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The conversion of carbonyl compounds into enol phosphates
is of a great synthetic importance, since enol phosphates are
versatile intermediates which undergo various synthetically
useful transformations.[1] A general method for the prepara-
tion of enol phosphates involves the quenching of lithium
enolates with dialkyl phosphorochloridates.[2] The major issue
in this transformation is selectivity (kinetic versus thermody-
namic). In particular, the more substituted thermodynamic
enol derivatives from unsymmetrical ketones normally pre-
dominate under thermodynamic conditions but do not form
exclusively, which is a serious problem in organic synthesis.
Thus, the preparation of thermodynamic enol phosphates
with high selectivity is of synthetic importance and still a very
challenging problem.[2b, 3] Herein, we report the gold-cata-
lyzed addition of diphenyl phosphate to terminal alkynes as
an unprecedented approach for the preparation of both
kinetic and thermodynamic enol phosphates (Scheme 1).[4,5]

We also disclose the gold-catalyzed isomerization of enol
phosphates, produced under kinetic control, to the much less
accessible thermodynamically favored enol phosphates.

To examine the feasibility of the hydrophosphoryloxyla-
tion of alkynes, we began our study with the catalyst
[Ph3PAuCl]/AgOTf.[6] We found that the reaction was very
sensitive to the solvent. Among the solvents tested, toluene
gave the best result. When the reaction was carried out with
1-octyne and diphenyl phosphate in dichloromethane, nitro-
methane, acetonitrile, or ethanol at room temperature for

15 h, it did not proceed to give an observable amount of the
product, whereas the reaction in toluene afforded the
thermodynamic enol phosphate product 2 in 48 % yield
along with the Markovnikov addition product 1 (10 %).
Evidently, 2 was produced by the isomerization of 1.

Encouraged by this preliminary result, we carried out
several experiments to control selectivity by the fine-tuning of
the ligands attached to gold. The reaction did not occur in the
presence of a catalytic amount of AuCl3, AuCl3/AgOTf, or
AuCl3/AgPF6 (Table 1, entries 1–3), and [(NHC)AuCl] com-
plexes (NHC=N-heterocyclic carbene) were totally ineffec-
tive (entries 4 and 5).[7] Of various silver cocatalysts exam-
ined, AgPF6 was the most effective. When it was used in
combination with the catalyst [Ph3PAuCl], enol phosphate 1
was formed selectively in 88 % yield (Table 1, entry 11).
AgBF4 was slightly less effective (Table 1, entry 8). Somewhat
surprisingly, the selectivity was completely reversed with
[(C6F5)3PAuCl]/AgOTf,[8] which produced the thermody-
namic product 2 in 88% yield without any of the anti-
Markovnikov product (Table 1, entry 12). Apparently, the
reaction proceeded through the addition of diphenyl phos-
phate to alkynes in a Markovnikov fashion, followed by
isomerization. To check the possibility of catalysis by a protic
acid, we attempted the reaction in the presence of triflic acid
(5 mol%) in toluene at room temperature and at 110 8C.
Under these conditions, the reaction did not proceed (Table 1,
entry 13).

To explore the scope of the reaction with respect to the
alkyne substrate, we carried out further reactions in toluene
with [Ph3PAuCl]/AgPF6 (5 mol%; Table 2). The reaction of
3-phenyl-1-propyne proceeded well without the Friedel–
Crafts cyclization (Table 2, entry 2). 3-Cyclohexyl-1-propyne

Scheme 1. Formation of kinetic enol phosphates and the thermody-
namically more stable isomers. L1 and L2 are ligands.
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reacted smoothly with diphenyl phosphate in the presence of
[Ph3PAuCl]/AgPF6 to provide the desired product in 80%
yield (Table 2, entry 4). A chloro and a bromo group on the
propargylic carbon atom were tolerated under these reaction
conditions (Table 2, entries 5 and 6). The reaction of 5-chloro-
1-pentyne gave the Markovnikov addition product selectively
in 78 % yield (Table 2, entry 7). Phenylacetylene and deriv-
atives containing substituents with diverse electronic proper-
ties on the aromatic ring, such as a trifluoromethyl or n-pentyl
group, all reacted smoothly with diphenyl phosphate to afford

the desired products in good yields; however, these reactions
required heating at 60 8C (Table 2, entries 8–10). Diphenyl
phosphate underwent a clean regioselective addition to
benzylthioacetylene (Table 2, entry 11). Similarly, the addi-
tion of diphenyl phosphate to activated alkynes, such as ethyl
propiolate and ethyl phenylpropiolate, occurred by trans
addition in a regio- and stereoselective manner (Table 2,
entries 12 and 13). Dialkyl and alkyl, aryl-substituted alkynes
were much less reactive than terminal and activated alkynes
and required heating at reflux (110 8C) for a long period of
time (Table 2, entries 14 and 15).

