetic data and kX/kH for 1a-e at 19.5±1 °C and for [1]0 = 1M 

Thiol X σ+(para) 104·k (L mol-1 s-1) log (kX/kH) 

1a H / 1.15±0.01 / 

1b OMe –0.268 0.24±0.01 –0.68±0.05 

1c F 0.062 1.28±0.05 0.05±0.04 

1d Cl 0.227 3.58±0.08 0.49±0.02 

1e CF3 0.540 29.9±1.4 1.37±0.05 

[a] L.mol-1.s-1 

The activation parameters were determined on the basis of 

the rate constants determined at four different temperatures, 

using p-MeOC6H4SH (1b) as the nucleophile. The lower reactivity 

of this thiol allows easier manipulations, more accurate 
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monitorings and the exploration of a wider temperature range. 

The reactions were performed at –1 °C, 8.6 °C, 18.6 °C and 

29.3 °C (see SI, Tables S12-S16 and Figures S10-S13, for 

details). The Eyring-Polanyi plot, shown in Figure 3, exhibits a 

good linear fit (R2 = 0.974) and yields H≠ = 11.0±1.3 kcal mol-1 

and S≠ = –42.4±4.5 cal mol-1 K-1. The negative activation entropy 

was of course expected from an associative process but its high 

value might suggest the involvement of additional solvent or 

nucleophile molecules in the transition state. 

Figure 2. Hammett plot according to data of Table 1. 

Figure 3. Eyring plot of the rate constants determined for the addition of 1b to 
MAF-TBE at –1 °C, 8.6 °C, 18.6 °C and 29.3 °C in MTBE.  

Finally, two additional experiments were carried out in order 

to further challenge the hypothesis that the thiol proton transfer is 

implicated in the rate-determining step. First, the rate of 1b 

addition to 2 at -1.0 °C was also measured in THF (same 

conditions as the equivalent experiment in MTBE, Table S11 and 

Figure S13), giving rise to an approximately 9-fold acceleration 

(kMTBE = 4.34±0.02·10-6 L mol-1 s-1 vs kTHF = (4.05±0.10)·10-5 L.mol-

1.s-1, see Table S17 and Figure S14). Secondly, a kinetic

experiment was also carried out for the addition of BnSH in MTBE 

at 29.3 °C, yielding a rate constant approximately four times 

smaller (kBnSH = (9.0±0.3)·10-6 L mol-1 s-1, see Table S18 and 

Figure S15) than for 1b (k1b = (3.65±0.09)·10-5 L.mol-1.s-1, Table 

S15 and Figure S13) . The facts that the reaction is faster in a 

more basic solvent such as THF and slower using a less acidic 

thiol are in perfect agreement with the dominating role of the thiol 

S-H heterolytic splitting in the transition state. 

This experimental kinetic study therefore underlines the dramatic 

acceleration induced by the -CF3 group on the thia-Michael 

addition. Moreover, several experiments, including a Hammett 

plot, brought experimental support to the key role of the transfer 

of the thiol proton, with development of significant negative charge 

on the thiol S atom in the rate-determining step. The rate of this 

process is exalted by the solvent basicity (in the absence of any 

other external base). 

DFT calculations. 

