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ABSTRACT: A Pd-catalyzed dehydrogenative phosphor-
ylation of thiols is developed. A variety of thiols
dehydrogenatively couple readily with all three kinds of
P(O)−H compounds, i.e., H-phosphonates, H-phosphi-
nates, and secondary phosphine oxides, providing a general
access to the valuable phosphorothioates including the P-
chiral compounds. A plausible mechanism is proposed.

Phosphorothioates 1 are an important class of molecules in
biological chemistry.1 A number of well-known medicines

and insecticides are based on these compounds (Scheme 1).1a−e

Their applications in organic synthesis are also well recog-
nized.1b,f−h However, efficient and precise preparations of these
compounds are rather unexplored (Scheme 2).2−5 These

compounds are traditionally prepared by nucleophilic sub-
stitution of the toxic and moisture sensitive halides (RO)2P(O)Cl
or RSX directly or indirectly.2,3 However, in addition to safety
and efficiency problems, these old methods also have severe
limitations toward the copresence of functional groups in the
molecules.

Herein, we report an efficient Pd-catalyzed dehydrogenative
phosphorylation of the readily available P(O)H compounds with
thiols 2 to produce phosphorothioates 1 in high yields (Scheme
2).4,6−8 This reaction is general and a variety of substrates, i.e., all
the three kinds of P(O)−H compounds 3 (H-phosphonates, H-
phosphinates, and secondary phosphine oxides) can couple with
both aromatic and aliphatic thiols. This new method also easily
overcomes the limitations of the traditional methods. For
example, P-chiral phosphorothioates and phosphorothioates 1
with OH andNH2 groups, which could hardly be prepared by the
old nucleophilic substitutions,2,3 were readily obtained by this
new method. Mechanistic studies showed that this trans-
formation would proceed via a Pd(0)/Pd(II) process involving
oxidative addition, ligand exchange releasing dihydrogen, and
reductive elimination.
In the presence of 2.5 mol % Pd2(dba)3 and 5 mol % dppf

(1,1′-bis(diphenylphosphino)ferrocene), diethyl phosphonate
3a reacted with an equivalent amount of 4-(tert-butyl)-
benzenethiol 2a in dioxane at 100 °C for 20 h, producing the
coupling product 1a in 40% yield (Table 1, entry 1).9 By adding 2
equiv of styrene to the reaction mixture, the yield of 1a increased
to 80% (Table 1, entry 2).10 Further elevating the reaction
temperature to 120 °C did not improve the yield of the product;
whereas only 41% yield of 1awas obtained when the reaction was
conducted at 80 °C (Table 1, entries 4 and 5). The choice of a
suitable phosphine ligand was the key factor for this trans-
formation (Table 1, entries 6−14) since only a trace amount of
1a was detected with Ph3P, Cy3P, 1,1-bis(diphenylphosphino)-
methane (dppm), 1,2-bis(diphenylph-osphino)ethane (dppe),
1,3-bis(diphenylphosphino)propane (dppp), 1,6-bis-
(diphenylphosphino)hexane (dpph) , and 1 ,2-b i s -
(dicyclohexylphosphino)ethane (dcype). The yields were low
with 1,4-bis(diphenylphosphino)butane (dppb) and xantphos
too. The coupling reaction also proceeded in other solvents with
toluene being the best choice (Table 1, entries 15−17). A very
high yield (93%) of phosphorothioate 1awas produced when 1.2
equiv of 2a was employed (Table 1, entry 18).10

This Pd-catalyzed dehydrogenative phosphorylation was a
rather general reaction for the synthesis of phosphorothioates. A
variety of thiols readily coupled with P(O)−H compounds under
the present reaction conditions to produce the corresponding
phosphorothioates 1 in good to excellent yields. Thus, aromatic
thiols with tert-butyl, methyl, methoxyl, and amide group on the

Received: March 24, 2016
Published: April 29, 2016

Scheme 1. Selected Examples of Drugs and Insecticides of
Phosphorothioates

Scheme 2. Efficient Synthesis of Phosphorothioates
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benzene ring all gave the corresponding coupling products in
good yields (Table 2, entries 1−4). A substrate bearing a highly
coordinative methylthio group also produced the product 1e in
79% yield (Table 2, entry 5). Functional groups such as the free
amine, hydroxyl, and even the easily hydrolyzed OCF3 groups
were tolerated well under the current reaction conditions (Table
2, entries 6−8). A halogen like fluoro and chloro groups also
survived, facilitating further functionalization of the products
(Table 2, entries 9 and 10). The substrates with electron-
withdrawing groups like CF3 and NO2 coupled readily with
diethyl phosphonate, generating the coupling products in
moderate yields (Table 2, entries 11 and 12). Naphthalene-1-
thiol was also proved to be a good substrate (Table 2, entry 13).
Interestingly, all the three kinds of hydrogen phosphoryl

