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ABSTRACT: A defined NHC-Fe—S complex proved to be an
efficient catalyst for the selective hydrosulfenylation of a,f3-
unsaturated ketones or vinylnitriles. A wide range of different
aliphatic thiols were transferred in this atom-economic reaction
into the corresponding thioethers. Mild reaction conditions,
equimolar amounts of substrates, low catalyst loadings, and
mild reaction conditions are characteristic for this trans-
formation.
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he development of catalytic methods for a selective

formation of C—S bonds represents a major challenge in
organometallic catalysis. For a long time, organic compounds
possessing sulfur in a low oxidation state were considered to
coordinate irreversibly to the metal center and, hence, inhibit its
catalytic activity." Within the past years, the field of catalytic
sulfenylations has faced an almost explosive development.
Catalytic aromatic® or allylic’ sulfenylations and hydro-
sulfenylations have been reported that complement the organic
chemists C—S-bond-forming toolbox.*

Within the portfolio of C—S-bond-forming processes, the
1,4-addition of thiols to a,f-unsaturated ketones or aldehydes
occupies an important place. Various metal-catalyzed conjugate
additions of thiols have been reported in the literature.” In most
of these transformations, the catalyst acts as a Lewis acid and
activates the olefin. In the vast majority of methods, activated
(acidic) aromatic or benzylic thiols were employed. Gunnoe
and co-workers reported a new catalytic scenario in which a
monomeric mercapto copper—NHC complex was used for a
metal-to-olefin transfer of the mercapto ligand with “anti-
Markovnikov” selectivity.®

Recently, the group of Darensbourg’ and our group®
reported the structure of a NHC—Fe—S complex in which
the metal occupies a formal oxidation state of —1. This unusual
electronic configuration and the potential of these complexes to
be active in a direct metal-to-olefin mercapto transfer inspired
us to initiate a project on Fe-catalyzed® hydrosulfenylations.
Herein, we report these complexes are highly active in the
direct catalytic 1,4-addition of aromatic and aliphatic thiols to
olefins.

We initiated our studies with a screening of different NHC—
Fe—S complexes in the conjugate addition of benzylmercaptan
to cyclohexenone (Table 1).
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Already, initial experiments using Gunnoe’s conditions®
indicated the catalysts 4 and $ to be active in the direct
conjugate addition reaction (entries 2 and 3, Table 1).
Thiophenol-derived catalyst 5 was chosen for the subsequent
optimization study due to its higher stability. Even at a catalyst
loading of 1.25 mol %, good conversion rates were observed
(entry S, Table 1). The solvent had a profound effect on the
reactivity. Polar solvents turned out to be not suitable for this
type of catalysis. Pentane proved to be the solvent of choice
that allowed an efficient hydrosulfenylation at temperatures of
about 60 °C (entry 14, Table 1).

With this result in hand, we set out to explore the scope of
potential Michael acceptors (Table 2).

Various a,f-unsaturated cyclic and acyclic ketones proved to
be reactive. Using benzylmercaptan in slight excess, good to
excellent yields were obtained. Even the 2-fold addition to
ketones 8 and 10 gave the desired bis-sulfenylated products 9
and 11 in high yields, albeit as a mixture of stereoisomers
(entries 2 and 3, Table 2). Substituents at both the a- and the
f-positions within the Michael acceptor are tolerated. Even
acrylnitrile 20 proved to be reactive (entry 8, Table 2).
Nonactivated olefins such as styrene or 1-octene, however, did
not show significant conversion under the given reaction
conditions.

Furthermore, the transformation is also applicable to a broad
spectrum of different thiols (Table 3).

Both aromatic and aliphatic thiols are reactive. The reaction
displays good functional group tolerance. Free hydroxyl groups,
siloxanes, heterocycles, and even cysteine derivatives are S-
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Table 1. Temperature and Solvent Effects in Fe-Catalyzed
Hydrosulfenylation”

catalyst
=P iepr
O BnSH (2) [1.2 equiv] a N N@
ij catalyst [1 mol%] i-PJ/i-Pr
solvent, T [°C] SBn OON’\;yFe\SR
1 3 4 (R =Bn)
5(R = Ph)
entry catalyst solvent T (°C) conversion (%)
1 benzene 80 — (86)
2 4 (5) benzene 80 88
3 5(5) benzene 80 91
4 5(2.5) benzene 80 90
S 5 (1.25) benzene 80 64
6 5 (0.5) benzene 80 29
7 s (1) THE 80 4
8 5 (1) 1,4-dioxane 80 31
9 5 (1) CH,CN 80 0
10 5 (1) CH,Cl, 80 0
11 s (1) DMF 80 18
12 5 (1) MTBE 80 81
13 5 (1) heptane 80 85
13 5(1) pentane 80 93
14 5(1) pentane 60 92
15 5 (1) pentane 40 41
16 5 (1) pentane rt S

“The reactions were performed on a 0.3 mmol scale, using Fe catalyst,
cyclohexenone (1 equiv) and BnSH (1.2 equiv) in 0.5 mL of solvent
for 1 h under the conditions given in Table 1. ®The number in
brackets refers to the conversion of the uncatalyzed transformation
after 24 h.

alkylated in good to excellent yields. No side products were
observed.

