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Metal-free thioesterification of a,p-unsaturated
aldehydes with thiols}

Kamil Hanek and Patrycja Zak () *

For the first time, the synthesis of thioesters starting from enals and thiols has been performed in the pres-
ence of a bulky N-heterocyclic carbene (NHC) as a catalyst. This new method has been proved to be
effective with a wide substrate scope giving selective thioesters in yields above 85% under mild and
metal-free conditions. This green protocol does not require elevated temperatures, or addition of oxi-
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1. Introduction

Organosulfur compounds are prominent both in biological
systems and organic synthesis and are found in a large
number of applications in medicine, pharmaceutics, materials
science and industry. One of the most interesting sulfur-con-
taining groups is thioesters, which - due to their high reactiv-
ity - can serve as useful organic reactants and building blocks
in a number of processes.”” Recently, much attention has
been paid to polymer materials comprising a thioester group
in the structure, which significantly improves their thermal
properties.**

Thioesters can be synthesized by nucleophilic substitution
of the carbonyl group of acyl chlorides, carboxylic acids or acid
anhydrides with thiols or disulfides.” Besides this, a bunch of
synthetic methods, exploiting aldehydes as a carbonyl group
source, have been developed® (Scheme 1a). These reactions are
carried out in the presence of transition metal catalysts based
on iron or copper and very often they are characterized by med-
iocre effectiveness, difficult reaction conditions and indispens-
able use of oxidants.”® Alternatively, thioesters can be
obtained in the presence of transition metal complexes as cata-
lysts in thiocarbonylation of alkenes and alkynes'®'!
(Scheme 1b), although in most cases these processes require
harsh conditions, like high temperatures and/or elevated
pressures.
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dants or other additives. The steric bulk of the carbene was found to markedly influence the reaction
chemoselectivity. Bulky NHC carbene ligands, in contrast to those with less sterically developed ligands,
completely change the chemoselectivity of the reaction leading to 1,2-addition products and not sulfa-

Thioesters can also be successfully obtained in an organo-
catalytic manner. Among a large number of organocatalysts,
N-heterocyclic carbene (NHC) ligand precursors constitute an
important class of catalysts for this transformation.'*™*
Although they usually give high product yields, these methods
still suffer from a number of drawbacks, such as the need for
high temperature, long reaction time and inevitability of
oxidant use. These routes are also limited to aryl and alkyl
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Scheme 1 C-S bond formation leading to thioesters (a, b, d, and e)
and thioaldehydes (c).

This journal is © the Partner Organisations 2022


http://rsc.li/frontiers-organic
http://orcid.org/0000-0003-4591-8205
http://orcid.org/0000-0002-9138-2416
https://doi.org/10.1039/d2qo00678b
https://doi.org/10.1039/d2qo00678b
https://doi.org/10.1039/d2qo00678b
http://crossmark.crossref.org/dialog/?doi=10.1039/d2qo00678b&domain=pdf&date_stamp=2022-09-06
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2qo00678b
https://pubs.rsc.org/en/journals/journal/QO
https://pubs.rsc.org/en/journals/journal/QO?issueid=QO009018

Open Access Article. Published on 29 July 2022. Downloaded on 1/25/2026 1:22:53 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Organic Chemistry Frontiers

aldehydes and cannot be applied for o,pf-unsaturated com-
pounds because these types of aldehydes react with thiols in
the presence of NHC to give SMA adducts™™° (Scheme 1c).
According to the best of our knowledge, there is only one
report on the synthesis of thioethers via p-protonation of
a,p-unsaturated enals using mercaptans®® (Scheme 1d).
However, this process requires a large amount of base and/or
strong Brensted acid and the use of copper co-catalysts and
4 A molecular sieves. Moreover, this protocol has been
described only for a p-alkyl or CF; substituted cinnamalde-
hyde, so it is difficult to say anything about its universality.

Because of great importance of thioester derivatives in
various research fields, new and efficient synthetic protocols
for their construction are highly desirable. In this report, we
present a new method for thioester synthesis based on the
reaction between enals and thiols in the presence of a bulky
NHC ligand precursor. The designed and developed method is
characterized by total atom economy and sustainability;
besides, it can be performed under metal-free, mild conditions
with excellent yields.

