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Abstract: A copper(Il) acetate-catalyzed aerobic thi-
olation of C=C double bonds, oxygenation, and in-
tramolecular cyclization reactions of unsaturated car-
boxylic acids with thiols has been explored. The re-
action proceeds through a new hydroxysulfenylation-
initiated lactonization pathway with carboxyl as elec-
trophilic group, which provides an efficient access to
assembly highly valuable thio-substituted lactone de-
rivatives with good yields under mild conditions. Sev-
eral control experiments, as well as an isotope label-

ling experiment disclose that oxygen acts as both oxi-
dant and reactant being transferred into the final
product. The mechanistic studies support the discov-
ery of a new strategy through difunctionalization of
alkenes based on unsaturated carboxylic acids to
construct the diversely substituted lactones.

Keywords: aerobic oxidation; copper catalysis; hy-
droxysulfenylation; lactonization; unsaturated car-
boxylic acids

Introduction

v-Lactones represent the most prolific class of O-het-
eroaromatic compounds in organic chemistry. Particu-
larly, functionalized lactones are prevalent structural
motifs, being found in many bioactive compounds!!]
and natural products.’) More specifically, thio-substi-
tuted y-lactones have been demonstrated to show an-
tiviral activity against poliovirus, RNA virus and
herpes simplex virus type 1 (HSV-1) (Figure 1, A and
B).P! Also, this structure unit exists in the drugs, such
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Figure 1. Examples of biologically active thio-substituted y-
lactones.
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as Nifuratel (Figure 1, C), showing a broad antibacte-
rial spectrum of action.”! Consequently, the synthesis
of thio-substituted vy-lactones has received some at-
tention in the past, but still remains largely underde-
veloped.P!

Unsaturated carboxylic acids represent attractive
intermediates, which could serve to construct substi-
tuted lactone derivatives by functionalization of the
C=C double bond and an intramolecular cyclization
reaction. In recent years, several strategies based on
unsaturated carboxylic acids have been explored to
construct modified lactones (Scheme 1a). One way is
that the nucleophilic carboxyl group attacks the
cation or onium cation intermediates, generated from
the addition of halogen, trifluoromethyl or trifluoro-
methylthio to the C=C double bond.!! The other way
is that the carboxyl group attacks the intermediates
from radical SET (single electron transfer)” or reduc-
tive elimination from the redox-active metal com-
plex.®l These previously reported reactions usually
were triggered by the functionalization of the C=C
double bond, and used carboxyl groups as nucleophil-
ic reagents. However, the difunctionalization of a C=
C double bond-initiated lactonization of unsaturated
carboxylic acids still remained unexplored.
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Scheme 1. Synthesis of lactones.

To explore the new strategy to construct modified
lactones through the difunctionalization of alkenes,
we envisioned a new process for the preparation of
substituted lactones incorporating the features dis-
cussed above,'*® recently established elegant work on
hydroxysulfenylation of olefins!” and our own work
about Cu-catalyzed aerobic oxidation!"™"! and thiola-
tion reactions.'"”’ We suggested that dioxygen reacts
with the active thiolated radical intermediate
(Scheme 1b), to form a more nucleophilic hydroxy
species.”” Then an intramolecular nucleophilic reac-
tion affords the desired thio-substituted lactone.
Herein, we would like to report a novel Cu-catalyzed
aerobic oxidative hydroxysulfenylation-initiated lacto-
nization reaction of unsaturated carboxylic acids with
thiols through a sequence of thiolation of the C=C
double bond, oxygenation and lactonization. To the
best of our knowledge, use of a carboxyl group as
electrophile in the lactonization of unsaturated car-
boxylic acids group has never been reported. Further-
more, this reaction provides a new difunctionalization
of alkenes-initiated lactonization strategy to construct
substituted lactones.

