GDCh
~~—

Cross-Dehydrogenative Couplings

Communications

International Edition: DOI: 10.1002/anie.201612190
German Edition: DOI: 10.1002/ange.201612190

Cs,CO;-Catalyzed Aerobic Oxidative Cross-Dehydrogenative
Coupling of Thiols with Phosphonates and Arenes

Song Song,* Yiqun Zhang, Adeli Yeerlan, Bencong Zhu, Jianzhong Liu, and Ning Jiao*

Dedicated to Professor Qi-Lin Zhou on the occasion of his 60th birthday

Abstract: An efficient Cs,CO;-catalyzed oxidative coupling of
thiols with phosphonates and arenes that uses molecular
oxygen as the oxidant is described. These reactions provide
not only a novel alkali metal salt catalyzed aerobic oxidation,
but also an efficient approach to thiophosphates and sulfeny-
larenes, which are ubiquitously found in pharmaceuticals and
pesticides. The reaction proceeds under simple and mild
reaction conditions, tolerates a wide range of functional
groups, and is applicable to the late-stage synthesis and
modification of bioactive molecules.

The development of efficient, practical, and green oxidation
systems for valuable organic transformations has always been
a pursuit of organic chemists. Transition-metal catalysts have
been widely used in oxidations because of their multivalency.
In contrast, although simple alkali-metal salts are inexpen-
sive, of low toxicity, and easily removable, they have rarely
been employed as catalysts in oxidative reactions. Thiophos-
phates, especially S-alkyl thiophosphates (R =alkyl, Sche-
me 1A), exhibit important bioactivities and are widely used
as pharmaceuticals and pesticides.! As a result, the develop-
ment of efficient approaches to thiophosphates has received
considerable attention. Aside from Atherton-Todd-type
reactions, which proceed in the presence of a strong base
with CH,X,_, (X=Cl, Br, I, F) as the reagent and solvent,”
syntheses of thiophosphates from prefunctionalized S—X or
P(O)X starting materials were developed over the past
decades (Scheme 1B).Pl However, toxic reagents, harsh
reaction conditions, narrow substrates scopes, and the
employment of air-sensitive reagents have strongly limited
the extensive application of these reactions.
Cross-dehydrogenative couplings (CDCs) have attracted
much attention because they greatly increase overall reaction
efficiencies and improve atom economy.” The oxidative CDC
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A) Thiophosphates in bioactive molecules
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Scheme 1. Synthesis and application of thiophosphates.

of thiols and phosphonates for P—S bond construction is still
a challenging task because P—H and S—H bonds are easily
oxidized by stoichiometric oxidants.”) Moreover, these
approaches are only suitable for highly active diphenylphos-
phine oxidesP*! or aromatic thiols,*® and fail for the
synthesis of S-alkyl thiophosphates. Recently, Han and co-
workers developed a novel and significant palladium-cata-
lyzed CDC reaction of thiols and phosphonates for the
synthesis of thiophosphates, which featured a broad substrate
scope and good functional-group tolerance while stoichio-
metric amounts of styrene and high reaction temperatures
were required for this catalytic process (Scheme 1C).[
Despite the significance of these reports, it is highly desirable
to develop an efficient approach to thiophosphates with an
easily available catalyst, broad substrate scope, high atom
economy, and an environmentally friendly oxidant.
Molecular oxygen (O,) as the ideal green oxidant is widely
applied in organic synthesis.”’ In 2008, Li and Zhao reported
a significant Cs,COs/ketone-catalyzed CDC of glycine esters
and malonates with stoichiometric Cu(OAc), as oxidant.®!
Since then, our group has also developed a Cs,CO;-catalyzed
hydroxylation of ketones with O, as the oxygen source.”
However, a simple Cs,COs-catalyzed aerobic oxidative CDC
with O, as the green oxidant has not been realized. Herein, we
disclose an efficient and practical approach to thiophosphates
starting from thiols and dialkyl phosphates. To the best of our
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knowledge, this is the first Cs,CO;-catalyzed oxidative
coupling without transition-metal assistance. The mild reac-
tion conditions, good functional-group tolerance, and broad
S—H, P—H, and C—H scope make this protocol applicable in
the late-stage synthesis and modification of bioactive mole-
cules (Scheme 1D).