2. Results and discussion

We began our research aiming to get a product from a sulfa-
Michael-type addition (SMA). We knew that this transform-
ation can occur with a,f-unsaturated esters in the presence of
NHC precursors and a strong base, in toluene.* We decided to
apply similar conditions to the reaction between cinnamalde-
hyde (1a) and benzyl mercaptan (2a) in the presence of a bulky
NHC salt - IPr*F““HCI (A). Firstly, we carried out the reaction
with an equimolar ratio of the substrates: 10 mol% of the NHC
precursor and 10 mol% of KHMDS as a base. The reaction was
performed in toluene at room temperature and the reaction
progress was monitored by GC-MS analysis, which revealed the
formation of a product with an expected mass. Surprisingly,
the "H NMR analysis did not confirm the structure of a SMA
product. Instead, the obtained compound was identified as
being consistent with the structure of 3a-a, which is a product
of nucleophilic substitution of the carbonyl atom with hydro-
genation of a double bond (Scheme 2).

This unexpected result prompted us to continue further
investigation. We conducted a series of optimization tests to
select the type and concentration of the NHC precursor and
base to be used, and a suitable solvent; to identify the right
sequence for reagent introduction; and to determine the poss-
ible influence of 4 A molecular sieves on the reaction course.

0
o + }8:3“21121{1\/[% Ph Ph _ Ph Fh
©/\/\ ©/\ Toluene, RT ©/\/£ /&:‘h\’:’]@ Et
1a 2a 3a-a PH Cl® Ph
i A

Scheme 2 Thioesterification of cinnamaldehyde (1a) with benzyl mer-
captan (2a).
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All optimization tests were performed for the model reaction
as shown in Scheme 1. The results are collected in Tables 1-4.
At first, the optimum concentrations of the NHC precursor
and KHMDS were established, so as to ensure high conversion
of the reagents (Table 1). As presented in Table 1, conducting
the reaction in the presence of 10 mol% of NHC precursor A
and 10 mol% of KHMDS resulted in 72% conversion of sub-
strate 1a (Table 1, entry 2). To increase the conversion of the
substrates, we decided to check if the earlier generation of free
carbene would have any influence on the reaction efficiency.
Indeed, when the NHC precursor was mixed only with KHMDS
for 30 minutes before substrate addition, the reaction occurred
with an excellent conversion within 10 hours (Table 1, entry 3).
We found that the reduction of the concentration of the imida-
zolium salt and base to 5 mol% would decrease the substrate

Table 1 Optimization of the concentration of the NHC precursor and
base

Entry A[mol%] KHMDS[mol%] Time[h] Conv. of 1a%[%]
14 20 20 9 98
2 10 10 12 72
3¢ 10 10 10 98
4%t 10 10 24 96
5¢ 5 5 24 45
6° 10 10 24 5
7 — 10 24 5

Reaction conditions: toluene, RT, [1a]:[2a] = 1:1, argon, % Carbene

was generated for 30 mlnutes before substrate addltlon b4 A mole-
cular sieves were added. ¢ Reaction conducted under air. ¢ Determined
by GC-MS analysis.
Table 2 Optimization of the type of NHC precursor
1% NHC
o e B O O
©/\/\ ©/\ Toluene RT
1a 2a 3a-a 3a-a'
Ph, PhCI Ph— PN BF4
. L ’"ﬁk 0
Ph F Ph Q
=]
— Cl
NN Nv’ﬂ‘/\/s "@
E F
Entry NHC  Time[h] Conv.of 1a[%]  Product 3a-a:3a-a’“
1 A 10 98 100:0
2 B 24 31 60:40
3 C 24 72 91:9
4 D 24 25 50:50
5 E 24 42 52:48
6 F 48 4 —
7 G 24 37 0:100
Reaction conditions: toluene, RT, [1a]:[2a] = 1:1, [NHC-HX] =

