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coupling of 4-aryl-2-methyl-3-butyn-2-ols with dialkyl H-phosphonates has been developed. This
methodology provides a new and practical route to alkynylphosphonates using the inexpensive

4-aryl-2-methyl-3-butyn-2-ols as the alkyne sources. This reaction could also be performed from
aryl bromides, 2-methyl-3-butyne-2-ol and dialkyl H-phosphonates using the cheap 2-methyl-3-

butyne-2-ol as an alkyne source.

Introduction

Alkynylphosphonates as extremely valuable synthetic precursors
could be easily further functionalized on the triple bond through
conjugate-addition, cyclo-addition and other reactions, making them
potentially useful in organic synthetic, pharmaceutical and biological
applications.! Given the extremely important value and broad
applications of alkynylphosphonates, the development of practical
and efficient methods for their preparation from common and
commercially available alkyne sources is highly desirable in organic
synthesis. The classic Csp-P bond forming tools are the Michaelis-
Arbuzov and Michaelis-Becker reaction, which suffer from poor
functionality group tolerance and multistep synthetic routes.>® To
address these issues, considerable efforts have been made to develop
new and efficient methods for the preparation of
alkynylphosphonates.“’8 Typically, the direct Csp-P bond forming
reactions using 1,1-dibromo-1-alkenes,” terminal alkynes® or
arylpropiolic acids with H-phosphonates’ have been achieved
(Scheme 1, a and b). However, some of the alkyne sources employed
in these methods are expensive and difficult to prepare, unstable, or
sensitive to air and moisture.

On the other hand, 4-aryl-2-methyl-3-butyn-2-ols were considered
as one of the reliable and inexpensive alkyne sources have
significantly grown in popularity, because they could generate
corresponding terminal alkynes by releasing an acetone under proper
conditions,” and can be easily prepared from the coupling of aryl
halides with 2-methyl-3-butyn-2-ol.'® Recently, palladium-catalyzed
deacetonative coupling reaction of 4-aryl-2-methyl-3-butyn-2-ols
with aryl halides or alkenes have been realized for the synthesis of
diaryl acetylene or ene-yne compounds.'"'> To date, the current
research interest on this type of deacetonative reaction is mainly
focused on Csp-C bond forming reaction, and the direct construction
of Csp-P bond using this deacetonative strategy remains unexplored
(Scheme 1c). As part of our continuing research program on the
chemistry of 4-aryl-2-methyl-3-butyn-2-ols, we envisioned a new
and practical synthesis of alkynylphosphonates via oxidative
deacetonative coupling using 4-aryl-2-methyl-3-butyn-2-ols as the
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alkyne sources, which would be an important complement to the
current Csp-P bond forming methodologies.
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Scheme 1 The synthetic routes to alkynylphosphonates

Results and Discussion

Initially, we performed a reaction of 4-phenyl-2-methyl-3-butyne-2-
ol (la) with diisopropyl H-phosphonate (2a) in DMSO in the
presence of 5 mol% of Pd(PPh;),Cl,, 1.5 equiv of Ag,CO;, 3 equiv
of K,CO; and 1 equiv of TBAB, and the desired product was
obtained in 15% yield (Table 1, entry 1). After screening of the
solvent (e.g., DMA, Dioxane, THF, and DCE), to our delight, DCE
could greatly promote the reaction, affording the desired product in
71% yield (Table 1, entries 2-5). Subsequently, we checked some
other oxidants, Ag,0 and AgOAc could give the desired product in
yields of 83% and 51%, respectively, but other commercially
available oxidant including Cu(OAc),, BQ, K;S,0s, and O, could
not facilitate the reaction at all (Table 1, entries 6-11). In this
catalyst system, Ag,O not only can serve as the oxidant but also
accelerate the deacetonative step to form the alkynyl silver (I)
species, and obviously, the typical oxidant Cu(OAc), can not act as
these characters (Table 1, entries 6 and 8).Then, different bases (e.g.,
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Cs,CO03, Na,CO3, KOH, and K;PO,) were also checked, and K;PO,
exhibited the highest activity affording the desired product in 86%
yield (Table 1, entries 12—15). Finally, some controlling experiments
were performed. For example, performing the reaction under base-,
TBAB-, or palladium-free conditions as well as decreasing the
temperature to 100 °C could only generate the desired product in a
lower yields ranging from 30% to 68% (Table 1, entries 16-19).
Note that Ag,O can also partly promote the reaction via the direct
coupling of alkynyl silver (I) with H-phosphonate, affording the
product in about 30% yield under palladium-free conditions (Table 1,
entry 18). Some other commercially available palladium catalysts
such as Pd(OAc),, PdCl,, and Pd(CH;CN),Cl, were also evaluated,
and the coupling products were obtained in relatively lower yields of
71%, 73%, and55%, respectively (Table 1, entries 20—22). Cul was
finally checked as the catalyst, and the desired product was only
obtained in a lower yield of 15% (Table 1, entry 23).