A preliminary optimization of the reaction conditions was
carried out with diethyl phosphonate (1a) and octanethiol
(2a; 1.2 equiv) at 40°C under O, atmosphere (Table 1).

Table 1: Optimization of the reaction conditions.?

EtO\P/:O + nC-H.SH catalyst EtO._/
EtO” "H g MeCN, T, O, 24 h EtO” NS-nCgHy,
1a 2a 3a
Entry Catalyst (equiv) T1°C Yield [%]"
1 Li,CO; (0.1) 40 n.d.
2 Na,CO; (0.1) 40 n.d.
3 K,CO; (0.1) 40 n.d.
4 KOtBu (0.1) 40 trace
5 NaOH (0.1) 40 trace
6 Cs,CO; (0.1) 40 18
7 Cs,CO; (0.5) 40 77
8 Cs,CO; (1.0) 40 76
9 CsOH-H,0 (0.5) 40 37
10 CsOAc (0.5) 40 trace
1 CsOPiv (0.5) 40 15
12 Cs,CO; (0.5) 30 77 (76)
13 Cs,CO; (0.5) 30 7

[a] A solution of Ta (0.25 mmol), 2a (0.3 mmol), and catalyst in MeCN
(1 mL) was stirred under O, atmosphere for 24 h. [b] Yields determined
by *'P NMR analysis of the crude reaction mixture using Ph;P(O) as an
internal standard. Yields of isolated products given in parentheses.

[c] Under argon atmosphere.

Inspired by Han’s significant work[®! and our Cs,CO;-cata-
lyzed process”! inorganic alkali-metal bases (Li,COs,
Na,CO;, K,CO;, rBuOK, and NaOH) were investigated in
this reaction, but they failed to catalyze this
process (entries 1-5). Other alkali-metal salts and
organic bases (NEt; and pyridine) also could not
catalyze the CDC reaction of 1a and 2a (see the
Supporting Information). Interestingly, Cs,CO;
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RO-P-S-nCgHy;  EtO- P S-R! U, 057 EtO-P—S—CHAr

OrR OEt 3e, R = iBu, 53% OEt
1=
3a, R=Et, 76% 3f, R =iPent,69%  3m Ar=4.MeOCgH,, 3 h, 80%!
3b, R = Bu, 3 h, 92%l2 3g, R' = CH,CH,Ph, 3h,76%  3n, Ar = Ph, 58%

3¢, R = iPr, 3 h, 82%0° 3h, R" = cHex, 50%!@! 30, Ar = 2-furanyl, 3 h, 72%
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Scheme 2. Cs,CO;-catalyzed CDC reactions of phosphonates and ali-
phatic thiols. A solution of T (0.25 mmol), 2 (0.3 mmol), and Cs,CO;
(0.125 mmol) in MeCN (1 mL) was stirred under O, atmosphere.
Yields of isolated products are given. [a] At 80°C. [b] At 60°C.

corresponding products 3b and 3¢ in high yields. Primary
thiols reacted smoothly with these phosphonates to afford the
products 3a-3g in moderate to good yields. The reaction of
cyclohexanethiol and diethyl phosphonate needed a higher
reaction temperature to form product 3h in 50 % yield. Ester
and amide groups were tolerated by the present Cs,CO;/O,
system. Strikingly, a cysteine derivative was also phosphory-
lated in 67 % yield under the optimized reaction conditions
(31). In addition, thiols with benzyl substituents could be
easily coupled with diethyl phosphonate at 60°C. A reactive
furan ring was tolerated to afford product 30 in 72 % yield.

The oxidative CDC reaction of dialkyl phosphonates
1 and aromatic thiols 4 (Scheme 3) provides a direct approach
to S-aryl thiophosphates, which were used for the construc-
tion of pyrophosphate linkages.'”! Cs,CO, was active enough
to catalyze these reactions at a loading of only 10 mol% at
30°C under O, atmosphere (Scheme 3). Thiols 4 with differ-
ent ortho, meta, and para substituents gave the corresponding
products in good yields irrespective of the steric bulk of the
substituent (5d-5n). Aromatic thiols bearing Me, MeO, Br, F,

afforded product 3a in 18 % yield at a catalyst
loading of 0.1 equiv (entry 6) whereas 3a was
produced in 77 % yield upon addition of 0.5 equiv
of Cs,CO; (entry 7). Other cesium salts, such as
CsOAc, CsOH, and CsOPiv, did not promote the
reaction efficiently (entries 9-11). The CDC
reaction of la and 2a also proceeded well at
30°C (entry 12). Product 3a was obtained in only
7% yield when the CDC reaction was conducted
in argon atmosphere (entry 13), which indicates
that O, is essential in this transformation.