This investigation was carried out in order to validate the 

mechanistic hypotheses formulated on the basis of the 

experimental kinetics studies, and to gather additional details on 

the nature of the rate-determining transition state. They used the 

same computational method that was previously used to explore 

the accelerating effect of the α-CF3 group and of other F-

substitution patterns on the transesterification reaction47,48 (for the 

details, see the Experimental Section). The calculations were 

carried out on the addition of thiophenol and methyl mercaptan 

(as a smaller and electronically equivalent model of alkyl 

mercaptans) to CH2=C(CX3)COOMe (X = H, F), which were used 

as simpler models of MA-TBE and MAF-TBE, respectively. These 

substrates will henceforth be abbreviated as MMA (for X = H) and 

MMAF (for X = F). The replacement of the tert-butyl in the two 

esters and of the n-octyl group in the thiol with a methyl group 

speeds up the calculations while not significantly altering the 

electronic distribution in the reagents and products. A polarizable 

continuum correction was applied using the permittivity of the 

MTBE solvent (ε = 4.5) used for the experimental kinetics 

investigation. The Cartesian coordinates and energies of all 

optimized geometries (local minima and transition states) are 

collected in the Supporting Information. The thermodynamic gain 

of the addition reaction was calculated as slightly greater for the 

fluorinated system (ΔGMTBE,298K = -8.8 and -8.0 kcal mol-1 for 

MeSH and PhSH, respectively) than for the non-fluorinated one (-

4.6 and -5.9 kcal mol-1 for MeSH and PhSH, respectively).  

A first mechanistic hypothesis consists of a thiol nucleophilic 

addition to the β-carbon to yield a zwitterionic intermediate 

RSH+CH2C(CX3)C(OMe)O- (R = Me, Ph; X = H, F; see Scheme 

S1) that could then proceed to the product by proton transfer, 

either directly or upon proton shuttle assistance by a second thiol 

molecule. However, calculations on the Ph adducts could not 

locate any stable local minimum for the putative zwitterionic 

intermediate, all optimization attempts leading to H-bonded 

adducts, PhSH···CH2=C(CX3)COOMe (Figure S16). In these 

adducts, the thiol H atom interacts with the ester O atom of MMA 

(H···O = 2.337 Å) and with an F atom of MMAF (H···F = 2.324 Å). 

Next, a relaxed scan search was conducted on the C-S bond 

formation in the presence of a second PhSH molecule, which 

could assist the process as a proton shuttle by simultaneously 

removing the proton from the first PhSH molecule and delivering 

its own proton to the α-carbon atom (1,2 addition as shown in 

Scheme S1) or to the carbonyl O atom (1,4 addition).  The starting 

point of the scan was the fully optimized 

PhSH···PhSH···CH2=C(CX3)COOMe adduct (Figure S17), where 

the second PhSH molecule acts as proton donor in H-bonding 

with the ester C=O group and as proton acceptor in H-bonding 

with the first PhSH molecule, which also shows an H···X contact 

with the methacrylate CX3 group. In these adducts, there is no 

evident interaction between the attacking S atom and the acrylate 

β-C atom (separations > 3.5 Å). The scan for the X = H system, 

however, led to quite high energies at short C-S distances, with 

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

-0.400 -0.200 0.000 0.200 0.400 0.600

lo
g(
k X

/k
H
)

σ+

-42.0

-41.5

-41.0

-40.5

-40.0

-39.5

-39.0

3.30E-03 3.40E-03 3.50E-03 3.60E-03 3.70E-03

ln
(k

h
/T
k B

)

T-1/K-1



RESEARCH ARTICLE 

5 

the H atom of the second PhSH molecule remaining H-bonded to 

the ester carbonyl group but not showing any tendency to be 

transferred (see Figure S18). An alternative relaxed scan on a 

decreasing C···H distance equally revealed high energies and did 

not entail an approach of the S atom to the CH2 group (Figure 

S19). Hence, a proton shuttle mechanism with thiol assistance 

and H transfer to the α-C atom seems excluded. A second 

hypothesis considered solvent assistance in the direct transfer of 

the thiol proton, without formation of a zwitterionic intermediate, 

from the thiol S atom to the methacrylate C atom (Scheme S2). 

Indeed, the presence of a Lewis basic ether solvent was 

experimentally shown to strongly promote the reaction (vide 

supra). The ether interaction with the transferring proton may 

assist the process via transition state stabilization, if the 

transferring proton markedly increases its protic character at the 

TS level. This mechanism was explored using Me2O as a small 

model of the solvent molecule for the MeSH system. A TS 

geometry for this direct pathway could indeed be optimized for the 

MMAF system, but is located at ΔG‡
MTBE,298K = 31.7 kcal mol-1 

relative to MMAF + MeSH···OMe2 (Figure S5). Introducing a 

second ether molecule did not sufficiently improve the situation, 

as the barrier to transfer relative to MMAF + MeSH···(OMe2)2 was 

only slightly reduced to 29.2 kcal mol-1 (Figure S20). These 

barriers are too high to be compatible with the observed rate 

constants, excluding this mechanistic hypothesis. 