Although a variety of thiols are commercially available, their
use in large scale is hampered for olfactory reasons and their
oxidation sensitivity. To address some of these problems, we
finally set out to develop an odorless alternative by employing
thiosaccharose 38 as a nucleophile.'’ Treatment of this
compound with allylbromide 39 results in clean formation of
the corresponding thioether 40 (eq 1 in Scheme 1). This
compound has been reported to be a suitable thiol synthon.
Gratifyingly, the in situ liberation of the thiol using piperidine
as a base in the presence of the Fe catalyst and cyclohexenone
as the acceptor substrate led to the clean formation of
hydrosulfenylation product 41 (eq 2 in Scheme 1).

From a mechanistic point of view, different pathways appear
reasonable. To shed some light into this open question, various
test experiments were performed. Darensbourg was able to
show that complexes such as S are able to undergo a ligand
exchange using CO gas with generation of disulfide.”” This
report is significant because it shows that the Fe—S bond
should be considered as a covalent o-bond that is cleaved
homolytically. With regard to our transformation, this finding
excludes a simple anionic Michael-type addition of a thiolate to
be operative. Two different mechanistic pathways remain to be
considered. A homolytic cleavage of the Fe—S bond with
concomitant addition of a thiyl radical could be excluded
because the addition of various radical scavengers such as BHT
(2,6-di-t-butyl-4-methyl phenol) or TEMPO (2,2,6,6-tetrame-
thylpiperidine-N-oxide) did slow down the reaction as a result
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Table 2. The Fe-Catalyzed Hydrosulfenylation: Enone
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“The reactions were performed on a 0.5 mmol scale, using Fe catalyst
(1 mol %), enone (1 equiv), and BnSH (1.5 equiv) in 1 mL of pentane
for 18 h. “Isolated yield.

of catalyst decomposition, but no trapping of either a thiyl
radical or a C radical was observed. Furthermore, we employed
50 mol % of catalyst S in the addition of benzylmercaptan to
cyclohexenone and followed the formation of the two resulting
products 24 and 28 over time (Figure 1).

From this experiment, it is obvious that a metal-to-carbon
transfer of the sulfur ligand takes place. A competing exchange
of the thiophenyl for the thiobenzyl ligand in a stoichimetric
experiment was not observed. Furthermore, after full
conversion of complex 5, the corresponding thiobenzyl
complex 4 was isolated out of the reaction mixture in 38%
yield. These results led us to propose the following mechanistic
picture (Figure 2). Due to Because of the low anionic character
of the mercapto ligand in complex § and the fact that the thio
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Table 3. The Fe-Catalyzed Hydrosulfenylation: Thiol
Scope”

@ RSH(2)[1.5 equiv] o
catalyst 5 [1 mol%]
@ pentane, 60 °C é\SR
Entry Product T[°C] yield [%)]
1 24 (R = C¢Hs) 40 94
2 25 (R = pF-CeHy) 40 74
3 26 (R = pMeO-C4Hs) 40 98
4 27 (R=3,5-(CH;):Cell) 40 86
s 28 (R = CHCsHs) 60 97
6 29 (R=CH,CH,CeHs) 40 88
7 30 (R=(CH.)uCHs) 60 96
8 31 (R = (CH,),CHs) 40 81
9 32 (R = cyclohexyl) 60 89
10 m~_OH 60 79
33

I 20" g(0Me)s 40 81
34

12 ~ N\ 60 96

&

35

13 W 60 79
36

14 e 60 83
BocHN‘lcone
37

“The reactions were performed on a 0.5 mmol scale, using Fe catalyst
(1 mol %), cyclohexenone (1 equiv), and thiol (1.5 equlv) in 1 mL of
pentane for 18 h under the conditions given in Table 2. bIsolated yield.

Scheme 1. Odorless Fe-Catalyzed Hydrosulfenylation of
Olefins
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transfer occurs from the metal to the olefin, a concerted neutral
metallosulfenylation mechanism appears to us as the most
probable explanation of the experimental results.
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Figure 2. Mechanistic proposal.

In summary, we were able to show that defined Fe—NHC—
mercapto complexes are highly active catalysts for the direct
hydrosulfenylation of polar C=C double bonds. At slightly
elevated temperatures, a variety of different olefins react with
aliphatic (and aromatic)-functionalized thiols in good to
excellent yields under otherwise neutral reaction conditions.
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