10 mol%, [KHMDS] = 10 mol%, argon. “ Determined by GC-MS ana-
lysis and confirmed by "H NMR spectroscopy of the crude reaction
mixture.
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Table 3 Optimization of the type of base

10 mol% A S/\© S/\©
10 mol% B

WO + Ej/ e o WO + ©MO
Toluene, RT

1a 2a 3a-a 3a-a'

Entry Base Time [h]  Conv. of 1a°[%]  Product 3a-a: 3a-a’
1 KHMDS 10 98 100:0

24 KHMDS 10 97 100:0

3 DABCO 12 93 100:0

4 K,CO; 24 4 100:0

5 Cs,CO; 24 50 100:0

6 tBuOK 24 50 70:30

7 NEt; 12 100 100:0

8 — 24 0 —

9P — 7 99 100: 0

Reaction conditions: toluene, RT, argon, [1a]:[2a] = 1:1, [A] =
10 mol%, [base] = 10 mol%. “20 mol% of KHMDS was used. ” Freshly
isolated carbene IPr*™ was used as a catalyst. ° Determined by GC-MS
analysis and confirmed by "H NMR spectroscopy of the crude reaction
mixture.

Table 4 Optimization of the solvents

10 mol% A S/\© S/\©
10 mol% KHMDS

©MO + ©/\3H _omem Ay Wo + ©)Wo
Solvent, RT

1a 2a 3a-a 3a-a'
Entry Solvent  Time[h] Conv. of 1a”[%] Product 3a-a:3a-a"”
1 Toluene 10 98 100:0
2 MTBE 12 90 100:0
3 THF 24 98 100:0
4 Acetone 12 100 100:0
5 DCE 48 27 65:35
6 DCM 48 16 60:40
7 iPrOH 24 57 75:25
8 H,0“ 24 62 50:50
9 Hexane 24 50 90:10

Reaction conditions: RT, argon, [A] = 10 mol%, [KHMDS] = 10 mol%,
[1a]:[2a] = 1:1. “Distilled water was previously degassed by three
freeze-thaw cycles. ” Determined by GC-MS analysis and confirmed by
"H NMR spectroscopy of the crude reaction mixture.

conversion by half (Table 1, entry 5), while an increase in their
concentration to 20 mol% caused only a slight acceleration of
the process (Table 1, entry 1). The presence of molecular sieves
in the reaction had no effect on the overall efficiency (Table 1,
entry 4). We also tested the reaction under air conditions but it
produced only traces of the desired product, which confirmed
that the process has to be carried out under an inert atmo-
sphere (Table 1, entry 6). Finally, we confirmed that the pres-
ence of the NHC precursor is necessary for the reaction to
proceed (Table 1, entry 7).

As the next step, the effects of using several different NHC
precursors were examined to investigate the influence of
various stereoelectronic properties on the reaction course. The
previously optimized conditions were applied (Table 1, entry
3). The results are presented in Table 2.
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As shown in Table 2, from among seven tested pre-catalysts,
only one - superbulky A - was found to lead to the formation
of product 3a-a with quantitative conversion of the reactants
(Table 2, entry 1). The use of the other precursors directed the
reaction to the Michael-addition product (3a-a’) (Table 2, entry
7) or to a mixture of adducts 3a-a and 3a-a’ (Table 2, entries
2-6). Moreover, imidazolium (B, C, E, F), benzimidazolium (D)
and triazolium (G) showed mediocre or weak activity under the
given reaction conditions.

Finally, we tested the effects of different bases and solvents
on the reaction outcome to determine the influence of
different conditions on the reaction progress (Tables 3 and 4).