Finally, the aptitude of the PhSH proton to establish an H-

bond with the ester carbonyl O atom (Figure S17) suggested the 

possibility of a 1,4-addition, without a proton shuttle, leading to the 

ester enol form (Scheme S3), which could later rapidly 

tautomerize to the final ester structure. The exploration of this 

mechanism for both MeSH and PhSH additions to both MMA and 

MMAF gave Gibbs energy profiles that are more compatible with 

the experimentally measured rates. The profiles of the MeSH 

additions are shown in Figure 4 and those of the PhSH additions 

are presented in Figure 5. In particular, the MMAF system exhibits 

much lower barriers than the MMA system (by 6.3 kcal mol-1 for 

the MeSH addition and by 5.8 kcal mol-1 for the PhSH addition). 

The calculations also predict faster reactions for the additions of 

PhSH relative to MeSH (lower barrier by 1.7 kcal mol-1 for the 

addition to MMA and by 1.2 kcal mol-1 for the addition to MMAF). 

The rate ratios for the additions of the same thiol to the two 

systems at 25 °C are calculated as 4.1·104 for MeSH and 1.8·104 

for PhSH in favour of the MMAF system. The predicted rate ratios 

for the additions of the two thiols to the same unsaturated ester at 

25 °C are 17.6 for MMA and 7.6 for MMAF in favour of PhSH. The 

calculated barrier for the PhSH (1a) addition to MMAF (which can 

be decomposed into a 5.3 kcal mol-1 of enthalpic contribution and 

an activation entropy of -35.4 cal mol-1 K-1) is in only qualitative 

agreement with the experimentally measured activation 

parameters for the addition of 1b to MAF-TBE. The discrepancy 

can be attributed to several inadequacies, notably the neglect of 

the explicit interaction between the reactants and the solvent, the 

basicity of which was shown crucial in the experimental 

investigation. However, this calculated mechanism qualitatively 

reproduces the very negative activation entropy and the 

accelerating effects of the acrylate CH3/CF3 and thiol alkyl/aryl 

substitutions. 

These calculated trends can be rationalized by electronic 

effects, as suggested by the Mulliken charges (see Figure S21). 

The substrate β-C atom is less negatively charged in MMAF 

(-0.087) than in MMA (-0.132), suggesting lower resistance by 

MMAF to receive the electron density of the S atom. This C atom 

becomes substantially more negative at the TS level and the 

charge further increases and becomes less substrate-dependent 

(in the -0.443 to -0.430 range) in the tautomeric intermediate. Of 

even greater interest is the evolution of the S atom charge: for the 

two MMAF reactions, the charge remains nearly neutral on going 

from free RSH to TS to product (-0.066/0.080/0.067 for MeSH; 

0.035/0.009/0.096 for PhSH). On the other hand, the S atom 

becomes significantly more negative at the TS level for the two 

MMA reactions (-0.066/-0.138/0.050 for MeSH; 0.035/-

0.132/0.077 for PhSH). This difference reflects an “earlier” proton 

transfer to the O atom (shorter H-O and longer S-H) and a “later” 

S binding to C (longer S-C) at the TS level for the MMA system. 

This reflects again the greater electrophilicity of the MMAF β-C 

atom. At the same time, the carbonyl O atom is more nucleophilic 

in MMA (-0.329) than in MMAF (-0.301). Hence, there is greater 

tendency for the MMA system to establish the O-H bond before 

the C-S bond, thus imparting a greater negative charge to the S 

atom in the TS, whereas the two transfers are more synchronous 

for the MMAF system, thus keeping the S atom more neutral. 

Figure 4. Gibbs energy profile for the 1,4 addition of MeSH to 
CH2=C(CX3)COOMe (X = H, F). 

Figure 5. Gibbs energy profile for the 1,4 addition of PhSH to 
CH2=C(CX3)COOMe (X = H, F). 