Results and Discussion

We first examined the reaction of unsaturated carbox-
ylic acids 1a with p-toluenethiol 2a catalyzed by
Cu(OAc), under air (Table 1). With acetonitrile as
solvent, the reaction proceeded but yielded the thio-
substituted lactone 3aa only in 21% yield after 12 h
(entry 1). Other common solvents, including DMEF,
DMSO, toluene, dioxane and DCE, have been exam-
ined for this radical reaction (entries 2-6), and the re-
sults suggest that DCE is the best choice with a yield
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Table 1. Optimization of the reaction conditions for the Cu-
catalyzed hydroxysulfenylation.[

Cu(OAc),
JL/YO /©/ SH "~ oxidant
Ph T + Sﬂo
(o)

1a 2a 3aa Ph
Entry  Atmosphere  Time [h]  Solvent  Yield [%]™
1 air 12 CH;CN 21
2 air 12 DMF <5
3 air 12 DMSO <5
4 air 12 toluene <5
5 air 12 dixone 7
6 air 12 DCE 32
7 argon 12 DCE 0
8 (O 12 DCE 55
9 0O, 6 DCE 34
10 0, 18 DCE 53
11 0, 12 DCE 28¢]
12 0O, 12 DCE 81
13 0, 12 DCE 431l

(&l Reaction conditions: 1a (0.2 mmol) and 2a (2.0 equiv.),
with Cu(OAc), (10 mol%) as catalyst in solvent (2.0 mL)
at 50°C in a flask.

) Isolated yield based on 1a.

' 2a (1.0 equiv.).

[ 2a (3.0 equiv.).

[l 2a (3.0 equiv.) without Cu(OAc),.

of 32% (entry 6). As expected, no reaction was ob-
served when the reaction was conducted under an
argon atmosphere (entry 7), because the thiol radical
cannot be formed. Oxygen was proved to be superior
over air as oxidant for this reaction. Thus, reacting of
1a with 2a in DCE in the presence of O, for 12h
gave the desired product 3aa with dramatically in-
creased isolated yield (55%, entry 8). Although dis-
continuing the reaction after 6 h gave a lower chemi-
cal yield (34%, entry9), prolonging the reaction to
18 h did not offer any significant improvement
(entry 10). It was found that the stoichiometry influ-
ences the efficiency of this reaction. Using 1 equiv. of
2a resulted in poor yield mainly because of thiol con-
version into the sulfonic acid under an oxygen atmos-
phere (entry 11). The yield could be increased to 81%
by using 3.0 equiv. of 2a (entry 12). Finally, the reac-
tion was markedly suppressed without the use of Cu
catalyst, suggesting that the metal catalyst is essential
for this reaction (entry 13).

Subsequently, we investigated the scope of thiols in
the Cu-catalyzed hydroxysulfenylation-initiated cycli-
zation reaction (Scheme?2). As presented in
Scheme 2, all the examined thiols could work well in
the reaction, affording the corresponding thio-substi-
tuted vy-lactones in up to 86% chemical yields (3aa—
3al). It was found that the electronegativity of the
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Scheme 2. Cu-catalyzed hydroxysulfenylation reaction with
various thiols. Reaction conditions: 1a (0.2 mmol), 2
(0.6 mmol), Cu(OAc), (10mol%), DCE (2mL) in a flask
under an O, balloon at 50°C for 12 h. Isolated yields based
on la.

substituent groups influences the yield of this reac-
tion. In general, thiols with electron-donating groups
show higher reactivity, and give good to ideal yields
(77-86%, 3aa—3ac, 3ai, and 3al). In contrast, thiol 2g
with a strong electron-withdrawing CF; group on the
aromatic ring gave the vy-lactone (3ag) in only 23%
yield. It is clear that steric hindrance affects the reac-
tion efficiency. For example, when the ortho-methyl-
benzenethiol is subjected to the reaction, a lower
yield was found (69%, 3aj) comparing to para-methyl-
benzenethiol (81% yield, 3aa). In addition, the naph-
thyl thiol was also a suitable substrate, and afforded
product 3ak in acceptable yield 63%. The chemical
structure of these thio-substituted y-lactones has been
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Figure 2. X-ray single crystal analysis of 3aa.

confirmed by X-ray single crystal analysis!™® of 3aa
(Figure 2).

Encouraged by these straightforward reactions with
4-phenyl-4-pentenoic acid 1a and various thiols, we
further investigated the substrate scope by using sev-
eral unsaturated carboxylic acids (Scheme 3). To our
delight unsaturated carboxylic acids containing substi-
tuted aromatic rings were also well tolerated in this
reaction, affording the corresponding products in 58—
77% yields (3ba-3ea). Then, 5-phenyl-5-pentenoic
acid (1f), bearing a longer alkyl chain, was tried in
the reaction to construct a larger cycle. We found that
such an unsaturated carboxylic acid was compatible
with the current catalytic system to give a six-mem-
bered lactone in good yield (81%, 3da). A steric hin-
drance effect in the unsaturated carboxylic acids also
was found. The reaction of unsaturated carboxylic
acids containing a non-terminal vinyl group could
take place, however a dramatically decreased yield
was obtained (33% yield, 3ga). Additionally, the ali-
phatic vinyl carboxylic acid (1i) was investigated, and
was not amenable to our procedure. Finally, a simple
alkene without a carboxylic group, a-methylstyrene
was examined in the reaction. It could react with 2a
smoothly resulting in the hydroxyethyl thioether with
84% yield under the standard conditions (see the
Supporting Information).