From among the tested bases, KHMDS, DABCO and tri-
ethylamine provide the most effective course of the reaction,
as they ensure almost quantitative conversion of substrate 1a
and lead selectively to product 3a-a (Table 3, entries 1, 3 and
7). The process occurred selectively also in the presence of pot-
assium and cesium carbonates, but then the conversion of the
substrates dropped down to 4% and 50%, respectively
(Table 3, entries 4 and 5). Potassium tert-butoxide also gave
insufficient reactant conversion and more importantly, led to a
mixture of products 3a-a and 3a-a’ at the ratio of 70 to 30
(Table 3, entry 6). Finally, we confirmed that the presence of
base is necessary for the reaction to proceed (Table 3, entry 8).
Moreover, to better understand the role of the base in the
process we performed a test with previously isolated carbene,
IPr*¥, which turned out to proceed smoothly with high conver-
sion (Table 3, entry 9). Moreover, a twofold excess of the base
was found to have no effect on the course of the process
(Table 3, entry 2). Therefore, we think that the role of base in
the reaction is limited only to the generation of free carbene.

The test reactions performed in different solvents con-
firmed that the choice of reaction medium has a significant
impact on the process. Polar aprotic solvents, such as MTBE
and THF, provide similar results to toluene, selectively giving
product 3a-a (Table 4, entries 2 and 3). The use of acetone also
allowed the reaction to run with excellent efficiency, which is
particularly important due to the fact that acetone is con-
sidered to be a green-solvent, and thus the described method
gains a more sustainable meaning (Table 4, entry 4). Both
halogenated hydrocarbons and polar protic solvents showed
rather weak performances, since their use led to low conver-
sions and a mixture of products (Table 4, entries 5-8). On the
other hand, the application of non-polar solvents, such as
hexane, gave high selectivity, but the product yield remained
insufficient (Table 4, entry 9).

Having the optimized conditions in hand, th range of sub-
strates was extended to determine the versatility of the method
(Scheme 3). In the first series of experiments, we probed the
reactivity of a broad range of commercially available thiols (2a-
j) toward cinnamaldehyde (1a). As shown in Scheme 3A, the
proposed method can be successfully applied for the tested
aldehyde and a series of aryl thiols with both electron-with-
drawing and electron-donating substituents. Most of the pro-
ducts were obtained with excellent isolated yields (>85%)
under very mild conditions and with 100% atom economy,

This journal is © the Partner Organisations 2022
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Scheme 3 Substrate scope (experimental conditions: (la-l):(2a-j) =
1:1, [A] = 10 mol%, [KHMDS] = 10 mol%, acetone, RT, argon). Isolated
yields and reaction times are given under the structure of each product.
@Reaction performed at 40 °C; ®yields of 3a-i, 3a-j and 3a-k were deter-
mined by GC-MS; “a mixture of 3a-i and 3a-i' was detected in a ratio
1:1;,9a):(2) =1:2.

which makes the reaction sustainable and environmentally
friendly. When using 4-methylphenylthiol (2¢), 4-bromophe-
nylthiol (2f) and 2-naphthalenethiol (2g) a slightly increased
temperature was necessary to obtain the expected products in
quantitative yields. Besides its attractive advantages (room
temperature in most cases, acetone as the solvent, low concen-
tration of NHC, equimolar ratios of reagents, and high conver-
sions), the proposed method has some limitations. Alkyl thiols
containing both primary and secondary carbon connected to
thiol groups, such as n-hexanethiol (2i) and cyclohexanethiol
(2j), gave the product in much lower yield (3a-i and 3a-j).
When using 2i, we observed 52% conversion of the substrates
and the formation of an equimolar mixture of products 3a-i
and 3a-i', while 2j led only to trace amounts of the product.
Also, with 3-mercaptopropionic acid (2k), the reaction occurred
with a very low conversion (3a-k).

In the second series of experiments, the catalytic properties
of salt A were evaluated in the thioesterification of a series of
a,p-unsaturated aldehydes (1a-1) with benzyl mercaptan (2a)
(Scheme 3B). Highly gratifyingly, quantitative conversions were

This journal is © the Partner Organisations 2022
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achieved within a reasonable period of time, irrespective of the
nature of the aldehyde substituent. For all the substrates
tested, only 4-fluoro-cinnamaldehyde (1b) and 1-hexanal (1k)
required a slightly increased temperature (40 °C). Apart from
these, we did not observe a meaningful difference in the reac-
tion course for the variety of substrates used. As presented in
Scheme 3B, hex-4-en-1-al (21), having two conjugated double
bonds in its structure, was also applied in the reaction
showing high activity leading to a desired product (3l-a).
Under the optimized reaction conditions, only the
a,p-unsaturated bond underwent the reaction, while the
double bond between y and 8 carbons remained unreacted.
We found that the use of a two-fold excess of thiol (1a) relative
to hex-4-en-1-al (21) and increase of the reaction temperature
to 40 °C permit effective functionalization of the two unsatu-
rated bonds, leading to a product containing two sulfur atoms
(3l-a"). This opens the possibility of synthesising organosulfur
materials that may comprise different sulfur groups to meet
different needs.

