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Introduction

Sulfur-containing  organophosphorus compounds have
received considerable attention for more than 60 years because
of their promising bioactivities' and pest-control application.>
Accordingly, research on the synthesis of these compounds is
extensive, especially for the thioesters of dialkyl (or diaryl)
phosphites,® which could be found in organophosphorus
pesticides (Fig. 1), such as demeton-S-methyl (1) and iproben-
fos (2). Yokomatsu et al. recently reported a Cul-catalyzed syn-
thesis method of thiophosphates through the coupling of
diethyl phosphites and benzenethiols.” Lee et al. developed an
NCS promoted thiophosphation reaction between thiols and
phosphites.** The synthesis of thiophosphates based on
dialkyl (or diaryl) phosphites is extensively studied, but less
attention is paid to the thioester of H-phosphine oxides or
H-phosphinate esters," which are core structures of certain
pesticides, such as inezin (3). These compounds could also be
used as phosphoryl transfer reagents in organic syntheses.’
Traditional synthesis work of thiophosphinate often proceeds
via the reaction between phosphinic chlorides and thiols
[Scheme 1(a)].>*”® Haynes et al. [Scheme 1(b)] reported a
synthesis strategy through the coupling of the H-phosphine
oxides with thiophenols in the presence of NBS and a base.*
Mioskowski et al. [Scheme 1(c)] developed phosphazene P4-tBu-
promoted phosphonothioate formation using alkyl thiocyanates
as the thiol source.” In their work, both H-phosphine oxides
and H-phosphinate esters smoothly afford the products in
good yields. Yamaguchi et al. [Scheme 1(d)] reported a thiopho-
sphinate synthesis protocol by a rhodium-catalyzed coupling
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An efficient method for the direct coupling of thiol/thiophenol with H-phosphine oxides or H-phos-
phinate esters is reported. Without using any metallic catalyst, the direct sulfur—phosphorus bond coupling
reaction was promoted using tert-butyl peroxybenzoate in the presence of Kl at room temperature.
Consequently, thiophosphinate/phosphonothioate was produced in moderate to excellent yields.
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Scheme 1 Synthesis of thiophosphates.

between tetraphenyldiphosphine dioxides and disulfides.*
However, extensive application of this protocol is limited by the
use of toxic phosphinic chlorides, strong bases or Lewis acids,
complex multiple steps, and expensive transition metals.

From the perspective of atom economy, direct coupling
between H-phosphine oxides/H-phosphinate esters and thiols
is the best option to form thiophosphinates or phosphono-
thioates. A similar strategy involves C-S bond construction for
thioester synthesis.” Based on our previous work on C-S and
S-N bond coupling,® we present in this work a thiophos-
phinate/phosphonothioate synthesis method through direct
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Fig. 1 Thiophosphate structures in pesticides.

P-S bond coupling using peroxide (TBPB). As a green synthetic
method, our work exhibited several advantages, including
good atom economy (more than 99%), easy one-step work-up,
without any acid or base, avoids the use of any transition
metal, relative mild reaction conditions, and most substrates
could react at room temperature while with good to excellent
yields (up to 99%). Besides, the method has a wide range
of functional group compatibilities for H-phosphine oxides/
H-phosphinate esters and thiols.

Results and discussion

In our initial work, diphenylphosphine oxide and cyclohexa-
nethiol were used as model reactants to optimize the reaction
conditions. First, several oxidants (e.g. peroxides and potass-
ium persulfate) were introduced to the reaction (Table 1,

Table 1 Optimization of reaction conditions?

o SH  oxidant 9 @
PH 1t, 4h PH
la 2a 3a

vield”
Entry Oxidant Additive Solvent (%)
1 H,0, None DMSO N.R.
2 TPHP None DMSO N.R.
3 DTBP None DMSO N.R.
4 K,S,054 None DMSO N.R.
5 TBPB None DMSO N.R.
6° H,0, I, (0.2 eq.) DMSO Trace
7° TPHP I, (0.2 eq.) DMSO Trace
8¢ K,S,04 I, (0.2 eq.) DMSO 13
9 DTBP 1, (0.2 eq.) DMSO 10
10° TBPB I, (0.2 eq.) DMSO 21
11 TBPB KI (0.2 eq.) DMSO 97
12 TBPB KI (0.1 eq.) DMSO 89
134 TBPB KI (0.2 eq.) DMSO 85
14 TBPB KI (0.4 eq.) DMSO 77
15° TBPB KI (0.2 eq.) DMSO 63
16 TBPB Nal (0.2 eq.) DMSO 79
17 TBPB TBAI (0.2 eq.) DMSO 62
18 TBPB KI (0.2 eq.) Toluene 28
19 TBPB KI (0.2 eq.) CH,;CN 21
20 TBPB KI (0.2 eq.) H,O0 N.R.