We then evaluated the oxidative CDC reac-
tion of phosphonates 1 and aliphatic thiols 2 in
the presence of Cs,CO; at 30°C under O,
(Scheme 2). Aside from diethyl phosphonate,
diisopropyl and dibutyl phosphonate could also
be coupled with octanethiol (2a) to afford the

5}, 90%
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RO-P-H + ArSH —— ———————= RO-P-SR
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Cl MeO
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5k, 80% 51, 86%
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Scheme 3. Cs,CO;-catalyzed CDC reactions of phosphonates and aromatic thiols. A
solution of 1 (0.25 mmol),
was stirred under O, for 3 h. Yields of isolated products are given.

4 (0.3 mmol), and Cs,CO; (0.025 mmol) in MeCN (1 mL)
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or Cl groups furnished the desired thiophosphates in high
yields. Notably, a thiol with an electron-withdrawing CF;
group was smoothly coupled with 1a (69% yield, S5m)
whereas a NO,-substituted thiol afforded product Sn in
22% yield. Free amine and hydroxy groups, which hardly
survive in traditional approaches, were tolerated under these
conditions to afford the corresponding products 50 and Sp in
high yields.

Aside from dialkyl phosphonates, diphenyl phosphine
oxide (6) could also be coupled with octanethiol (2a) to
produce 7 in 78% yield (Scheme 4). Furthermore, this
Cs,CO;-catalyzed oxidative CDC reaction of phosphonates
(10 mmol) and thiols (12 mmol) could be performed on gram
scale.

o
0y
Ph—P—H + nCaHy,sH — 22002 (50mal%) _ pp_ .0
Ph MeCN, 30 °C, 05, 12h  Ph” ~S—nCgHy;
6 2a 7,78%
9 Cs,CO3 (10 or 50 mol%) 9
R-P-H + RSH ———">———> R-P-SR
! MeCN, 30 °C, O,, 12 h Y
12 mmol
10 mmol
o Ph (o} 9
Eto—ﬁ-s—/_ EtO—l'%-S—@-Cl Ph—P=S-nCgH;
OEt OEt Ph

3g, 69% (1.84 g) 5a, 84% (2.35 g) 7,81% (1.92 g)

Scheme 4. CDC reaction of P—H/S—H bonds on 10 mmol scale.

The present approach for the synthesis of S-alkyl thio-
phosphates features a broad substrate scope, and was also
applied in the concise synthesis of several bioactive molecules
(Scheme 5). Iprobenfos, a pesticide used against rice blast,
could be easily prepared by the CDC reaction of diisopropyl
phosphonate (1¢) and benzyl thiol in 87% yield in the
presence of Cs,COj; (Scheme 5a). The synthesis of demeton,
which bears a highly reactive ethylthio group that is easily
oxidized by oxidants such as tert-butyl hydroperoxide® or

o
PrO—b-H + ®_\ Cs,CO5 (50 mol%)
; _Cs3C05 (S0 mol%) |

a
OiPr SH MeCN, 80 °C, 0,, 12 h @

?
iPrO—P-$§

1c 2 8, iprobenfos, 87%
o Cs,CO3 (50 mol% Q SEt
EIO-P—H + |, ~_SEl —CC0s B9 mol) E0-P-s~ ®
Okt MeCN, 30 °C, O,, 3 h Okt
1a 2p 9, demeton, 75%
1a s HS™™ G004 (50 mol%) EO.,,0  Ref.[11b] E0.50 7 (@
NMe, — = Sl — EtO0” S
2 MeCN, 30 °C EtO S/\l to /\|
2q 0, 3h NMe;, NMes
3q, 64% 10, echothiopate, 85%

o)
| NAO
N0 Cs,C05 (10 mol%) s o
H 0 + PP (d)
CH4CN, O,, 30 °C N
N 15h 3
s cl
1 Cl 12,80%