The faster PhSH addition relative to the MeSH addition does 

not result from the thiol nucleophilicity (C···S interaction), but 

rather from its acidity (H···O interaction). Indeed, MeSH carries a 

greater negative charge on the S atom. Inspection of the 

interatomic distances at the TS level (Figure S21) shows that, for 

the same ester substrate, the MeSH addition TS has a longer 
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H···O distance and a shorter C···S distance than the PhSH 

addition TS. This feature may also be the key to rationalize a 

violation to the Hammond principle: for both MMA and MMAF 

systems, the addition of thiophenol is more endergonic than that 

of methanethiol, but the energies of the TSs follow the opposite 

trend. This behavior is probably related to the greater cost of 

stretching the O-H bond and the lower gain related to the C-S 

bond formation. 

A final DFT investigation involved the possible action of water 

as a proton shuttle for this reaction (Scheme S4). As shown above, 

a possible proton shuttle action by a second thiol molecule seems 

ruled out by the DFT investigation, but water has greater power 

than a thiol, both as a proton donor and as a proton acceptor in 

H-bonding, while the experimental work (vide supra) suggests 

that the reaction rate is sensitive to the water content in the 

solvent. This investigation was limited to the MeSH/MMAF system. 

The Gibbs energy barrier of this pathway (Figure 6), when 

considering the initial Gibbs energy cost of assembling the 

MeS···H2O adduct from the separate molecules, is essentially 

identical to that of the direct 1,4 addition (Figure 4). The enol 

intermediate is also stabilized relative to that obtained by the 

direct 1,4 addition. This stabilization seems the consequence of 

the replacement of a weaker H-bond (S-H···OH2) with a stronger 

one (O-H···OH2), plus the establishment of an additional C-F···H-

O interaction.     

Figure 6. Gibbs energy profile for the 1,4 addition of MeSH to MMAF with 
proton shuttle assistance of a water molecule. 

Calculations on the final step (ester enol tautomerization) 

were not carried out, as this process is not likely to be rate-

determining.  

Scheme 4. Synthesis of the bis-trifluoromethacrylate (HMAF2) monomer.

Thermosets preparation. 

Following the kinetic and DFT studies, the activation effect of 

the -CF3 group was used to prepare crosslinked networks via 

thia-Michael additions. First, a difunctional trifluoromethacrylate 8 

(HMAF2) was synthesized by esterification of hexanediol with 2-

(trifluoromethyl)acryloyl chloride 7 (MAF-Cl). MAF-Cl was isolated 

by distillation from the reaction of 2-(trifluoromethyl)acrylic acid 

with phtaloyl chloride (Scheme 4), and was characterized by 1H, 
19F and 13C NMR (Figure S29) and MS (Figure S32) analyses. 

The global reaction yield was 58 %. 

Analogous fluorinated (TF) and non-fluorinated (TNF) 

thermosets were synthesized by thia-Michael polyaddition 

(Scheme 5). The synthesis of a non-fluorinated material based on 

a methacrylate motif was not possible because the thia-Michael 

addition did not proceed, even in presence of a catalyst. Instead, 

1,6-hexanediol diacrylate (10, HA2) was copolymerized with 9 

(pentaerythritol tetrakis(3-mercaptopropionate), PETMP) in the 

presence of triethylamine as a catalyst at room temperature 

overnight to yield TNF. In contrast, TF was prepared from HDMAF 

and PETMP without any catalyst at 50 °C in 2 h and with a post-

curing of one half-hour at 150 °C. Indeed, as demonstrated above, 

the thia-Michael addition onto trifluoromethyl acrylates proceeds 

readily under catalyst-free conditions. Rheological kinetic studies 

were carried out at 50 °C on the starting mixtures. For the HA2 + 

PETMP (without NEt3) solution, the viscosity profile did not evolve 

after 3 days at 50 °C, confirming that no reaction occurred without 

catalyst. For the HMAF2 + PETMP solution, the gel point (crossing 

of G’ and G’’) was reached after 14 min (Figure 7). The 

remarkably strong activation effect induced by the trifluoromethyl 

group enabled a fast thia-Michael addition, which resulted in the 

rapid formation of the 3D network without any catalyst. 