Table 1 Optimization of the reaction conditions®

My 2 fon ™R oy Gor
- ¥ H U OPr “Base, TBAB —/ — OPr
1a 2a Solvent, air 3a
Entry Catalyst Oxidant Base Solvent Yield
1 Pd(PPh;),Cl, Ag,COs K,COs DMSO 15
2 Pd(PPh3),Cl, Ag,CO;  K,CO;  DMA Trace
3 Pd(PPh;),Cl, Ag,CO; K,COs Dioxane 10
4 Pd(PPh;),Cl, AgCO;  K,CO; THF Trace
5 Pd(PPh;),Cl, Ag,CO; K,COs DCE 71
6 Pd(PPh;),Cl, Ag,0 K,COs DCE 83
7 Pd(PPh3),Cl, AgOAc  K,CO;  DCE 51
8 Pd(PPh;),Cl, Cu(OAc), K,COs DCE Trace
9 Pd(PPh;),Cl, BQ K,COs DCE Trace
10 Pd(PPh;),Cl, K5S,0s K,COs DCE Trace
11 Pd(PPh;),Cl, 0, K,COs DCE Trace
12 Pd(PPh;),Cl, Ag,0 K5PO, DCE 86
13 Pd(PPh;),Cl, Ag,0 Cs,CO;  DCE 56
14 Pd(PPh3),Cl, Ag,0 Na,CO; DCE 61
15 Pd(PPh;),Cl, Ag:0 KOH DCE 70
16 Pd(PPh;),Cl, Ag,0 - DCE 65
17¢ Pd(PPhs),Cl, Ag,0 K;PO,  DCE 45
18 - Ag,0 K;PO, DCE 30
19¢ Pd(PPh;),Cl, Ag,0 K;PO,  DCE 68
20 PdCl, Ag,0 K5PO, DCE 71
21 Pd(OAc), Ag,0 K5PO, DCE 73
22 Pd(CH;CN),Cl,  Ag,O K5PO, DCE 55
23 Cul Ag,0 K5PO, DCE 15

* Reaction conditions: 1a (0.3 mmol), 2a (0.2 mmol), catalyst (5
mol%), oxidant (0.3 mmol), base (0.6 mmol), TBAB (0.2 mmol),
and solvent (2 mL) at 120 °C under air for 12 h. ® Isolated yield.
Without TBAB. ¢ At 100 °C.

Under the optimized conditions, we next explored the
substrate scope and the results are summarized in Table 2.
Generally, the reaction of dialkyl H-phosphonates with 4-aryl-
2-methyl-3-butyn-2-ols could work well, and the electronic
effect of 4-aryl-2-methyl-3-butyn-2-ols has no obvious
influence on this deacetonative coupling. For example, either
electron-donating groups (e.g., CH;, "Bu, and OCH;) or
electron-withdrawing functional groups (e.g., CN, NO,,
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COCHj3, F, Cl and CF;) could be well tolerated (Table 2, 3g—3s).
Moreover, the substrates bearing more sensitive groups
(COOCH3;, NH, and alkene) and some heterocycle-containing
substrates such as thienyl ring and isoquinoline could also be
converted into the corresponding products in moderate to good
yields (Table 2, 3t-3v, 3x-3z). However, the substrate 4-(4-
(hydroxymethyl)phenyl)-2-methylbut-3-yn-2-ol only gave a
mixture products containing trace amount of desired product
determined by HRMS (Table 2, 3w). And unfortunately, when
the alkyl-substituted 2-methyl-5-phenylpent-3-yn-2-ol was used,
the reaction did not occur at all (Table 2, 3A).

