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The thiol-ene reaction, which is the formal coupling of olefins
and thiols to form alkylsulfide derivatives, is widely used in
polymer science, nanoengineering, chemical biology and med-
icinal chemistry." This process, also known as hydrothiolation,
is considered to be a click reaction and much of its success is
related to this reactivity.” With terminal olefins, the hydrothio-
lation can lead to two types of products namely, branched and
linear sulfides with respect to position of the carbon-sulfur
(C-S) bond formation. For most applications, the anti-
Markovnikov thiol-ene reactivity, that generates only the latter
class of linear products, is most interesting and sought for.
This regioselectivity is usually achieved following free radical
or base-induced mechanisms, and this under metal-free,
metal-catalyzed, and photo-induced reaction conditions.'
However, stereochemical control of newly generated stereocen-
ter(s) is often problematic and low to excellent selectivity can
be obtained for a same substrate depending on the thiol
reagent, reaction conditions and additives.® This situation is
even more complicated when multiple thiol-ene reactions can
occur on a substrate carrying several olefins.* In this context,
our group recently reported the stereoselective deconjugations
of bis-a,B-unsaturated macrocycles 1 in presence of aromatic
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The thiol-ene reactions afford a fully regioselective anti-Markovnikov post-functionalization. Thanks to
the use of ethanedithiol as reagent, moderate to excellent diastereoselectivity was accomplished leading
to macrocycles containing four defined stereocenters in only three steps from 1,4-dioxane, tetrahydro-
furan (THF) or tetrahydropyran (THP).

amines and t-BuOK.” In a single step (Scheme 1, top), bis enol
ether macrocycles are formed by double (tandem) amidations
and olefin transpositions that yield products 2 as single stereo-
isomers (racemic, diastereomeric ratio dr >49:1). Such bis
(amide) derivatives 2 have been applied in fields ranging from
chiroptical spectroscopy to molecular switches, nanosensors
and heteroditopic receptors.® These applications were achieved
by the functionalization of the arylamide groups and not of
the macrocyclic skeleton.

Herein, in an effort to achieve the late-stage functionali-
zation of the unsaturated polyether fragments, double stereo-
selective hydrothiolations of compounds 2 are reported.
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Scheme 1 Stereoselective synthesis of bis enol ether functionalized
polyether macrocycles 2 (A, syn transposition, dr >49:1). Regio and
diastereoselective thiol—ene additions (B).
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Taking advantage of photo-initiated conditions, disulfides and
dithiol derivatives 3 to 13 are generated in good to excellent
yields and with moderate to excellent diastereocontrol (dr up
to 7.3:1:0, Scheme 1 and Fig. 2). The reaction is general and
can be applied to a variety of macrocyclic precursors (16 and
18-membered rings, aromatic and heteroaromatic amides). To
achieve higher selectivity, the use of bis thiol reagents was
developed; the diastereoselectivity depending on the chain
length between the two S-atoms. Overall, two acid-sensitive
exocyclic enol ethers have been transformed selectively into
saturated chemically-robust functional groups that can behave
as handle for future developments. The thiol-ene reactions
can be considered orthogonal as the components react
together in high yields and in the presence of the other func-
tional groups and chromophores.’

Previously, it was shown that methyl a-diazo-f-ketoester
reacts with THF, 1,4-dioxane or THP under dirhodium catalysis
in formal [3 + Y + 3 + Y] multi-component condensations (Y = 5
or 6). The process is mild and affords the unsaturated macro-
cycles 1 on multi-gram scale (up to 20 grams) while using a
low catalyst loading (0.01-0.001 mol%).® As mentioned earlier,
compounds 1 react with excesses of ArNH, and ¢BuOK
(>3 equiv. each) to yield unsaturated bis(amide) derivatives 2.
This reaction tolerates a large variety of aromatic amines.’
However, despite major efforts in the group, it was never
possible to achieve the late stage functionalization of the exo-
cyclic terminal olefins. Bis enol ethers 2 are particularly sensi-
tive to Lewis and Brensted acidic conditions (or workup).
Care was thus taken to study the reactivity of compounds 2
under photo-induced thiol-ene conditions that are neutral
essentially.