Scheme 5. Synthesis of TF from 9 and 8 and synthesis of TNF from 9 and 10. 
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Figure 7. Evolution of G’ (close square) and G’’ (open square) with curing time 
for TF (red, full line) at a curing temperature of 50 °C 

The chemical and physical properties of TF and TNF were 

evaluated by FTIR, TGA, DSC, DMA and water contact angle 

(Table 2). High insolubility ratios (>94%) were obtained for both 

materials, confirming the network formations. The swelling ratios 

of both materials were also very similar (≈ 170 %), as expected 

given their structural similarities. The characteristic C=C 

stretching bands of HDMAF (1636-1668 cm-1) and HDA (1627-

1650 cm-1) and the S-H stretching band of PETMP (2454-2611 

cm-1) were no longer present in the FTIR spectra of TF (Figure 8) 

and TNF (Figure S22), further confirming the network formation 

for both materials. TF and TNF were shown by a TGA analysis to 

be thermally stable up to 330 °C (Figure S23) which allows using 

these materials in a broad temperature range. 

Table 2. Chemical and mechanical properties of TF and TNF materials 

Td
5 % 

(°C) 

Tg 

(°C) 

Tα 

(°C) 

E’glass 

(GPa) 

E’rubbery 

(MPa) 

Swelling 

ratio[a] 

(%) 

Insolubility 

ratio[a] 

(%) 

TF 337 -0 21 2.8 10.8 174 95 

TNF 362 - 21 - 2 2.4 10.1 171 94 

[a] Tests performed in THF at room temperature for 24 h 

Figure 8. FTIR spectra of HDMAF (dashed red), PETMP (dotted black) and 
TF (full red). 

The presence of CF3 groups brings new properties to the 

material compared to its non-fluorinated equivalent. Indeed, 

higher Tg (Figure S24) and Tα were observed for TF (ΔTg ≈ ΔTα ≈ 

20°C. This suggests that the presence of large CF3
 group in the 

networks reduces the chain mobility. The DMA analyses (Figure 

9) highlighted that TF and TNF have similar moduli noth in the low

and high-temperature regimes. These observations confirm that 

similar network structures were obtained for both materials. 

Finally, due to the hydrophobic properties of the trifluoromethyl 

groups, the water contact angle of TF is higher than that of TNF 

(Figure 10). 

Figure 9. Storage modulus (E’) and tan(δ) of TF (square and dotted red) and 
TNF (circle and dashed blue). 

Figure 10. Water contact angle measurements of TF (left) and TNF (right) 

Conclusion 

The exceptional reactivity of -(trifluoromethyl)acrylates (MAF-

TBE in the kinetic investigations and HMAF2 in the formation of 

the TF network) towards the thia-Michael addition was 

unambiguously demonstrated in the present study. Indeed, thiols 

undergo a rather uncommon catalyst-free addition to these 

Michael acceptors. The mechanism of this reaction is suggested 

by DFT calculations and experimentally supported by a kinetic 

study. Both approaches converge towards a mechanism featuring 

a 1,4-addition to yield an ester enol intermediate with transfer of 

the thiol proton in rate-determining step, as illustrated by the 

increased rates when using more acidic thiols or more basic 

solvents. 

This exceptional reactivity was herein applied to the synthesis of 

a thermoset that was fastly prepared in the absence of any 

additive or catalyst, in contrast with its non-fluorinated counterpart. 
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This work opens the way to the future design of covalent 

adaptable networks or vitrimers based on this enhanced reactivity 

of the -trifluoromethylacrylate moiety. 