The successful catalytic thioesterification between equi-
molar amounts of a,p-unsaturated aldehyde and thiol
prompted us to carry out reactions with dithiol to probe the
feasibility of a procedure leading to bis-functionalized organo-
sulfur derivatives. In this procedure, we treated 1 equiv. of 1,4-
benzenedithiol (4) and 2 equiv. of the selected aldehydes (1a-
g) with NHC carbene generated from salt A and the reaction
mixtures were stirred at 40 °C until full conversions of the
reagents were detected by GC-MS (Scheme 4).

Interestingly, and highly gratifyingly, quantitative conver-
sions were achieved within a reasonable period of time, irre-
spective of the nature of the aldehyde substituent. According
to the best of our knowledge, the obtained derivatives (5a—f)
are new compounds. It should be emphasized that all pro-
ducts, except 5b and 5e¢, precipitated in the reaction medium

10 mol% A s R
10 mol% KHMDS o Y
RA0 +HS()-sH —— e SRS
Acetone, 40 °C R™s ©
1a-f 4 5a-f

0 1%

5a
93%, 9h

S,

o S
2%

5c
90%, 7h

o ¢~ ‘ S~
~ g 0

5e
92%, 8h

88%, 9h

Scheme 4 Thioesterification of a,f-unsaturated aldehydes (la—f) with
1,4-benzenedithiol (4) (experimental conditions: (la—f):(4) = 2:1, [A] =
10 mol%, [KHMDS] = 10 mol%, acetone, 40 °C, argon). Isolated yields
and reaction times are given under the structure of each product.
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10 mol% A

H S
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No + SHD — 0

©/\/\ ©/\ Acctone, RT WD
1a 2a' 3a'-a

Scheme 5 Deuterium-labeling experiment.

and their isolation required only filtration and washing with
acetone.

To get some insight into the reaction mechanism, a deuter-
ium-labeling experiment using phenylmethanethiol-d (2a’) and
cinnamaldehyde = (1a) was  performed (Scheme 5).
Phenylmethanethiol-d was obtained according to the known
method described before with 67% of deuterium incorporation.

The experiment was conducted under standard conditions
leading to full conversion of the reactants after 12 hours.
GC-MS analysis revealed the formation of the expected product
with the appropriate mass. "H NMR analysis of the obtained
compound showed partial disappearance of the multiplet
between 2.87 and 2.91 ppm, which, based on the 'H,“C
HMBC spectrum, can be assigned to alpha protons (for details
see the ESIT). We did not observe any deuterium incorporation
into the beta position, which confirmed the formation of the
3a’-a product.

Based on the previous research concerning ester synthesis
from o,f-unsaturated aldehydes and alcohols catalyzed by
NHC>'*” and on the deuterium-labelling experiment, we pro-
posed a mechanism, which is depicted in Scheme 6.

The first step in the proposed mechanism is the generation
of free carbene A’ through deprotonation of salt A. Then,
carbene A' reacts with the o,f-unsaturated aldehyde to give
intermediate I, which then undergoes proton-transfer giving
the Breslow intermediate (II).>**° Intermediate II may remain
in equilibrium with homoenolate form IIL>" In the next stage,

\e
R-NN-R
A CI®
H H O . Base H H Ph Ph
R'S\KIHLS’ /\ R-Mo Ph’ Ph
H rR-NN-R H R=
A Et
R~N/§ R—N/§|
HH =N©® H /N?R
R ik R )
s. % /
v j !
H—S§, Ry
X N
R" R\NS H //R
H =N® R— R
'H = R " O Bresiow
R 0o H Intermediate
Hv R~N/§ n
H =N® /
intramolecular — R
OtoCy R" 9,
proton transfer X, o
H'H