compounds were applicable to this reaction. Thus, in addition to
diethyl phosphonate, diisopropyl phosphonate and even the
easily hydrolyzed five-membered H-phosphonate 3c also
coupled readily with 4-(tert-butyl)benzenethiol 2a under similar
reaction conditions (Table 2, entries 14 and 15). This Pd-
catalyzed dehydrogenative phosphorylation also took place
efficiently with H-phosphinates and secondary phosphine oxides
(Table 2, entries 16−22).
Notably, by using the present Pd-catalyzed dehydrogenative

phosphorylation strategy, the P-chiral phosphorothioates 1 were
synthesized stereoselectively in high yields with retention of
configuration at phosphorus (Table 2, entries 20−22).11 This is
the first synthesis of P-chiral phosphorothioates via catalytic
process.12 It was noted that the classical Atherton−Todd
reaction could not produce such products but gave those with
inversed configuration at phosphorus.3c,d

Importantly, aliphatic thiols were also phosphorylated
efficiently under the current reaction conditions (Table 2,
entries 23 and 24). Thus, both cyclohexanethiol and octane-1-
thiol coupled readily with diethyl phosphonate, producing the
coupling product 1w and 1x in 79% and 87% yields, respectively.
It was noted that the traditional Atherton−Todd reaction was
not applicable to the synthesis of these compounds.3d

Mechanistic studies show that the oxidative addition of five-
membered H-phosphonate 3c to Pd(PEt3)4 produced a

Table 1. Pd-Catalyzed Dehydrogenative Coupling of Diethyl
Phosphonate with 4-(tert-Butyl)benzenethiola

entry ligand solvent yieldb

1c dppf dioxane 40%
2 dppf dioxane 80%
3d dppf dioxane 66%
4e dppf dioxane 80%
5f dppf dioxane 41%
6 Ph3P dioxane trace
7 Cy3P dioxane trace
8 dppm dioxane trace
9 dppe dioxane trace
10 dppp dioxane trace
11 dppb dioxane 21%
12 dpph dioxane trace
13 dcype dioxane trace
14 xantphos dioxane 17%
15 dppf MeCN 34%
16 dppf cyclohexane 62%
17 dppf toluene 84%
18g dppf toluene 93%

aReaction conditions: 0.2 mmol 2a, 0.2 mmol 3a, 0.4 mmol styrene,
2.5 mol % Pd2dba3/phosphine ligand (Pd/P = 1:2), and 1 mL solvent
were heated in a 25 mL glass tube at the indicated temperature for 20
h. b31P NMR yield using triphenylphosphine oxide as an internal
standard. cWithout styrene. d1 mol % Pd2(dba)3 was loaded.

e120 °C.
f80 °C. g1.2 equiv of 2a was used.

Table 2. Pd-Catalyzed Dehydrogenative Phosphorylation of
Thiolsa

aReaction conditions: 0.24 mmol 2, 0.2 mmol 3, 0.4 mmol styrene, 2.5
mol % Pd2dba3/dppf (Pd/P = 1:2), and 1 mL toluene were heated in a
25 mL glass tube at 100 °C for 20 h. bDioxane was used as solvent. c5
mol % Pd2(dba)3 was loaded.

d0.4 mmol scale, 0.5 mL toluene was
used.
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hydridopalladium complex 4a quantitatively at room temper-
ature. Subsequent addition of an equivalent benzenethiol 2a to a
solution of 4a readily generated an unsymmetrical phosphoryl
thiopalladium complex 5a (Figure 1) with H2 evolution (eq 1).

This reaction can be achieved in one pot. Thus, Pd(PEt3)4
reacted with a mixture of benzenethiol and 3c smoothly at room
temperature to produce 5a in 86% isolated yield.13,14 The
structure of complex 5a was also determined by X-ray analysis.
Therefore, it is reasonable to propose that the current cross

dehydrogenative coupling proceeds via a catalytic cycle as shown
in Scheme 3. A Z−H bond first oxidatively adds to Pd(0) to

produce a hydridometal complex 4, which subsequently reacts
with E−H, generating a species 5 and dihydrogen.15 Reductive
elimination of complex 5 affords the products and regenerates
Pd(0) complex.
In summary, we have developed a Pd-catalyzed dehydrogen-

ative phosphorylation of thiols. Both aromatic and aliphatic thiols
coupled with H-phosphonates. All the three kinds of hydrogen
phosphoryl compounds served well in the catalytic system. This
reaction provides a general method for the synthesis of valuable
phosphorothioates including the P-chiral phosphorus com-
pounds.
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