Experimental Section 

Tert-butyl 2-(trifluoromethyl)acrylate (MAF-TBE, 98 %) was purchased 

from SynQuest Labs (Alachua, FL, USA). Benzyl mercaptan (99 %) and 

octanethiol (98.5 %) were purchased from Sigma Aldrich. Arylthiols 

(>98%) were all purchased from Fluorochem. 2-(Trifluoromethyl)acrylic 

acid (MAF) (>98 %)  was purchased from SynQuest Labs (Alachua, FL, 

USA). 1,6-Hexanediol diacrylate with 100 ppm monomethyl ether 

hydroquinone as inhibitor (>90 %), pentaerythritol tetrakis(3-

mercaptopropionate) (PETMP) (>95 %), phthaloyl chloride (> 90 %) and 

CDCl3 were purchased from Sigma Aldrich (Darmstadt Germany). All the 

chemicals were used as received. 

Synthesis of thia-Michael adducts 3a, 5 and 7 

In a flame-dried round-bottom flask was charged MAF-TBE 2 (2 mmol), 

dissolved in THF (2 ml). Then, the appropriate thiol was added dropwise 

at room temperature, and the reaction was stirred for 3 h. The solvent was 

removed under vacuum, and the crude product was purified by column 

chromatography on silica gel (100% pentane  95/5 pentane / AcOEt) the 

yield the pure products. 

tert-butyl 3,3,3-trifluoro-2-((phenylthio)methyl) propanoate 3a was 

obtained according to this procedure using thiophenol 1a as the 

nucleophile, in the form of a colorless liquid (441 mg, 72%). 1H-NMR (300 

MHz, DMSO) δ = 7.47 – 7.35 (m, 4H), 7.34 – 7.26 (m, 1H), 3.56 – 3.40 (m, 

2H), 3.32 – 3.23 (m, 1H), 1.42 (s, 9H). 19F-NMR (282 MHz, DMSO) δ = -

66. 8 (d, 3JH-F = 8.5 Hz). 13C-NMR (101 MHz, DMSO) δ = 164.9 (d, 3JC-F = 

3.1 Hz), 134.3, 130.2, 129.8, 128.6-120.5 (q, 1JC-F = 281.4 Hz), 127.5, 83.4, 

50.7 (q, 2JC-F = 26.0 Hz), 40.29 (q, 1JC-F = 42.0 Hz), 29.8 – 29.7 (q, 3JC-F = 

4.6 Hz), 27.8. HRMS (ESI+): calc. m/z for [M-H]+: 307.0974, measured: 

307.0975. 

tert-butyl 3,3,3-trifluoro-2-((octylthio)methyl) propanoate 5 was obtained 

according to this procedure using octanethiol 4 as the nucleophile, in the 

form of a colorless liquid (437 mg, 64%). 1H-NMR (400 MHz, CDCl3) δ = 

3.29-3.19 (m, 1H), 3.01 – 3.84 (m, 2H), 2.59-2.55 (t, 2H), 1.63-1.53 (m, 

2H), 1.53 (s, 9H), 1.42-1.30 (m, 10 H), 0.93-0.89 (t, 2H). 19F-NMR (377 

MHz, CDCl3) δ = -68.31 (d, 3JH-F = 8.2 Hz). 13C-NMR (101 MHz, CDCl3) δ 

= 165.3 (d, 3JC-F = 3.1 Hz), 127.5-119.91 (q, 1JC-F =281.3), 83.2, 52.6-51.8 

(q, 2JC-F = 26.5 Hz), 32.6, 31.8, 29.4, 29.2, 29.1, 28.8, 27.9, 27.8 (q, 3JC-F 

= 2.5 Hz), 22.7, 14.1. HRMS (ESI+): calc. m/z for [M-H]+: 343.1913, 

measured: 343.1917. 

tert-butyl 3,3,3-trifluoro-2-((benzylthio)methyl) propanoate 7 was obtained 

according to this procedure using benzyl mercaptan as the nucleophile, in 

the form of a colorless liquid (441 mg, 72%). 1H-NMR (300 MHz, DMSO) 

δ = 7.38 – 7.30 (m, 4H), 7.26 (m, 1H), 3.84 (s, 2H), 3.70 – 3.53 (m, 1H), 

2.76 (qd, JH-F = 13.7, JH-H = 7.4 Hz, 2H), 1.44 (s, 9H).19F-NMR (282 MHz, 

DMSO) δ = -66.9 (d, 3JH-F = 8.8 Hz). 13C-NMR (101 MHz, DMSO) δ = 165.3 

(q, 3JC-F = 5.6 Hz), 138.4, 129.4, 128.9, 127.5, 126.2, (q, 1JC-F =282.8 Hz) 

83.1, 50.6 (q, 2JC-F = 25.7 Hz), 35.4, 27.9, 26.77 (q, 3JC-F = 4.7 Hz). HRMS 

(ESI+): calc. m/z for [M-Na]+: 343.0950, measured: 343.0950. 

