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A copper-catalyzed three-component reaction involving cyclic carbonates, elemental sulfur, and H-
phosphonates is presented. It proceeds with excellent yields and provides an attractive approach for the
construction of valuable trisubstituted allenyl phosphorothioates using a one-step strategy. Moreover, this
method can be easily adapted to large-scale preparation.
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Allenes extensively exist in numerous natural products, mate-
rials, and pharmaceuticals due to their excellent bioactivities and
reactivities (Fig. 1a) [1,2]. Among the different classes of allenes,
2,3-allenols are also important building blocks in advanced or-
ganic synthesis [3-18] as they provide expeditious routes to a
wide range of useful compounds such as 1,3-enynes [19,20], dihy-
drofurans [21,22], furanone [23,24], dienes [25,26], vinyl epoxides
[27,28], and other heterocycles [29-31]. Owing to the versatility of
these ubiquitous motifs, substantial efforts have been devoted in-
cluding the transition metal catalyzed ring opening of propargyl
epoxides with organometallic reagents such as Grignard [32,33],
organolithium [34], organozinc [35], and organoboron reagent [36].
This methodology has met with considerable success in offering
access to a variety of 2,3-allenols via the formation of C-C bonds
based on the use of carbon-nucleophiles. Few examples were re-
ported for the preparation of 2,3-allenols via the formation of C-
heteroatom (C-Si or C-B, C-P bond) [37-40].
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On the other hand, phosphorothioates are also essential struc-
tural motifs found in a variety of biologically active molecules,
natural products, and pharmaceuticals, with remarkable biological
and medicinal properties [41-46], involving anticancer, antivirals,
cardioprotective-therapeutics, and inhibitor properties (Fig. 1b)
[47]. Moreover, phosphorothioates also acted as organic interme-
diates to prepare complex molecules [48-51]. Numerous efforts
have been made in introducing phosphorothioates into alkene, aryl
rings, or alkylane compounds. However, reports of the introduction
of phosphorothioates into the allenyl skeleton were very rare in
recent years. Xiao and Song’s group successfully reported a green
and high-efficiency method for the synthesis of allenyl organoth-
iophosphates from propargylic alcohols (Scheme 1a) [52]. How-
ever, alkyl-substituted tertiary propargylic alcohols failed to give
the target products. And this method was limited to the synthesis
of tetrasubstituted allenyl thiophosphates, and a trace amount of
trisubstituted allenyl thiophosphates were obtained. Consequently,
the development of a highly efficient method to access trisubsti-
tuted allenyl organothiophosphates from elemental sulfur is an im-
portant topic in phosphorus chemistry.

Propargylic cyclic carbonates have acted as versatile building
blocks [53-63], and they have also been comprehensively applied
in organic synthesis over the past decade. Typically, propargylic
cyclic carbonates undergo facile decarboxylation in the presence
of a copper catalyst to generate a copper allenylidene interme-
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Fig. 1. Some representative examples of biologically active allenes (a) and organ-
othiophosphates (b).
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Scheme 1. The three-component reaction of propargylic cyclic carbonate with H-
phosphonate and elemental sulfur.

diate I, which might either tautomerize to a cationic intermedi-
ate II that induces nucleophilic attacks at position o and y. Given
the relatively prominent electrophilicity of position y, cationic in-
termediate Il could be used as tertiary carbon electrophiles for
the construction of tetrasubstituted stereocenters bearing termi-
nal alkyne and primary alcohol groups. In addition, the zwitte-
rionic intermediate can undergo asymmetric cyclization reactions
to produce chiral heterocycles [53-56,64,65]. To the best of our
knowledge, few examples of the application of terminal alkynyl
cyclic carbonates for the creating allenes bearing hydroxymethyl
group from attacking at position « have been reported [66,67].
Yuan and coworkers reported Cu-catalyzed decarboxylative thiola-
tion of propargylic cyclic carbonates with thiols to afford allenyl
thioethers (Scheme 1b) [66]. And decarboxylative phosphonylation
of propargylic cyclic carbonates was also reported to furnish syn-4-
phosphonyl 2,3-allenols [67]. However, the trace amount of prod-
uct or no product were yielded using alkyl-substituted propargylic
cyclic carbonates as candidate. Inspired by these facts and our con-
tinuous interest [56], we proposed a Cu-catalyzed C-S-P bond for-
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Table 1
Optimization of reaction conditions.®
o ° catalyst (5 mol%) Ho
O)ko R L (10 mol%) :h>=.=\s—§—oa
= éH base (2.0 equiv.) \
Ph solvent, T OEt
1a 2a R 3aa
Me, Me
e BaW; -
A NS =\ / /_\ »
N N~ N N
L1 L2 L3
F3C, CF3 _ 7\ NO,
4 _\ \ /) Y = T N
N N Ve Ve \ v =
L4 L5 L6
Entry  Cat L Base Solvent Yield
(5 mol%) (10 mol%) (2 equiv.) (1mL) (%)
1 Cu(CH3CN)4PFg L1 DIPEA Toluene 18
2 Cu(CH3CN)4BF, L1 DIPEA Toluene 32
3 Cul L1 DIPEA Toluene 15
4 CuBr, L1 DIPEA Toluene trace
5 Cu(CH3CN)4BF4 L2 DIPEA Toluene 33
6 Cu(CH3CN)4BF, L3 DIPEA Toluene 21
7 Cu(CH3CN)4BF4 L4 DIPEA Toluene trace
8 Cu(CH3CN)4BF4 L5 DIPEA Toluene trace
9 Cu(CH3CN)4BF, L6 DIPEA Toluene 40
10 Cu(CH3CN)4BF,4 L6 TMEDA Toluene 66
11 Cu(CH3CN)4BF,4 L6 NEt; Toluene 70
12 Cu(CH3CN)4BF, L6 DABCO Toluene 80
13 Cu(CH3CN)4BF4 L6 DBU Toluene trace
14 Cu(CH3CN)4BF,4 L6 DABCO THF 64
15 Cu(CH3CN)4BF, L6 DABCO DCM 65
16° Cu(CH3CN)4BF, L6 DABCO Toluene 92