To gain insights into the reaction mechanism, two
preliminary mechanistic studies were carried out
(Scheme 4). First, a radical inhibition experiment was
examined with the addition of TEMPO (Scheme 4a).
The formation of 3aa was suppressed and only
TEMPO adduct 2a-TEMPO was detected, elucidating
that a radical pathway is involved in this process.
Then, another potential thiophenyl radical source, di-
phenyl sulfide was tested under standard conditions.
No desired product was detected in the reaction mix-
ture, which indicates that the thiol hydrogen has been
transferred into the intermediate in the subsequent
procedure (Scheme 4b).

Then, we tried to obtain the reaction intermediate.
In the initial stage of the reaction, we fortunately iso-
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Scheme 3. Cu-catalyzed hydroxysulfenylation reaction with
various unsaturated carboxylic acids. Reaction conditions:
1 (0.2 mmol), 2a (0.6 mmol), Cu(OAc), (10 mol%), DCE
(2mL) in a flask under an O, balloon at 50°C for 12 h. Iso-
lated yields based on 1.

lated 4-hydroxy-4-phenyl-5-(phenylthio)pentanoic
acid 4 with 23% yield after 2 h, while 4 disappeared
at the end of reaction (Scheme 5a). The intermediate
4 has been confirmed by careful analysis using
"H NMR spectroscopy and HR-MS (see the Support-
ing Informatiion). To further confirm whether 4 is the
key intermediate, we used it as a substrate to check
whether it could be converted into the final product.
To our delight, 4 could be converted to the expected
product 3aa slowly at room temperature without any
additive after 48 h (Scheme 5b), which discloses that
such a hydroxy group attached 4 is the key intermedi-
ate of this reaction. To support our rationalization,
two control experiments were carried out. As the
result, an additional organic acid, p-toluenesulfonic
acid, could accelerate the transformation, giving the
product 3aa with 87% yield after 2 h. On the other
hand, an additional organic base, 1,5,7-triazabicy-
clo[4.4.0]dec-5-ene (TBD), suppressed the procedure
and only 42% yield was found (Scheme 5c). The
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Scheme 4. Radical-trapping experiments.
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Scheme 5. Intermediate verification experiments.

thiols could be easily oxidized into sulfonic acids in
the presence of oxgyen. Thus, the current system may
be a self-catalyzed esterification process, which is ac-
counts for the use of 3.0 equiv. of thiols in the reac-
tion.

If the reaction proceeds via an oxygenation step ac-
cording to our assumption, the final lactone product

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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should have incorporated an oxygen atom from the
hydroxy group. To examine if the oxygen atom origi-
nates from the hydroxy group, an O, labelling ex-
periment was carried out. As a result, the '*O-labelled
product 3aa’ was obtained in 83% yield and in 65%
isotopic purity (Scheme 6). This result indicates that
O, also was involved in this reaction and was trans-
ferred into the final product.

(0]
Ph o)

1a OH
Cu(OAC), (10 mol%) 180

3aa

+ S
DCE (2.0 mL)
50 °C, 12 h, 180,
SH '

2a 83% yield, 65% isotopic purity

Scheme 6. Isotope labelling experiment.

As the final objective of this study, we decided to
carry out a gram-scale synthesis due to the simple
access to valuable products. We conducted the reac-
tion with 6.0 mmol of starting thiol 1a under the stan-
dard reaction conditions. As shown in Scheme 7, the
corresponding product 3aa can be easily obtained
without a decrease in yield (66%) after prolonging
the reaction time to 48 h.

Ph ©
OH
1a (6.0 mmol)

Cu(OAc), (10 mol%)
DCE, 50 °C, 48 h, O,

g S =
oy S

Ph
3aa 66%, 1.18 g

2a (18 mmol)

Scheme 7. Gram-scale examination of the current system.