Table 2 Deacetonative coupling of 4-aryl-2-methyl-3-butyn-
2-ols with dialkyl H-phosphonates™®

Pd(PPhj3),Cl,
OH Ag,0, KsPO,
R . Il
Ar%$ + H’P\gR _ Ar—— :gs
TBAB, DCE, air, 120°C
1 2 3
. 9 Q
@%ﬁ O'Pr @%P\—oa ©TP—O"Bu
'Pr OEt 0"B
3a, 86% 3b, 84% 3c,68%
—0 (o] O
S O P
— pOFt OEt "0"Bu
Ot O
3d, 93% 3e, 65% 3f, 70%
[¢]
AQ;,';}/O’Pr D opr o ‘.FD;/O,Pr
O'Pr - oPr — oipr
39, 91% 3h, 83% 3i, 68%
—0
o
= p-OPr , ,'J'/O’Pr I ('?/O’Pr
“oipr C T or = opr
3, 95% 3k, 72% 31,92%
H/O’Pr T A
Q = o Ne—{ >7— pOPr 02N4©7 LOPr
W o o
3m, 70% 3n, 81% 30, 70%
Q 9 I 9 ) |o| Oi
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3p, 80% 3q, 89% 3r, 90%
o NH,
F.C — [_oPr L-OPr Q
3 — N _ — \1 — p/O.Pr
oPr o'pr o
3s, 64% 3t, 62% 3u, 82%
(0]
i HO o 4
\ < > — L_opr '\ < > — J_or = Hig,?
oPr “oiPr '
3v, 68% 3w, trace S 3x, 95%
N\ 2 o — p-OPr
lS - P\oipr O'Pr
3y, 94% 3A, 0%

* Reaction conditions: aryl propargyl alcohol 1 (0.3 mmol), H-
phosphonate 2 (0.2 mmol), Pd(PPh;),Cl, (5§ mol %), Ag,O (1.5
equiv), K3POy (3.0 equiv), TBAB (1.0 equiv), DCE (2.0 mL) at 120
°C under air for 12 h. ° Isolated yield.

In recent years, the consecutive reactions have attracted
much attention, because apart from the economy-efficiency and
time-efficiency, subjecting the crude product directly to the
next step would be interesting and promising.13 Since synthesis
and purification of 4-aryl-2-methyl-3-butyn-2-ols compounds
are tedious and time consuming processes, and thus direct
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adding in situ generated 4-aryl-2-methyl-3-butyn-2-olsfrom
Sonogashira reaction of aryl bromides to the deacetonative
coupling without purificationwould be an attractive choice.
After the first report of deacetonative reaction by Chow’s group
in 2001,'"* Kotschy and co-workers also reported this tandem

Table 3 Consecutlve Sonogashira/deacetonative coupling
reactions"™

__PH #/O’Pr
=< o o
Ar—Br —— Ar—=—pOPr
4 Pd(OAc),, PPh;, standard conditions 3 O’Pr
Cul, E;N
Entry Ar Product Yield (%)
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? Reaction conditions for Songashira reaction step: aryl bromide
4 (0.36 mmol), 2-methyl-3-butyne-2-o0l 5 (0.3 mmol), Pd(OAc),
(1 mol%), PPh; (3 mol%), Cul (1 mol%), diisopropyl H-
phosphonate 2 (0.2 mmol). ° Isolated yield based on the amount
of diisopropyl H-phosphonate.