2 Reaction conditions: 1a (0.1 mmol), 2a (0.12 mmol), catalyst (5 mol%), ligand
(10 mol%), base (2 equiv.), solvent (1 mL), N,, r.t,, 6 h.

b 1a (0.11 mmol), 2a (0.10 mmol), Cu(CH3CN)4BF, (2.5 mol%), L6 (5 mol%), DABCO
(1 equiv.), toluene (1.0mL), 4 h, r.t., air.

mation from elemental sulfur to access to trisubstituted allenyl
phosphorothioates with good yields and regioselectivities under
mild reaction conditions.

We commenced our investigation by choosing propargylic cyclic
carbonate 1a and diethyl phosphorthiolic acid 2a [(EtO),P(O)SH] as
the model substrates in the presence of Cu(CH3CN)4PFg (5 mol%),
DIPEA (2.0 equiv.), and L1 (10 mol%) (Table 1, entry 1). It was
found that the desired allenyl phosphorothioate 3aa could be ob-
tained in 18% yield. Then, the effects of different copper catalysts
were investigated (Table 1, entries 1-4), and the results indicated
that Cu(CH3CN)4BF, was the best choice. When tridentate ligand
L1 was switched to bipyridine ligands L2-L5 (Table 1, entries 5-8),
no better results were obtained. It was found that the use of 1,10-
phenanthroline with nitro group L6 improved the yield of 3aa to
40% (Table 1, entry 9). Afterward, kinds of bases were evaluated
for this reaction, results indicated that the base greatly influenced
the reaction activity (Table 1, entries 10-13). To our delight, the
desired allenyl phosphorothioate 3aa was furnished in 80% yield
in the presence of DABCO as the base. The other nonproton sol-
vents, such as THF or DCM, led to the desired product in dimin-
ished yields (Table 1, entries 14 and 15). Further examination of
catalyst loading, ligand loading, substrate concentration, and reac-
tion time improved the yield of 3aa to 92% (Table 1, entry 16). The
configuration of allenyl phosphorothioate 3aa was testified via 'H-
TH NOSEY.

With the optimized conditions in hand, the scopes of the
propargylic cyclic carbonates were investigated using diethyl phos-
phorthiolic acid 2a as a phosphorothiolation reagent. As summa-
rized in Scheme 2, a broad range of allenyl phosphorothioates
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Scheme 2. The scope of propargylic cyclic carbonates. Reaction conditions: 1b-
1x (0.11 mmol), 2a (0.10 mmol), Cu(CH5CN)4BF; (2.5 mol%), L6 (5 mol%), DABCO
(0.1 mmol, 1.0 equiv.), toluene (1mL), r.t, 4h, air. * Cu(CH3;CN),BF,; (5 mol%), L6
(10 mol%), DABCO (0.2 mmol, 2.0 equiv.).