Scheme 5. Application of the Cs,CO;-catalyzed CDC reaction for the
synthesis of bioactive molecules.
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tert-butyl peroxide,” could not be realized by the previously
reported oxidative CDC reaction of phosphonate and thiol.
Under the present Cs,CO5;/O, conditions, however, the ethyl-
thio-substituted thiol was phosphorylated smoothly to afford
demeton in 75% yield (Scheme 5b). The CDC reaction of
diethyl phosphonate (1a) with commercially available thiol
2 q afforded thiophosphate 3q in 64 % yield, which was easily
converted into echothiopate, a drug used for the treatment of
glaucoma™ (Scheme Sc). Compound 11, a derivative of
zidovudine (AZT), which is used for the treatment of
AIDS,' exhibits attractive bioactivity, and could be coupled
with 4-chlorothiophenol to give 12 in 80% yield as amide,
double bond, azide, and ester groups are tolerated
(Scheme 5d). These experiments (Scheme 5) demonstrate
that the Cs,CO5/O,-based CDC reaction of thiols and
phosphonates is amenable to the late-stage synthesis and
modification of bioactive molecules.

Aside from P—S bonds, sulfenylarenes bearing C—S bonds
are widely used for the treatment of diseases because of their
therapeutic value.”! Such compounds are usually synthesized
from prefunctionalized arenes such as aryl halides or aryl
boronic acids in transition-metal-catalyzed cross-coupling
reactions.™¥ Methods for the direct sulfenylation of arenes
with sulfenylating agents'” such as sulfenyl halides,
N-thioimides, sulfonium salts, disulfides, quinone mono-O, S-
acetals, arylsulfonyl chlorides, and sulfonyl hydrazides, have
also been developed. Several reports have described oxida-
tive CDC reactions of arenes and thiols;'® however, harsh
reaction conditions, narrow substrates scopes, or the employ-
ment of stoichiometric amounts of oxidant have strongly
restricted the widely application of these methods. Inspired by
the above success in P—S bond construction, we expanded the
Cs,CO5/0, system to C—S bond formation (Scheme 6). In the
presence of 20 mol % Cs,CO;, the coupling of indole deriv-
atives and thiols proceeded smoothly to afford sulfenylindoles
in good to high yields. Thiols bearing various functional
groups at the aryl ring, such as CF; (14a), OMe (14d, 14e), Cl
(14¢,14f, 14¢), or Br (14b), furnished the desired products in
high yields. The substituents on the indole ring have little
influence on the sulfenylation. Other arenes, such as azain-
doles (14 q, 14r), naphthalene (14s), and benzene (14t), could
also be sulfenylated. Importantly, both Cs,CO; and air are
indispensable in the present coupling reaction of thiols and
arenes (see the Supporting Information).

We conducted detailed control experiments to understand
the roles of Cs,COj; and O, in this CDC reaction (Scheme 7).
Under the standard conditions without the addition of
phosphonate, octanethiol (2a) is converted into disulfide 15
in high yield (Scheme 7a). Cs,COj; is indispensable in this
transformation (Scheme 7b). It is noteworthy that oxidative
couplings of thiols and disulfides with O, as the oxidant are
usually catalyzed by flavoenzyme,'”!l laccase,'”® heteroge-
neous gold catalysts,'’? iron metal-organic frameworks, "’
eosin Y,/ or diaryl tellurides.!'”! Compared to these systems,
the present Cs,CO5/O, system is much more economic,
practical, and environmentally friendly. As reported, aryl
disulfides can be easily converted into thiophosphates, but
AIBN is required for the reaction with aliphatic disulfides.”™
It is noteworthy that the efficiency of the reaction with
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Cs,C0O3 (20 mol%)
H + ArSH - = @ SAr
DMSO, 100 °C, 3 h, air

13 4 14
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Based on the above preliminary results, a possi-
ble mechanism was proposed (Scheme 8). Initially,
diethyl phosphonate (1a) reacts with Cs,CO; to give

14a, R = 4-CF5, 72%
14b, R =4-Br, 64% R~
S~ 14c R=4Cl81% \ s
I | R 14d, R = 4-OMe, 57% |
HN Z - [a]
14e, R = 3-OMe, 68% HN
14f, R = 3-Cl, 90%!?
14g, R = 2-Cl, 55%I?
14h, R = 3,4-(CH),, 73%

" S ¢ "L
s \ s s
HN c N cl OH cl Me

14q, 85%20! 14r, 70%I@! 14s, 85%

Scheme 6. Cs,CO;-catalyzed CDC reaction of arenes and thiols. A solution of 13
(0.3 mmol), and Cs,CO; (0.05 mmol) in DMSO (1 mL) was stirred
at 100°C under air. Yields of isolated products are given. [a] 4 (0.5 mmol)

(0.25 mmol), 4

[b] Cs,CO; (0.25 mmol). [c] At 130°C with 4 (0.375 mmol).