Sonogashira/deacetonative reaction using 2-methyl-3-butyne-2-
ol and aryl halides as the substrates, and the diarylacetylenes
were obtained in good yields.'* Following this view of point,
we would like to apply this method to the
Sonogashira/deacetonative phosphonation reactions. Typically,
this consecutive reaction was performed in two steps: upon

This journal is © The Royal Society of Chemistry 2012
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completion of the Sonogashira reaction between aryl bromides
and 2-methyl-3-butyne-2-ol and removal of the solvent in
vacuum, the crude product was directly subjected to the
deacetonative  coupling reaction affording the desired
alkynylphosphonates in moderate to high yield (Table 3). This
synthetic strategy would greatly diminish the cost of the
expensive alkyne source, and one cheap terminal alkyne: 2-

methyl-3-butyne-2-ol would be enough for most of
deacetonative Csp-P bond forming process.
To demonstrate the application of this consecutive

Sonogashira/deacetonative coupling, a gram-scale reaction of
4-bromotoluene (4Q), 2-methyl-3-butyne-2-ol and diisopropyl
H-phosphonate (2a) was performed. This two-step reaction
could generate alkynylphosphonate (3g) as the desired product
in an overall yield of 75% based on the amount of 4-
bromotoluene (49) (Scheme 2).

=

(10 mmol)

—~ H-ar

12 mmol

[@:OH

Pd(OAGC),, PPT3,
Cul, Et;N

.O'Pr
H 'b‘o'Pr
(6.7 mmol)

(0]
— b O’Pr
C “olPr

39, 75%, 1.41g

standard conditions

Scheme 2 A gram-scale experiment

To further investigation of the mechanism of this reaction,
performed a controlling experiment using the
phenylacetylene (6) and diisopropyl H-phosphonate (2) as the
starting materials. The desired product 2a was obtained in 81%
yield, which indicated that phenylacetylene might be produced
in the process of oxidative deacetonative coupling (Scheme 3).

we

. o
o i') op standard condtions — J_oPr
= + pOFr —— — Sop
<:> H oPr O'Pr
6 2 2a, 81%

Scheme 3Controlling experiment using phenylacetylene as the starting material

Moreover, when the reaction was performed under silver-free
conditions with 1 equiv Pd(PPh;),Cl, as the catalyst, the desired
product could also be obtained in a 65% yield, this might
indicate that the active alkynyl-palladium species is the key
intermediate in the catalytic cycle (Scheme 4).

Pd(PPhg),Cly _
O _ X Qopr (e =\ _ Poer
— + P — f
H™oPr ko, TBAB 7/ “OPr

1a 2a DCE, 120 °C 3a, 65%

Scheme 4 Controlling experiment under silver-free conditions

On the basis of the previous report and our own works, !>
a proposed mechanism was outlined as Scheme 5. First,
deacetonative reaction of the aryl propargyl alcohol (1)
occurred in the presence of a base, and the ligand exchange
between Pd(II) species and the in situ formed alkyne anion took
place to form the alkynyl-palladium intermediate I. Then, this
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highly active alkynyl-palladium species | reacted with the
phosphonate anion generated from H-phosphonate (2) and a
base to afford the intermediate Il. The reductive elimination of
the intermediate Il would lead to the desired product (3) and
release the Pd(0) species. Finally, the Pd(0) species would be
oxidized to the active Pd(II) species with the assistance of silver
oxide to fulfill the catalytic cycle.

OH
Ag° Ar%$+K3PO,;
Pd"Cl,L, 1
Agy &
KHPO, O
+ +
KCl A
PdL, L
Ar—=—pd"-L
1 Cl
g
_POR+K,.PO,
o H" “OR
Ar——_p-OR L 2
= "™0or Ar—=—pd"-L
3 I POJOR), KeHPO,+KCl

Scheme 5Proposed mechanism

Conclusions

In conclusion, a new and convenient protocol for the synthesis
of alkynylphosphonates through deacetonative reaction of 4-
aryl-2-methyl-3-butyn-2-ols with dialkyl H-phosphonates was
established for the first time. Notably, this reaction could also
be performed as a consecutive Sonogashira/deacetonative
process of aryl bromides, 2-methyl-3-butyne-2-ol and dialkyl
H-phosphonates using the cheap 2-methyl-3-butyne-2-ol as an
alkyne source.