We next turned our attention to the direct preparation of
thermodynamic enol phosphates through hydrophosphory-
loxylation and subsequent isomerization with the
[(C6F5)3PAuCl]/AgOTf catalyst. The present method was
effective with both 3-phenyl-1-propyne and 5-phenyl-1-pen-
tyne: the corresponding enol phosphates were formed
selectively at room temperature (Table 3, entries 3 and 4).

The treatment of 3-cyclohexyl-1-propyne with
[(C6F5)3PAuCl]/AgOTf in toluene at 80 8C for 24 h provided
the thermodynamic enol phosphate in 93 % yield (Table 3,
entry 2). When 5-chloro-1-pentyne was subjected to the
reaction conditions, the thermodynamic enol phosphate was
obtained in 86% yield (Table 3, entry 5). In all cases, the ratio
of the thermodynamic to the kinetic isomer was at least 17:1.

Finally, we examined the previously unknown conversion
of kinetically formed enol phosphates into the thermody-
namically favored enol phosphates. [(C6F5)3PAuOTf] was
found to be slightly more efficient than [(C6F5)3PAuCl]/
AgOTf for the isomerization (Table 4, entries 1 and 2). The
kinetic enol phosphate derived from 2-butanone and diethyl
chlorophosphate was completely isomerized in toluene at
70 8C to the thermodynamic product in 87% yield within 2 h
(Table 4, entry 1). Furthermore, the isomerization was also
complete in 15 h at room temperature (Table 4, entry 3). To
check whether a protic acid participates in the isomerization,
we repeated the reaction in the presence of allyltrimethylsi-
lane (10 mol%). We observed a similar result, indicative of
the sole participation of [(C6F5)3PAuOTf] (Table 4, entry 4).[9]

Additional acyclic kinetic enol phosphates underwent smooth
isomerization to afford the thermodynamically favored

Table 1: Reaction optimization.[a]

Entry Catalyst Yield [%]
1 2

1 AuCl3 <1 0
2 AuCl3/AgOTf[b] <1 0
3 AuCl3/AgPF6

[b] <1 0
4 [(IPr)AuCl]/AgPF6 0 0
5 [(IMes)AuCl]/AgPF6 0 0
6 [Ph3PAuCl]/AgOTf 10 48 (1:3.8)[c]

7 [Ph3PAuCl]/AgSbF6 <1 0
8 [Ph3PAuCl]/AgBF4 72 0
9 [Ph3PAuCl]/AgAsF6 12 14 (1:3.7)[c]

10 [Ph3PAuCl]/AgNTf2 <1 0
11 [Ph3PAuCl]/AgPF6 88 0
12 [(C6F5)3PAuCl]/AgOTf 4 88 (1:3)[c]

13[d] TfOH 0 0

[a] Reactions were carried out with 5 mol% of the Au catalyst and
5 mol% of the Ag cocatalyst. [b] The reaction was carried out with
15 mol% of the Ag cocatalyst. [c] E/Z ratio. [d] Reactions were carried
out with TfOH (5 mol%) at RT for 24 h and at 110 8C for 10 h. IPr = N,N’-
bis(2,6-diisopropylphenyl)imidazol-2-ylidene, IMes =N,N’-bis(2,4,6-tri-
methylphenyl)imidazol-2-ylidene, Tf = trifluoromethanesulfonyl.