“Reaction conditions: diphenylphosphine oxide (0.75 mmol),
cyclohexanethiol (0.5 mmol), and oxidant (1.0 mmol) were reacted at
room temperature for 4 h. ?Isolated yield. °Reacted at 50 °C.
90.5 mmol TBPB was added. (TPHP = tert-Butyl hydroperoxide, DTBP =
tert-butyl peroxide, TBPB = tert-butylperoxybenzoate, TBAI =
tetrabutylammonium iodide).
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entries 1-5); however, no relative product was detected. Based
on Prabhu’s work,” we then added iodine to the reaction and
elevated the temperature to 50 °C (Table 1, entries 6-10), and
the desired product 3a was thus formed. Screening of the oxi-
dants showed that TBPB had the best reactivity (Table 1, entry 10),
although the yield was still unsatisfactory. The poor yield
might be attributed to iodine catalyzed disulfide formation."”
We replaced iodine with a less reactive potassium salt (KI) and
finally obtained thiophosphinate 3a in nearly quantitative
yield at room temperature (Table 1, entry 11). Notably, the
decrease in KI loading and oxidant did not affect this result
(Table 1, entries 12 and 13). But an increase of the additive
amount and temperature results in a reduced yield, which is
due to the oxidation of 1a into diphenylphosphinic acid
(Table 1, entries 14 and 15). Other iodine sources such as Nal
and TBAI were tested, both gave acceptable yields (Table 1,
entries 16 and 17). We also studied the effect of solvents,
including toluene, CH3CN and water (Table 1, entries 18-20).
However, both showed poor yields, and this reaction was
ceased when reacted in water.

Under the optimized reaction conditions, we then investi-
gated the scope and limitations of the substrate for application
to our novel P-S bond coupling method. As summarized in
Table 2, a variety of thiols with different chain lengths were
readily reacted with H-phosphine oxides or H-phosphinate
esters, giving the relative products in moderate to excellent
yields. The long-chain thiols such as 1-hexylthiol (Table 2,
entry 5), 1-octanethiol (Table 2, entry 6) and 1-dodecanethiol
(Table 2, entry 7) were successfully coupled with H-phosphine
oxides. Our method exhibited great functionality tolerance,
with carboxy (Table 2, entry 8), thiyl (Table 2, entry 9) and
benzyl groups (Table 2, entry 10) being well tolerated under
our conditions and smoothly forming the products. Other
H-phosphine oxides (Table 2, entries 11-13) also efficiently
produced P-S coupling products. However, unsymmetric phos-
phine oxides bearing an alkyl group (Table 2, entry 13) needed
more reaction time and still had a decreased yield. According
to our method, phosphonothioates (Table 2, entries 14-16)
were easily generated in a good yield using simple H-phos-
phinate esters. Among them, product 30 was named “inezin”,
a low toxic pesticide used against rice blast (a serious rice
disease).

A series of thiophenol substrates was further examined to
expand the synthesis utility of our proposed protocol. The
coupling reaction between thiophenol and H-phosphine oxide/
H-phosphinate ester generally took more time than its thiol
counterpart, iLe., at least 8 hours was needed to complete
reactant transformation. However, a reduced peroxide amount
(1.2 equiv.) was found to be beneficial for this process. A nearly
quantitative conversion was obtained for the reaction between
substituted thiophenols and diphenylphosphine oxides (Table 3,
entries 1-10). Steric hindrance showed little influence on this
reaction, and ortho-substituted thiophenols (Table 3, entries 5
and 7) afforded similar yields as their meta- or para- analogs.
However, thiophenols bearing strong electron-withdrawing
groups (e.g., trifluoromethyl and nitro) yielded no relative
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Table 2 TBPB promoted P-S coupling reaction between H-phosphine
oxides/H-phosphinate esters and thiols?
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Table 2 (Contd.)
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“Reaction conditions: H-phosphine oxides/H-phosphinate esters
(0.75 mmol), thiols (0.5 mmol), TBPB (1.0 mmol) and KI (0.1 mmol) in
1.5 ml DMSO, reacted at room temperature. ”Isolated yield. ¢ Reacted
for 18 h. 9 Reacted in 2 mL EtOAc at 50 °C, 0.6 mmol TBPB was added
as an oxidant.