On the basis of our findings and previous stud-
ies!*® a possible mechanism is illustrated in
Scheme 8. Initially, the Cu catalyst is oxidized by O,
to form a CuOO radical A, then HAT (hydrogen
atom abstraction) from ArSH by this radical happens
to give the thiophenyl radical B,”) which adds to the
C=C double bond of the unsaturated carboxylic acid
1a to form intermediate C.'"¥ Then, B is trapped by
dioxygen to give peroxy radical D, and intermediate
D is reduced by the redox-active copper species!" to
generate the key intermediate 4-hydroxy-4-phenyl-5-
(phenylthio)pentanoic acid E. The Cu catalyst could
be regenerated via reduction by thiol 2. Subsequent
intramolecular nucleophilic esterification occurs, af-
fording the final product 3 by release of H,O. This
lactonization step could also be accelerated by the in
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Scheme 8. Proposed mechanism.

situ generated sulfonic acid (detected by HR-MS, see
the Supporting Information) as catalyst.

Conclusions

In conclusion, we have developed a novel and effi-
cient copper-mediated strategy for the synthesis of
thio-substituted lactones through difunctionalization
of alkenes. This reaction proceeds through an unpre-
cedented pathway involving hydroxysulfenylation of
the C=C double bond with carboxyl as electrophilic
group and dioxygen as reactant and oxidant. Further-
more, the mechanistic studies support the discovery
of new strategies to construct substituted lactones
based on unsaturated carboxylic acids through difunc-
tionalization of alkenes. Further studies toward the
development of this new process are currently under-
way.

Experimental Section

General

Except where otherwise stated, all reagents were commer-
cially available and used without purification. The unsaturat-
ed carboxylic acids were prepared according to the previous
report.®? Solvents were dried by a solvent purification
system before use. Melting points (mp) were measured on
a Mel-Temp apparatus and are uncorrected. For flash silica
gel chromatography, silica gel (200-300 mesh) was per-
formed by standard technique. The '"H NMR and *C NMR
spectra were recorded on a Bruker model DRX 400 spec-
trometer in deuterated chloroform (CDCl;) [using (CH,),Si

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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(for 1H, 6=0.00; for *C, 6=77.00) as internal standard].
All coupling constants (/) are reported in Hertz (Hz). Infra-
red (IR) spectra were performed on Agilent Cary 630 FT-
IR instrument with the attenuated total reflection (ATR)
technique. High resolution mass spectra (HR-MS) were
measured on a Bruker micr OTOF-Q III mass spectrometer
with the ESI technique.

Typical Procedure for the Cu-Catalyzed Hydroxysul-
fenylation Reaction

Unsaturated carboxylic acids 1 (0.2 mmol), thiols 2
(0.6 mmol) and Cu(OAc), (10 mol%) were added to a 25-
mL Schlenk tube under an O, balloon, followed by addition
of DCE (2 mL). The mixture was stirred at 50°C for 12 h,
then filtered and the residue was washed with ethyl acetate.
The organic phase was dried by anhydrous Na,SO, and con-
centrated under vacuum. Finally, the residue was purified by
flash chromatography to give the desired product 3.
5-Phenyl-5-((p-tolylthio)methyl)dihydrofuran-2(3H)-one

(3aa): Pale yellow solid; mp 64-65°C; '"H NMR (400 MHz,
CDCly): 6=7.42-7.27 (m, 5H), 7.25 (d, J=8.4 Hz, 2H), 7.07
(d, J=79Hz, 2H), 3.42 (q, J=14.2 Hz, 2H), 2.84-2.64 (m,
2H), 2.59-2.40 (m, 2H), 2.30 (s, 3H); “C NMR (101 MHz,
CDCl,): 0=176.0, 142.5, 137.0, 132.3, 130.9, 129.8, 128.6,
128.1, 124.8, 88.4, 47.9, 32.6, 29.1, 21.0; IR (neat): v =
2920, 2851, 1761, 1493, 1172, 1016, 805, 699 cm™'; HR-MS:
m/z=299.1100, calcd. for C;3H;30,S [M+H]*: 299.1100.

Intermediate Verification Experiment

1a (0.2 mmol), 2a (0.6 mmol) and Cu(OAc), (10 mol%)
were added to a 25-mL Schlenk tube under an O, balloon,
followed by addition of DCE (2 mL). The mixture was
stirred at 50°C for 2 h, then filtered and the residual was
washed with ethyl acetate. The organic phase was dried over
Na,SO, and concentrated under vacuum. The crude product
was purified by flash chromatography to give the desired
product 4.
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