Scheme 6 Proposed mechanism.
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we suggest the occurrence of a direct proton transfer from the
hydroxyl group to the y carbon atom, which was earlier
described in the literature.>*** A similar process has been pro-
posed by Chen et al. for thioester synthesis; however, in this
case, the use of a proton-shuttling agent was necessary for this
transfer to occur.’® We suppose that a bulky catalyst can
promote intramolecular proton transfer because of the steric
hindrance, and thus no proton shuttler is needed for this step.
Finally, intermediate IV reacts with thiol leading to V, which
after subsequent imidazole elimination generates the reaction
product and regenerates the catalyst.

3. Conclusions

To sum up, we have designed a new method for thioester syn-
thesis catalyzed by a bulky NHC carbene. The reaction has
been applied for a wide range of thiols and enals giving
desired products with excellent yields and chemoselectivity.
However, the other less bulky NHCs tested in this reaction
proved to be unsuitable for this reaction, leading to a mixture
of products in poor yields. From the point of view of the utility
of the presented protocol in organic synthesis, the results
show many advantages. The process features high atom-
economy (the lack of by-products, equimolar ratios of sub-
strates, ease of product isolation and purification), excellent
yields and a wide substrate scope. The proposed method
allows one to obtain thioesters under metal-free conditions, by
using green-solvents and at room temperature, which makes it
sustainable and environmentally friendly. It is worth empha-
sizing that the methodology presented in this article provides
the possibility of obtaining a new class of organosulfur com-
pounds with potential for practical applications.

4. Experimental

4.1. General methods and chemicals

All syntheses and catalytic tests were carried out under dry
argon, using standard Schlenk-line and vacuum techniques.
'H NMR and ">C NMR spectra were recorded in CDCl; on a
Varian 400 operated at 402.6 and 101.2 MHz, respectively. '°F
NMR spectra were recorded in CDCl; on a Varian Mercury 300
operated at 282.6 MHz. HMBC spectra were recorded on a Bruker
Avance DRX 600, operated at a frequency of 600.13 MHz (‘H).
GC-MS analyses were performed on a Varian Saturn 2100T
equipped with a DB-1 capillary column (30 m in length and
0.25 mm in internal diameter) and an ion trap detector. Thin
layer chromatography (TLC) was conducted on plates coated with
a 250 pm thick silica gel layer and column chromatography was
performed on silica gel 60 (70-230 mesh).

NHC carbene precursors®*” and phenylmethanethiol-d*®
were prepared according to literature procedures. All the other
reagents were commercially available and used as received. All
the solvents, except THF, were dried over CaH, prior to use

and stored over 4 A molecular sieves under argon.

This journal is © the Partner Organisations 2022
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Dichloromethane was additionally passed through an alumina
column and degassed by repeated freeze-pump-thaw cycles.
THF was dried over sodium benzophenone ketyl and freshly
distilled prior to use.

4.2. General procedure for catalytic tests

4.2.1. Thioesterification of a,f-unsaturated aldehydes (1a-
1) with thiols (2a—-j). An oven-dried 5 mL glass reactor equipped
with a magnetic stirring bar was charged under argon with the
NHC carbene precursor (7.8 mg, 7.94 x 107° mol), KHMDS
(1.6 mg, 7.94 x 107® mol) and acetone (0.5 mL). The reaction
mixture was stirred at RT and after 30 minutes thiol (7.94 x
107> mol), aldehyde (7.94 x 107> mol) and internal standard
(decane or dodecane, 20 pL) were added. The reaction course
was monitored by GC-MS.

