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An efficient one-pot synthesis of @, f-unsaturated esters through the aerobic oxidation - Wittig
tandem reaction of alcohols and phosphorous ylide is developed. This new method operates
under mild reaction conditions, and uses Cul/TEMPO (TEMPO = 2,2,6,6-tetramethylpiperidine
-N-oxyl) as co-catalyst and air (O,) as the oxidant. It tolerates a wide range of functionalized
benzylic alcohol and aliphatic alcohols:

2009 Elsevier Ltd. All rights reserved.

Introduction

The formation of carbon-carbon double bond through Wittig
reaction' is one of the most important processes for the
production of functional organic compounds, such as drugs, dye
and spice etc.” It is well known that classical Wittig reaction
usually utilizes aldehydes as the starting materials (Scheme 1-a),
in which aldehydes are generally prepared from the oxidation of
alcohols. In comparison to aldehydes, alcohols are cheaper, less
toxic and easier to handle. Therefore, the direct one-pot tandem
oxidation—Wittig reaction of alcohols with ylides is an appealing
approach to construct carbon-carbon double bonds. There are
increasing research activities in developing various oxidants
(Swern®, Dess-Martin®, IBX®, BaMnO,°, MnO,’, PhI(OAc), with
TEMPO (cat.)®, NMO with catalytic amount of TPAP®, PCC,
SO;-Py'', and so-on) for the tandem oxidation-Wittig reaction of
alcohol with ylides (Scheme 1-b). These methods require large
excess or at least full equivalent amounts of oxidants. The
subsequent removal of oxidant does not only complicate the
synthetic procedure, but also increases the final cost, which
seriously limits their large-scale application. Moreover, some
used oxidants themselves are hazardous and difficult to handle.

To avoid the use of excessive amounts of oxidants, there is
significant interest in the design of new catalysts and use of green
oxidants. Chang'” and J. Park” both reported the aerobic
oxidation-Wittig reaction of alcohol with ylide by using
ruthenium as catalyst and O, as oxidant (Scheme 1-c). These two
catalytic systems exhibit impressive safety. However, the
Chang’s method required stoichiometric Cs,CO; and had poor
yields when aliphatic alcohols were used, and the J. Park’s
method typically used pure O,. Certainly the high cost of the
catalyst also hampers its massive commercial application.
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developed. For example, TMEDAO, (N,N.N’.,N’- tetramethyl
ethylenediamine dioxide) could be used as co-oxidant in a
tandem TPAP catalyzed oxidation Wittig protocols, but the
sequential addition protocol was needed, and 2 equivalent of
ylides was used for some cases.'* Gold/palladium bimetallic
nanoparticles were also utilized as a catalyst in oxidation
Horner-Wadsworth-Emmons reaction, where 1.5 equivalent of
triethyl })hosphonoacetate and 3.0 equivalent of base were
needed.” Diruthenium complex catalyzed aerobic oxidation
Wittig reaction was reported, where the catalyst is not
commercially available and complicated procedures were
required to prepare it.'® Therefore, more attention should be
devoted to development of novel catalysts which have excellent
catalytic activity, green oxidant, low cost and mild conditions.

a. Classical Wittig reaction

PhgP=CHCO.Et + RCHO —— RCH=CHCO,Et
b. Large excess amounts of oxidant were employed for the tandem reaction of
alcohols with ylide

Swern, BaMnO,

Dess-Martin,

Phl(OAc), + TEMPO

MnO,, NMO + TPAP,
IBX, PCC, SOs Py, etc.

PhsP=CHCO,Et + RCH,OH RCH=CHCO,Et

c. Trasition metal cataylzed tandem reaction of alcohols with ylide

Cat. Ru, Pd-Au

PhsP=CHCO,Et -
airor O,

+ RCH,0H RCH=CHCO,Et

d. This work: copper catalyzed aerobic oxidation-Wittig reaction of alcohols
with ylide
PhaP=CHCO,Et Cat. Cu

RCH;0H
CHO air

RCH=CHCO.Et

Scheme 1



Copper has been known as an effective catalyst for aerobic
alcohol oxidations."” Yet, an efficient and practical Cu-catalyzed
aerobic oxidation-Wittig tandem method has not been reported.
In this article, a high yield one-pot synthesis of a, f-unsaturated
esters through the aerobic oxidation-Wittig tandem reaction are
developed which uses Cul as the catalyst and O, in air as the
green oxidant (Scheme 1-d).

Results and Discussion

The optimization of copper catalytic system was accomplished
through investing the reaction of p-nitrobenzyl alcohol 2a with
phosphonium ylide 1, and the results are summarized in Table 1.
We found that the reaction could not be effectively carried out
without the addition of TEMPO (Entry 1), base (Entry 2),

Table 1. Condition screening by exploring the bases, ligands and solvent.
Cul (5 mol%),

TEMPO (5 mol%)