Procedure for the competition experiments 

In a flame-dried round-bottom flask was charged MAF-TBE 2 (1 mmol, 1 

eq.) dissolved in THF (1 mL). Then, octanethiol 4 (1 mmol, 1 eq.) and 

thiophenol 1a (1 mmol, 1 eq.) were added at room temperature or at 50 °C. 

The conversion and the 3a/5 ratio were measured and monitored by 19F-

NMR. 

Procedure for the kinetic experiments 

A flame-dried 10 ml scintillation vial was charged with MAF-TBE (0.25 

mmol), dissolved in MTBE (pre-dried over 4A molecular sieves; the MTBE 

volume was adjusted so that the total reaction volume was 2.5 mL). After 

stirring at the appropriate temperature for 5 minutes, the corresponding 

thiol (2.5 mmol, 10 equiv) was rapidly added and the MZF-TBE conversion 

values were determined by integration of the 19F NMR of withdrawn 

aliquots. The solutions used for the NMR measurements were obtained by 

diluting 100 µl of the reaction mixture in approximately 300 µl of C6D6. 

Synthesis of 7 (MAF-Cl) 

2-Trifluoromethylacryloyl chloride (MAF-Cl) was synthesized by the 

reaction of 2-trifluoromethylacrylic acid (MAF) (29.1 g, 208 mmol) with 

phthaloyl dichloride (63.2 g, 311.3 mmol) at 150 °C for 2 h and then 190 °C 

for 30 min in absence of solvent. The product was collected by distillation 

during reaction. Yield: 72 %, 23.8 g; bp = 82 °C. 

Synthesis of 8 (HMAF2) 

NEt3 (7.32 g, 72.4 mmol) was added dropwise to a dichloromethane 

solution of 1,6-hexanediol (2.85 g, 24.1 mmol) and MAF-Cl (9.56 g, 60.3 

mmol) at 0 °C, followed by stirring at room temperature for 4 h. The 

reaction mixture was washed with 0.5 N hydrochloric acid, saturated 

aqueous sodium hydrogen carbonate and brine, treated with MgSO4, 

filtered and dried under reduced pressure to afford the pure di-

(trifluoromethacrylate) (HMAF2). Yield: 80 %, 7.0 g. 1H-NMR (400 MHz, 

CDCl3) δ = 6.75 (q, 3JH-H =1.7 Hz, 2H), 6.45 (q, 3JH-H =1.3 Hz, 2H), 4.29 

(t,3JH-H = 6.5 Hz, 4H), 1.72-1.79 (m, 4H), 1.45-1.49 (m, 4H). 19F-NMR (377 

MHz, CDCl3) δ = 65.7. 13C-NMR (101 MHz, CDCl3) δ = 161.2, 132.7 (q, 
3JC-F = 5.1 Hz), 130.9-131.9 (q, 2JC-F = 31.7 Hz), 117.3-125.4 (q, 1JC-F = 

272.6 Hz), 65.6, 28.2, 25.3. HRMS (ESI+): calc. m/z for [M-H]+: 363.1026, 

measured: 363.1024. 

Synthesis of fluorinated thermoset (TF) 

Fluorinated thermoset (TF) was synthesized from PETMP (x g, x eq.) and 

HMAF2 (x g, x eq.). The reactive mixture was initially mixed 2 min using a 

SpeedMixer. Then TF was left 2 h at 50 °C, before to be post-cured at 

150 °C for 30 min.  