Cs,CO0; (50 mol%) s CH
nCgHySH =~ ——2— =22 8. CgHy @)
e MeCN, 30°C, O, 12 Gt S
2a 15, 92%
without Cs,CO;
2a —_— 15 (trace) (b)

MeCN, 30 °C, 0,, 12h

o
Cs,C03 (50 mol% .
EO-P-H + 15 —==2CQs®0mo%)  Et0.,.0 ©
OFt MeCN, 30 °C, 05, 12h EtO” "S—nCgHy7

0.6 equi
1a (1.0 equiv) quv 3a, 77%
1a . 15 without Cs,CO; 3a @
1.0 equiv 0.6 equiv MeCN, 30 °C, 05, 12 h trace
1a + 15 Cs,C0O3 (50 mol%) 3a
1.0 equiv 0.6equiv \ecN, 30 °C, Ar, 12 h 49% (e)
1a + 15 Cs,C03 (50 mol%) 3a
1.0 equiv 1.2 equiv 78% ®

MeCN, 30 °C, Ar, 12 h

Scheme 7. Mechanistic studies.

aliphatic disulfides 15 in the presence of Cs,CO; and O, is
very high (Scheme 7c¢). In contrast, in the absence of Cs,CO;,
the coupling of 1a and 15 did not proceed, which indicates the
importance of Cs,CO; (Scheme 7d). Moreover, 3a was
obtained in 49% yield when 1a and 15 (0.6 equiv) were
coupled in argon atmosphere in the presence of Cs,CO;
(Scheme 7e; 78 % yield from 1.2 equiv of 15, Scheme 7 f).
These results demonstrate that only half the amount of 15 was
coupled with 1a in the absence of O,, and the other half could
be oxidized to 15 in the presence of O, (see Scheme 8).

Cs,CO3 (50 mol%) EtO. /o
(EtO)zP H + e P
1a MeCN, 30 °C, O, Etos

032003

(EtO) 2P Cs
~—_ o — °¢

Scheme 8. Proposed mechanism.

2
J(zszco3
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14i, R = 2-CO,Et, 62%/@
14j, R = 2-Me, 87%
14k, R = 2-Ph, 95%
141, R = 5-Br, 85%[
¢ 14m, R =5-MeO, 74%
14n, R = 6-F, 74%
140, R = 6-Cl, 70%
14p, R = 7-Me, 83%2!

14t, 77%
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intermediate A ([(EtO),P(O)Cs]). Meanwhile, the
oxidative coupling of thiol 2 or 4 affords disulfide B
in the presence of Cs,COj; and O,. Disulfide B is then
attacked by intermediate A to give thiophosphate 3
and C ([RS™Cs™]). For the nucleophilic attack
between A and B, Cs,CO; and O, are not necessary.
Species C ([RS™Cs']) is oxidized to disulfide B by
0,," thus only 1.2 equivalents of thiol 2 are needed
for full conversion of 1a.

In summary, we have developed a Cs,CO;-cata-
lyzed CDC reaction of thiols with phosphonates and
arenes for the efficient synthesis of thiophosphates
and sulfenylarenes, which are ubiquitous in pharma-
ceuticals and pesticides. Environmentally friendly
molecular oxygen was employed as the oxidant. The
simple and mild reaction conditions, good func-
tional-group tolerance, and broad substrate scope
make this method applicable in the late-stage synthesis and
modification of bioactive molecules.
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Dehydrogenated: An efficient Cs,COs-
catalyzed aerobic cross-dehydrogenative
coupling of thiols with phosphonates and
arenes enables the synthesis of thio-
phosphates and sulfenylarenes, which are
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+ H-SR
Cs5C05 (cat) " ;10 94% yield
0, or air 37 examples

S\Ar

up to 95% yield
20 examples

ubiquitously found in pharmaceuticals
and pesticides. This method was also

applied for the late-stage functionaliza-
tion of bioactive molecules.
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