Table 2: Preparation of kinetic enol phosphates.[a]

Entry R1 R2 T [8C] t [h] Yield [%]

1 n-C6H13 H RT 9 88
2 PhCH2 H RT 9 87
3 Ph(CH2)3 H RT 9 81
4 c-C6H11CH2 H RT 17 80
5 ClCH2 H RT 15 70
6 BrCH2 H RT 16 92
7 Cl(CH2)3 H RT 7 78
8 Ph H 60 12 88
9 4-CF3-C6H4 H 60 17 80

10 4-nPent-C6H4 H 60 8 95
11 PhCH2S H RT 2 98
12 H CO2Et RT 10 84
13 Ph CO2Et 60 10 78
14 Et Et 110 15 72
15 Me Ph 110 10 69

[a] Reactions were carried out with 5 mol% of the Au catalyst and
5 mol% of the Ag cocatalyst.

Table 3: Preparation of thermodynamically favored enol phosphates.[a]

Entry R Yield [%]

1 n-C5H11 86 (1:35;[b] 1:2.6[c])
2[d] c-C6H11 93 (1:17; 1:1.8)
3 Ph 87 (0:100; 1:3.6)
4 Ph(CH2)2 85 (1:25; 1:2)
5 Cl(CH2)2 86 (1:17; 1:2.6)

[a] Reactions were carried out with 5 mol% of the Au catalyst and
5 mol% of the Ag cocatalyst at room temperature for 24 h. [b] Ratio of
kinetic and thermodynamic isomers. [c] E/Z ratio. [d] The reaction was
carried out at 80 8C for 24 h.
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isomers (Table 4, entries 5 and 6). The isomerization of cyclic
kinetic enol phosphates to the thermodynamically preferred
isomers proceeded cleanly but required higher reaction
temperatures for completion (Table 4, entries 7 and 8).
Mechanistically, the isomerization reaction would proceed
via the oxocarbenium intermediate A, the deprotonation of
which could yield the more thermodynamically stable enol
phosphate 2 (Scheme 2).[10]

In summary, we have developed a gold(I)-catalyzed
hydrophosphoryloxylation of alkynes with diphenyl phos-
phate, whereby the catalyst [Ph3PAuCl]/AgPF6 affords the
kinetic enol phosphates exclusively, whereas the catalyst
[(C6F5)3PAuCl]/AgOTf gives the thermodynamically favored
enol phosphates with high selectivity. Furthermore, kinetic
enol phosphates were isomerized to the thermodynamically
favored isomers with [(C6F5)3PAuOTf]. Further studies on the
isomerization of alkenyl derivatives with [(C6F5)3PAuCl]/
AgOTf are underway.

Experimental Section
Typical procedure: 1-Octyne (66.0 mg, 0.6 mmol) was added to a
suspension of [Ph3PAuCl] (12.4 mg, 0.025 mmol), AgPF6 (6.3 mg,
0.025 mmol), and diphenyl phosphate (125.0 mg, 0.5 mmol) in toluene
(2 mL) at room temperature by using a V Vial, and the resulting
mixture was stirred at room temperature for 9 h. The solvent was then
removed under reduced pressure, and the crude product was purified
by silica-gel column chromatography (EtOAc/hexane 1:5) to give
oct-1-en-2-yl diphenyl phosphate (159.0 mg, 88 %) as a colorless
liquid. IR (film): ñ = 3071, 2931, 2859, 1940, 1864, 1783, 1726, 1659,
1560, 1591, 1490, 958, 688 cm�1; 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d = 7.37–7.33 (m, 4H), 7.25–7.19 (m, 6H), 4.93 (t, J = 2.2 Hz,
1H), 4.59 (t, J = 2.0 Hz, 1H), 2.19 (t, J = 7.6 Hz, 2H), 1.44 (quint, J =

7.4 Hz, 2H), 1.31–1.19 (m, 6H), 0.87 ppm (t, J = 6.9 Hz, 3H);
13C NMR (100 MHz, CDCl3, 25 8C, TMS): d = 155.9 (d, JC,P =

9.5 Hz), 150.5 (d, JC,P = 7 Hz), 129.8, 125.5, 120.1 (d, JC,P = 5 Hz),
98.0 (d, JC,P = 4 Hz), 34.3 (d, JC,P = 5.4 Hz), 31.5, 28.4, 26.1, 22.5,
14.1 ppm; HRMS (EI): m/z calcd for C20H25O4P: 360.1490 [M]+;
found: 360.1488.
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