4.2.2. Thioesterification of a,f-unsaturated aldehydes (1a-
f) with 1,4-benzenedithiol (4). An oven-dried 5 mL glass
reactor equipped with a magnetic stirring bar was charged
under argon with the NHC carbene precursor (15.6 mg, 1.59 x
10~° mol), KHMDS (3.2 mg, 1.59 x 10~ mol) and acetone
(0.5 mL). The reaction mixture was stirred at RT for
30 minutes. Then 1,4-benzenedithiol (7.94 x 10~> mol), alde-
hyde (1.59 x 107" mol) and internal standard (decane or
dodecane, 20 pL) were added under argon. The reaction
mixture was heated at 40 °C. Conversion of the substrates was
monitored by GC-MS.

4.3. General procedure for the synthesis of thioesters

4.3.1. Synthesis of products 3 depicted in Scheme 3. A
flame-dried glass reactor equipped with a magnetic stirring
bar and connected to the gas and vacuum line was charged
with the NHC carbene precursor (38.8 mg, 3.97 x 10> mol),
KHMDS (7.9 mg, 3.97 x 10~ mol) and acetone (1 mL) under
argon. After 30 minutes of vigorous stirring the solution at RT,
thiol (3.97 x 10™* mol) and aldehyde (3.97 x 10~ mol) were
added. The reaction mixture was stirred at RT until a full con-
version of the substrates was detected by GC-MS. The solvent
was then evaporated under vacuum and the residue was puri-
fied by column chromatography on silica gel using dichloro-
methane or a 1:1 v/v mixture of n-hexane and dichloro-
methane as eluents. Evaporation of the solvents afforded ana-
lytically pure compounds.

4.3.2. Synthesis of products 5 depicted in Scheme 4. A
flame-dried glass reactor equipped with a magnetic stirring
bar and connected to the gas and vacuum line was charged
with the NHC carbene precursor (77.6 mg, 7.94 x 10~°> mol),
KHMDS (15.8 mg, 7.94 x 10~> mol) and acetone (1 mL) under
argon. After 30 minutes of vigorous stirring the solution at RT,
1,4-benzenedithiol (3.97 x 10~ mol) and aldehyde (7.94 x 10~*
mol) were added. The reaction mixture was stirred at 40 °C
until a full conversion of the substrates was detected by
GC-MS. All the products, except 5b and 5c, precipitated as
white solids, which were filtered off, washed with acetone and
dried under reduced pressure. Compounds 5b and 5c¢ were
purified by column chromatography on silica gel using di-
chloromethane or a 1:1 v/v mixture of n-hexane and dichloro-
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methane as eluents. Evaporation of the solvents afforded ana-
Iytically pure compounds.

4.4. Synthesis of 3a-a on a preparative scale

A 10 mL high-pressure Schlenk vessel equipped with a mag-
netic stirring bar and connected to the gas and vacuum line
was charged with the NHC carbene precursor A (381.3 mg,
3.90 x 10~* mol), KHMDS (77.8 mg, 3.90 x 10* mol) and
acetone (2 mL) under argon. The reaction mixture was stirred
at RT and after 1 hour benzyl mercaptan (0.46 mL, 3.90 x 1073
mol) and cinnamaldehyde (0.49 mL, 3.90 x 10™> mol) were
added. The reaction mixture was stirred at 40 °C for 24 h.
Then, the solvent was evaporated under vacuum and the
residue was purified using column chromatography (silica gel
60/petroleum ether: DCM = 5:1). Evaporation of the solvent
gave the analytically pure product (yellow liquid, 0.90 g, 90%).

4.5. Deuterium-labeling experiment

A 10 mL high-pressure Schlenk vessel connected to the gas
and vacuum line was charged under argon with the NHC
carbene precursor (38.8 mg, 3.97 x 10> mol), KHMDS (7.9 mg,
3.97 x 10~° mol) and acetone (0.5 mL). The reaction mixture
was stirred at RT and after 30 minutes phenylmethanethiol-d
(46.5 pL, 3.97 x 10~* mol) and cinnamaldehyde (50 pL, 3.97 x
10~* mol) were added. The reaction was stirred at RT in a
closed vessel for 12 h. Then the solvent was evaporated under
vacuum and the resulting product was isolated and purified by
chromatography (silica gel 60/n-hexane:DCM = 1:5).
Evaporation of the solvent gave the analytically pure product.
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