Experimental Section

General Methods.

'H, "*C and *'P NMR spectra were recorded on a Bruker DPX-400
spectrometer with CDCl; as the solvent and TMS as an internal
standard. High-resolution mass spectra were measured on a MALDI-
FTMS. Ethyl acetate and hexane (analytical grade) were used for
column chromatography without purification. The other chemicals
were bought from commercial sources and used as-received unless
otherwise noted.

Typical Procedure for the Palladium-Catalyzed Oxidative
Deacetonative Coupling of 4-Aryl-2-methyl-3-butyn-2-ols with
Dialkyl H-phosphonates

Aryl propargyl alcohol (0.3 mmol), H-phosphonate (0.2 mmol),
Pd(PPh;)Cl, (5 mol%), Ag,O (1.5 equiv), K;PO, (3.0 equiv), and
TBAB (1.0 equiv) were added to a 10 mL round-bottomed flask and
then DCE (2.0 mL) was added. The reaction mixture was stirred at
120 °C (oil bath temperature) under reflux for 12 h. After the
reaction was complete, the mixture was added into H,O (25 mL) and
extracted with CH,Cl, three times. The combined organic layer was
dried with anhydrous Na,SO, and evaporated in vacuum. The crude
product was purified by flash chromatography on silica gel using

4| J. Name., 2012, 00, 1-3

hexane/ethyl acetate as the eluent to give the pure product (Yield:
51%-95%).

Typical Procedure for the Consecutive Reaction

Under a nitrogen atmosphere, a mixture of aryl bromide (0.4 mmol),
2-methyl-3-butyne-2-0l (0.3 mmol), Pd(OAc), (1 mol%), PPh; (3
mol%), Cul (1 mol%) in Et;N (2.0 mL) was added to a 5 mL round-
bottomed flask. After stirred at refluxing temperature for 12 h, the
resulting mixture was evaporated to remove the solvent in vacuum.
The residue was transferred into a 5 mL round-bottomed flask, and
then a mixture of diisopropyl H-phosphonate (0.2 mmol),
Pd(PPh;)Cl, (5 mol%), Ag,O (1.5 euqiv), K5;PO, (3.0 equiv), and
TBAB (1.0 equiv) in DCE (2 mL) was added. After the resulting
mixture was stirred vigorously at 120 °C (oil bath temperature) under
reflux for 12 h, the mixture was diluted with CH,Cl,, filtered
through a short pad of celite, and evaporated to remove the solvent
in vacuum. The crude product was purified by column
chromatography to afford the desired product (Yield: 55%-90%).

Typical Procedure for the Consecutive Reaction on Gram-Scale

Under a nitrogen atmosphere, a mixture of aryl bromide (12
mmol), 2-methyl-3-butyne-2-o0l (10 mmol), Pd(OAc), (1 mol%),
PPh; (3 mol%), Cul (1 mol%) in Et;N (25 mL) was added to a
100 mL round-bottomed flask. After stirred at
temperature for 12 h, the resulting mixture was evaporated to
remove the solvent in vacuum. The residue was transferred into
a 100 mL round-bottomed flask, and then a mixture of
diisopropyl H-phosphonate (6.7 mmol), Pd(PPh3)Cl, (5 mol%),
Ag,0 (1.5 euqiv), K53PO, (3.0 equiv), and TBAB (1.0 equiv) in
DCE (30 mL) was added. After the resulting mixture was
stirred vigorously at 120 °C (oil bath temperature) under reflux
for 24 h, the mixture was diluted with CH,Cl,, filtered through
a short pad of celite, and evaporated to remove the solvent in
vacuum. The crude product was purified by column
chromatography to afford the desired product (1.41g, 75%).

reflux
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