In a first attempt, the reaction was investigated in the pres-
ence of 2,2-dimethoxyphenylacetophenone (DMPA) as photo-
initiator and under mercury lamp irradiation.” Quite a few
reactions were performed using macrocycle 2 (X=0) as model
substrate, carrying two 3,5-bis(trifluoromethyl)phenyl carboxa-
mide groups, and various thiols as reagents (14a-14h,
Table 1). With thiolacetic acid 14a, the reaction worked
smoothly giving only the corresponding anti-Markovnikov
addition product 3a in 90% yield within 1 hour (entry 1).
However, 3a was obtained as a mixture of three diastereo-
isomers as a consequence of the creation of two new stereo-
genic centers and the presence of a local symmetry. The three
stereoisomers could be separated by preparative thin layer
chromatography. By NMR spectroscopy, the two C,-symmetric
derivatives were readily differentiated from the single C;
isomer. The assignment of their relative cis and ¢rans configur-
ations was achieved upon deprotection of the acetyl groups
(K,CO; 4.0 equiv., MeOH/THF/H,0, 25 °C, 1 h). The resulting
C,-cis-4 and C,-trans-4 bis thiols were found to be crystalline
and structures were unambiguously determined by X-ray crys-
tallography (Fig. 1). While the C,-symmetry of cis-4 was main-
tained in the solid state, a non-symmetric conformation was
found for trans-4,'° unlike in solution for which duplicated
functional groups are magnetically equivalent in the 'H and
3C NMR spectra. This signifies either fast positional inter-
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Table 1 Optimization studies®
FaC CF3 FaG CF3
FsC. c1=3 FsC CF3
RSH14
10 equiv
DMPA
0.2 equiv /ﬂf\o
toluene O
(X °) O H uo\) H
3a-3h (Cy-is) s 3a-3h (Cy)
o o
)I\SH ~sH M\OJ\/\SH @
14a 14b 14c (isomeric mixture)
HS\/\SH Hs >"sH HS\/\/\SH N H
14d 14e 14f 5 H
AN HO. o2 VO\) SR
Hs 149 SH \;;SH RS™ 3a3n (Co-trans)
Entry RSH,14 Time(h) dr* Cycis?  C,  Cytrans?
1 14a 1 1.5:1.1:1° 38% 27%  25%
2 14b 1 1.8:1:0° 48% 26% —
3 14c¢ 1.5 1.9:1:0° 49% 26% —
4 14d 2 7.3:1:0° 57% nd. —
5 14e 2 4.0:1:0° 60% nd. —
6 14f 36 2.0:1:0° 27% 15% —
7 14g 36 1.5:1:0° 34% 21% —
8 14h 4 2.2:2.4:1° 29% 31% 13%
9¢ 14a 2 1:1.2:1.4° 22% 26% 31%

“Reactions were performed with 0. 1 mmol of 2. ? Diastereomeric ratio
C,-cis : Cy : Cy-trans determined by "H-NMR analysis of crude mixtures
when possible. ¢ dr based on isolated fraction yields. ¢ Isolated ylelds
¢ Reaction conditions: 2 (0.1 mmol), 14a (4.0 equiv.), Et;B (1.0 M in
hexane, 3.2 equiv.), TBC (2.4 equiv.), CH,Cl, (0.15 mL), r.t., under air,
2.0 h. n.d. stands for not determined.

Cy-cis-4 Cy-trans-4

Fig. 1 Stick view of the crystal structures of C,-cis-4 and C,-trans-4.
For clarity reasons, most hydrogen atoms are omitted. Disorder is
observed for some CF3 groups.

changes on the NMR time scale or the adoption of a C,-sym-
metric conformation in solution."*

Care was then taken to increase the diastereoselectivity. As
expected, classical thiol reagents participated to the reaction
and, to our delight, an improvement was afforded with etha-
nethiol 14b and methylheptyl 3-mercaptopropanoate 14c. In
these cases, only two instead of three products were formed in
ca. 1.8:1:0 ratio. The major isomer of 3b presents a C,-cis
configuration, as determined by the X-ray crystallography, and
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the minor one is the C; product."”” Looking to improve the
selectivity further and in view of the expected radical mecha-
nism (vide infra), we turned our attention to dithiol derivatives
as reagents.”'® In thiol-ene reactions, it was our analysis that
one of the two sulfur atoms would participate in the C-S bond
forming reaction (propagation step) while the other could con-
tribute as a H-donor atom. It was thus imagined that an intra-
molecular chain transfer step could favor an enhanced stereo-
selectivity; the discrimination depending then probably on the
chain length between the two S-atoms. Several dithiols were
selected, namely 14d-14g. With shorter ethanedithiol 14d, an
excellent diastereoselectivity was obtained (7.3:1:0 dr,
entry 4).'* Remarkably, step-by-step increase of the chain
length between the thiols resulted in lower and lower
diastereoselectivity ratios (Table 1, entries 4-7). With 2-mercap-
toethan-1-ol 14h, poor selectivity was again obtained
(2.2:2.4:1 dr, entry 8)." All these results show the importance
of the chain transfer step in the stereodetermining events.
Finally, inspired by Renaud’s studies on the Et;B-mediated
radical chemistry,'® we wondered whether these mild and
efficient conditions could improve or modify the selectivity.
With thiolacetic acid 14a, a mixture of three stereoisomers was
again obtained in essentially an equimolar ratio (entry 9).