were readily prepared with good yield and excellent regioselec-
tivities. The reaction using aromatic propargylic cyclic carbon-
ates bearing electron-donating and electron-withdrawing groups at
the para-position proceeded smoothly to provide the correspond-
ing allenyl phosphorothioates 3ba-3ja, these results showed that
electron-donating substrates showed a lower reactivity. Halogen
substituents on the phenyl ring were well tolerated, furnishing cor-
responding products in 72% and 75% yield. An investigation of the
influence of the substitution pattern of the phenyl ring revealed
that substituents at meta- and ortho-position had little effect on
reactivity, with the corresponding allenyl phosphorothioates 3ka-
3qa being produced in moderate to good yields. Multisubstituted
phenyl propargylic cyclic carbonates were also suitable substrates
to furnish the corresponding products 3ra and 3sa in 62% and 61%
yield, respectively. The reactions of «- or S-naphthyl propargylic
cyclic carbonates afforded compounds 3ta-3va in 52%-71% yield.
When the phenyl ring was replaced with a fused fluorenyl ring,
the reaction proceeded smoothly and produced product 3wa in

1% yield. It was worth noting that alkyl-substituted propargylic
cyclic carbonate could transform the desired product 3xa in 38%
yield. The reason for the low yield of 3xa could be the instability
of alkyl substituted copper allenylidene intermediate.

As an initial attempt, reacting propargylic cyclic carbonate 1a
(0.11 mmol) with diethyl H-phosphonate (0.1 mmol) and elemental
sulfur (0.1 mmol) was investigated under standard reaction condi-
tions. The reaction provided the desired product 3aa in 60% yield,
albeit with the original material. Further screening demonstrated
that the molar ratio of the substrate (1a:2b:Sg=1.3:1:1) was the
best and to furnish the allenyl phosphorothioate 3aa in 86% yield
(Table S1 in Supporting information). Various propargylic cyclic
carb onates were investigated with diethyl H-phosphonate and el-
emental sulfur under the above optimal conditions (Scheme 3).
A series of allenyl phosphorothioates (3aa-3pa) were achieved
in good to excellent yields. To our delight, the three-component
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Scheme 3. The scope of propargylic cyclic carbonates for three-component re-
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Scheme 4. The gram-scale reaction and application of 3aa.

reaction for alkyl-substituted propargylic cyclic carbonate could
smoothly transform into the corresponding product 3xa in 24%
yield. Noteworthily, the three-component reaction showed better
reactivities in this transformation than using diethyl phosphorthi-
olic acid counterparts in most cases.

To get insight into the application of the present protocol, gram
scale transformation was accomplished (Scheme 4). The allenyl
phosphorothioate 3aa can be prepared from 1a and 2a, provid-
ing the desired product in 76% yield. Meantime, a three-component
gram scale reaction was smoothly transformed into desired prod-
ucts 3aa in 80% yield. In addition, an esterification reaction was
also smoothly performed to give the corresponding product 5aaa
in 86% yield. The trans-1,3-diene 5aab was obtained in 38% iso-
lated yield via the cross-coupling reaction of allenyl phosphoroth-



B. Wang, L. Sun, Q. Cao et al.

Ph
‘)==< OEt
HO—~ 5.0 H
+
base
fo) Ph -
"
EtO—-P—OEt _)==<
N HO

i
Sg

¢ Ph c
(o] base /
(0] o Ph, [©]

1
Et0-F-OFEt Et0-£-s ‘)=-=-=CuL
SH OEt HO
2b base-H® E 0

Scheme 5. A plausible mechanism.

ioate 3aa with biphenyl boronic acid 4b in the presence of palla-
dium catalyst.

Based on the above experiment results and referring to previous
reporters on Cu-catalyzed decarboxylative substitution of propar-
gylic cyclic carbonate [56,66-68], a plausible mechanism for the
three component reactions was proposed in Scheme 5. Under the
base condition, the deprotonation of the propargyl carbonate 1a
under Cu(l) catalysis would generate a copper acetylide species B
[69], which undergoes decarboxylation to form a copper-acetylide
cation intermediate C, further isomerizes to copper allenylidene in-
termediate D. Meantime, the treatment of elemental sulfur with H-
phosphonates would yield diethyl phosphorthiolic acid 2b, which
will be further deprotonated by DABCO gave sulfur anion E [70].
Then, sulfur anion E would trap copper allenylidene intermediate
D to form intermediate F. The subsequent protonation of interme-
diate F furnished the allenyl phosphorothioate 3aa and the copper
catalyst A.

In summary, we have developed an efficient and practical
method for the synthesis of allenyl phosphorothioates featuring
trisubstituted allenyl scaffolds from propargylic cyclic carbonates
and elemental sulfur and H-phosphonates under inexpensive cop-
per as the catalyst. This protocol can be easily scaled up and ap-
plied, as a demonstration, in the synthesis of trans-butadiene bear-
ing phosphorothioates.
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