products probably because of their higher S-H bond dis-
sociation energies.'" Other functional groups including meth-
oxyl (Table 3, entries 3-5), chloro (Table 3, entries 6 and 7),
bromo (Table 3, entry 8), fluoro (Table 3, entry 9) and amide
(Table 3, entry 10) were tolerated under our reaction conditions.
We also investigated the reactivity of other H-phosphine oxides
and H-phosphinate esters (Table 3, entries 11-17), and both
were found to provide the target compounds in good to excellent
yields.

The mechanism of the TBPB promoted P-S coupling reac-
tion was investigated by radical trapping experiments. As
shown in Scheme 2, when 2.0 equiv. of TEMPO (a radical
scavenger) was added in our reaction system, only a traceable
product was detected, which implied that a radical process
might be involved. Further experiments suggested that KI may
play an important role in catalyzing the oxidation of thiol into
the thiyl radical (see ESIT).

Based on the TEMPO trapping experiment results and pre-
vious reports,'* a plausible reaction pathway is depicted in
Scheme 3. The in situ formed iodine radical (initiated by
TBPB) generated thiyl radical A whereas the alkoxyl radical
abstracted a hydrogen and produced phosphoryl radical B.
Radical B then quickly coupled with the thiyl radical A to yield
the thiophosphinate 3a.
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Table 3 TBPB promoted P-S coupling reaction between H-phosphine
oxides/H-phosphinate esters and thiophenols?
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Table 3 (Contd.)
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“Reaction conditions: H-phosphine oxides/H-phosphinate esters
(0.75 mmol), thiophenols (0.5 mmol), TBPB (0.6 mmol) and KI
(0.1 mmol) in 1.5 ml DMSO, reacted at room temperature. ” Isolated
yield.  Reacted for 18 h.
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Scheme 2 Radical trapping experiments using TEMPO.
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Scheme 3 Plausible reaction pathway.
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Conclusions

We developed an easy and efficient TBPB-promoted P-S coup-
ling reaction for synthesizing thiophosphinates/phosphono-
thioates. The reaction was conducted without the presence of
metallic catalysts at room temperatures (for H-phosphinate
ester 50 °C) and afforded the products in good to excellent
yields. The method also exhibited a great functionality tolerance
for the substrates and a plausible mechanism was proposed.

Experimental
General

All chemicals were obtained from commercial suppliers or pre-
pared according to the former reference (see ESIT). "H NMR and
3C NMR spectra were recorded on a Bruker ARX-400. Mass
spectra were performed on a Bruker Esquire 3000 plus mass
spectrometer equipped with ESI interface and ion trap analyzer.

General procedure A: for the preparation of products 3a-3q
(for thiol substrates)

Thiol (0.5 mmol), H-phosphine oxides/H-phosphinate esters
(0.75 mmol) and TBPB (1.0 mmol) were dissolved in 1.5 ml
DMSO in a round-bottom flask, then KI (0.1 mmol) was added
and reacted at room temperature for 4 h. After reaction com-
pletion, the mixture was quenched with 15 ml of Na,S,0, solu-
tion (5%) and extracted with ethyl acetate (3 x 15 ml). The
combined organic layer was then dried with anhydrous Na,SO,
and evaporated under vacuum. The crude product was purified
by silica gel column chromatography, using PE-EtOAc (3:1) as
the eluent.

General procedure B: for the preparation of products 5a-5q
(for thiophenol substrates)

Thiophenol (0.5 mmol), H-phosphine oxides/H-phosphinate
esters (0.75 mmol) and TBPB (0.6 mmol) were dissolved in
1.5 ml DMSO in a round bottomed flask, then KI (0.1 mmol)
was added and reacted at room temperature for 8 h. After
reaction completion, the mixture was quenched with 15 ml
of Na,S,0, solution (5%) and extracted with ethyl acetate
(3 x 15 ml). The combined organic layer was then dried with
anhydrous Na,SO, and evaporated in a vacuum. The crude
product was purified by silica gel column chromatography
using PE-EtOAc (3 : 1) as the eluent.
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