Synthesis of non-fluorinated thermoset (TNF) 

Non-fluorinated thermoset (TNF) was synthesized from PETMP (x g, x eq.) 

and HA2 (x g, x eq.) in presence of 1 mol % of triethylamine (NEt3). The 

reactive mixture was initially mixed 2 min using a SpeedMixer. Then TNF 

was left at room temperature overnight.  

High-resolution mass spectrometry (HRMS) 

The high-resolution mass spectra were recorded on a Bruker Daltonics 

micrOTOF-Q with an ESI source and a positive ion polarity. 

Fourier-transform infrared spectroscopy (FTIR) 

Fourier-transform infrared spectra were recorded in the ATR mode on a 

Nicolet 210 FTIR instrument. The characteristic IR absorptions mentioned 

in the text are reported in cm-1.  

Differential scanning calorimetry (DSC) 

The DSC analyses were carried out using a NETZSCH DSC200F3 

calorimeter, which was calibrated using indium, n-octadecane and n-

octane standards. Nitrogen was used as purge gas. Approximately 10 mg 

of sample were placed in a perforated aluminium pan and measured 
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between -150 °C and 200 °C at 20 K min-1. The Tg values were obtained 

from the second heating ramp to erase the thermal history of the polymer. 

Thermogravimetric analyses (TGA) 

The TGA were carried out using a TG 209F1 apparatus (Netzsch). 

Approximately 10 mg of sample were placed in an aluminium oxide 

crucible and heated from room temperature to 500 °C at a heating rate of 

20 °C min-1 under a nitrogen atmosphere (40 mL/min).  

Swelling index (SI) 

Three samples of the same material, each one weighing around 40 mg, 

were separately immersed in 10 mL of THF for 24 h. The SI was calculated 

using Equation 1, where m2 is the mass of the swollen material and m1 is 

the initial mass. The reported swelling indexes are averages of those 

measured for the independent samples.  

𝑆𝐼 =   (𝑚2 − 𝑚1)/𝑚1  × 100 

Equation 1. Swelling index 

Gel Content (GC) 

After the SI measurements, the same three samples were dried in a 

ventilated oven at 80 °C for 24 h. The GC was calculated using Equation 

2, where m3 is the mass of the dried material and m1 is the initial mass. 

The reported gel contents are the average values of the three samples.  

𝐺𝐶 =   𝑚3/𝑚1  × 100 

Equation 2. Gel content 

Dunamic mechanical analyses (DMA) 

The DMA were carried out with a Metravib DMA 25 using Dynatest 6.8 

software. The samples were tested in uniaxial tension mode while heating 

at a rate of 3 °C min-1 at a frequency of 1 Hz and a fixed strain of 10-5 m.  

Rheology 

Rheology experiments were performed on a Thermo Fisher HAAKE MARS 

60 rheometer. The gelation times were measured with a plate-plate 

geometry with a diameter of 25 mm. The gelation times were analyzed by 

observing the crossover of the storage modulus (G’) and loss modulus (G”) 

during an oscillatory experiment at 1 Hz, 50 °C and 1% of deformation, 

according to the previously determined linear domain.  

Water contact angle (WCA) 

The WCA measurements were carried out on a Data Physics OCA contact 

angle system. The water sessile drop method was used for the static 

contact angle (CA) measurements at ambient temperature. The probe 

liquid was water and the average CA value was determined on five 

different drops of ca. 10.0 μL deposited on the same sample. 

Computational details 

The computational work was carried out using the Gaussian09 suite of 

programs.49 The geometry optimizations were performed without any 

symmetry constraint using the BP86 functional and the 6-311G(d,p) basis 

functions for all atoms. The effects of dispersion forces (Grimme’s D3 

empirical method50) and solvation (SMD,51 ε = 4.5) were included during 

the optimization. The ZPVE, PV, and TS corrections at 298 K were 

obtained with Gaussian09 from the solution of the nuclear equation using 

the standard ideal gas and harmonic approximations at T = 298.15 K, 

which also verified the nature of all optimized geometries as local minima 

or first-order saddle points. A correction of 1.95 kcal/mol was applied to all 

G values to change the standard state from the gas phase (1 atm) to 

solution (1 M).52 
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