With the optimal conditions for the thiol-ene reaction in
hand (ethanedithiol 14b, Table 1, entry 4), the generality and
limitations of the process were tested. Macrocycles 2 derived
from THP (X=CH,) and THF (X=—) were reacted to afford the
corresponding 18C4 and 16C4 dithiols 5 and 6 (Fig. 2). Only
two stereoisomers albeit with lower diastereoselectivity (dr
4.0:1 and 2.6:1) and yields were obtained in favor of the
major C,-cis derivatives (41% and 32% respectively). This
shows, not too surprisingly, that the diastereoselectivity is
influenced by the nature and size (conformation) of the start-
ing macrocycles 2. Next, various substrates with heteroaro-
matic substituents were tested. In such instances, longer reac-
tion times (15-36 h) were required to achieve full conversions.
Reactions proceeded well with bis para and meta pyridines
affording products 7 and 8 in good yields (64-73%) but moder-
ate selectivity (dr ca. 3.2:1:0). When bis pyrimidine substitu-
ents were used, 9 was obtained in 70% yield and a 4.0:1:0
diastereomeric ratio. However, in the presence of ortho pyri-
dines (product 10), three diastereomers were observed in
2.3:1.3:1 ratio among the C,-cis, C; and C,-trans isomers.
Currently, to explain this change in selectivity, only a proximity
effect can be tentatively evoked with a participation of the
Lewis basic pyridine nitrogen atoms that would interact with
the pendant thiol groups.

Then, we examined substrates carrying polyarenes, namely
1-naphthyl, 2-fluorenyl and 1-pyrenyl amide substituents.
Under standard reaction conditions, only two diastereomers
and good yields were obtained in all cases. With naphthalene
and pyrene derivatives, dithiols 11 and 12 afforded the C,-cis
isomer as the major component in a 1.6 : 1 ratio only; a slightly
higher diastereoselectivity (2.1:1) was observed with 9H-fluor-
ene 13. Finally, a macrocycle 2 bearing two perylene units was
also tested as substrate. However, conversion could not be
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Fig. 2 Substrate scope. “Reaction performed in degassed THF rather
than toluene.

achieved using the current conditions; the perylene chromo-
phores perturbing the photo-induced process.

Based on previous studies, a mechanistic rationale can be
proposed for the thiol-ene reaction.'® In Scheme 2, it is exem-
plified with ethanedithiol 14d that gives the higher level of
stereocontrol. Upon photo-initiation with cleavable DMPA,
thiyl radicals A are readily generated. These moieties add to
the less substituted ends of the enol ether C=C bonds,
forming carbon-centered radicals B reversibly." Free radicals B
then abstract intramolecularly hydrogen atoms from the

This journal is © The Royal Society of Chemistry 2020
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Scheme 2 Mechanistic proposal. HT stands for hydrogen transfer.

pendant thiol functional groups to deliver intermediates C.
Then, reactions with 14d afford the targeted sulfide products
along with the regenerated thiyl radical A that propagates the
chain reaction. In fact, due to the presence of the second thiol
group in reagents 14d-14g, intramolecular mechanisms are
probably favored for the hydrogen atom abstraction. However,
in such intramolecular steps, geometric factors are known to
dominate.”” In our system, the shortest possible intra-
molecular process is a 1,7-hydrogen atom transfer with 14d
that leads to the highest selectivity.'® With an increasing
chain length between the two S-atoms, entropies of activation
for the intramolecular process become less favorable and this
may be the reason for the lower selectivity ratios.'® Reversible
hydrogen atom abstractions adjacent to ethereal oxygen atoms
have been reported with thiols and can lead to the epimeriza-
tion of stereogenic centers but such reactions occur under more
strenuous conditions (octane, 125 °C) than that employed.”®
A thermodynamic control for step B to C and the issuing stereo-
selectivity are thus unlikely in the present situation.

In conclusion, double hydrothiolation of bis enol ether
macrocycles 2 was achieved under photo-induced radical-
based conditions. The straightforward post-functionalization
occurred with full anti-Markovnikov regioselectivity. Thanks to
the use of ethanedithiol as reagent, C,-trans isomers were
essentially removed from the reaction mixtures (with one
exception). This greatly simplifies the isolation and purifi-
cation of the remaining C,-cis and C; isomers by chromato-
graphy. Overall, moderate to excellent diastereoselectivity
could be accomplished leading to macrocycles containing four
defined stereogenic centers in only three steps from 1,4-
dioxane, THF or THP. The obtained products are currently con-
sidered for various applications in which the newly-introduced
sulfur containing groups can bring reactivity and selectivity in
intermolecular interactions.

This journal is © The Royal Society of Chemistry 2020
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