PhyP=CHCO,Et + OZN@CHZOH

Ligand (5 mol%),

ozNOCH:CHcozEt

Base, Solvent, Air

1 2a 3a

Entry* Ligand Base (mol%) T/ C Solvent 3a(%)°
1° Bipy t-BuOK(20) 65 CH;CN 9
2 Bipy none 65 CH;CN 31
3 Bipy t-BuOK(20) 65 CH;CN 78
4 - BuOK (20) 65 CH;CN 40
5 Bipy KOH(20) 65 CH;CN/H,0 22
6 Bipy Pyrrolidine (20) 65 CH;CN 84
7 Bipy TEA (20) 65 CH;CN 30
8 Bipy DABCO (20) 65 CH;CN 35
9 Bipy Pyridine 65 CH;CN 51
10 Bipy Pyrrolidine (2) 65 CH;CN 86
11 TMEDA Pyrrolidine (2) 65 CH;CN 70
12 DMAP Pyrrolidine (2) 65 CH;CN 74
13 Phen Pyrrolidine (2) 65 CH;CN 72
14 TMDP Pyrrolidine (2) 65 CH;CN 68
15 Bipy Pyrrolidine (2) 65 DMSO 70
16 Bipy Pyrrolidine (2) 65 Xylene 93
17 Bipy Pyrrolidine (2) 65 Toluene 67
18 Bipy Pyrrolidine (2) 65 CH,Cl, 46
19 Bipy Pyrrolidine (2) 65 THF 40
20 Bipy Pyrrolidine (2) 65 Dioxane 74
21 Bipy Pyrrolidine (2) 65 DMF 78
22 Bipy Pyrrolidine (2) r.t. Xylene 35
23 Bipy Pyrrolidine (2) 40 Xylene 70

* The mixture of 1 (1.2 mmol, 1.2 equiv.), 2 (1.0 mmol), Cul (5 mol%), TEMPO (5 mol%), ligand (5 mol%), and Base in Solvent (1.5 mL) was stirred in a sealed
100 mL Schlenk tube with a air balloon for 24 h, monitored by TLC, and then isolated by column chromatography.

® Isolated yields.
¢ without the addition of TEMPO

or ligand (Entry 4).© To improve this transformation
2,2'-bipyridine (Bipy) was used as ligand in the presence of Cul
(5 mol%) and cocatalyst TEMPO (5 mol%). Selected bases such
as t-BuOK, KOH, pyrrolidine, Et;N, DABCO (1,4-diazabicyclo
[2.2.2] octane), and pyridine were screened. Pyrrolidine was
found to be the best one, giving the highest isolated yield (86%)
of the product (Entry 10), even though only 2 mol% of the
pyrrolidine . was used. Next, N,N,N',N'-tetramethylethane
-1,2-diamine (TMEDA ), 4-dimethylaminopyridine (DMAP),
1,10-phenanthroline (Phen), and 4.4'-trimethylenedipyridine
(TMDP) were also tested as the ligands for this catalytic system.
While all of these ligands appear to be effective showing good
yield of 2a (Entries 11-14), Bipy was proved to be the best (Entry
10). Then, various types of Cu compounds (CuCl, Cu(OAc),,
CuBr, CuSO,, CuO) were tested as the catalyst. Cul was found to
be the best one (See Surpporting information Table 1).

The effect of solvent was also investigated. All commercial
solvents (DMSO, xylene, Toluene, CH,Cl,, THF, dioxane, and
DMF) were used directly without any pretreatment (Entries
15-21). In comparison, xylene is the best one, in which 93%
isolated yield of 3a was obtained. It should be noted that all the
reactions were conducted under air condition. Moreover, no over
oxidized product (p-nitrobenzoic acid or p-nitrobenzoate) was
detected by GC-MS analysis of the crude reaction mixtures
during the optimized process. And we found the reaction

temperature had great influence on the Wittig reaction, but had
little effect on the aerobic oxidation of alcohols. Because a lot of
aldehyde were observed by TLC and GC-MS analysis with the
decrease of the temperature, while the yield of 3a was reduced
greatly (Entries 22, 23).

Using the above optimized conditions various alcohols were
subsequently employed in the one-pot aerobic oxidation-Wittig
reaction with ylide 1 in order to examine the application scope of
this method. Results summarized in Table 2 illustrate that the
expected a, f-unsaturated esters are formed with a moderate to
excellent E/Z selectivity and yield. Substituent electronic effect
was not significant in the tandem reactions, in which various
electron-donating (4-CH;- (3k), and 4-CH;0- (3g)) or
electron-withdrawing groups (4-NO,- (3a), 4-Cl- (3b), 4-F- (3e),
and 4-Br-(3f)) substituted benzylic alcohols all reacted efficiently
with phosphorous ylide 1 to form a, f-unsaturated esters with an
excellent isolated yield. Substituent steric effect was not
significant either, and more hindered ortho-substituted alcohols
such as (2-chlorophenyl)methanol (3d) and (2-methoxyphenyl)
methanol (3j) all reacted smoothly and produced products with a
high yield. Those with reactive functional groups such as fluoro,
chloro, bromo and nitro were also compatible with the reaction
conditions, and no other byproduct was detected by GC-MS.
Naphthalen-2-yl, naphthalen-1-ylsubstituted methanol reacted
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efficiently with ylide 1 to form alkenes with an excellent yield
and a very high steroselectivity (3n, 30).

Our catalytic system was also applicable for the alcohols
containing heteroatom (N, S, O) (3p-3t) aromatic ring. It is
particularly notable that the reaction of pyridine-3-ylmethanol
with ylide 1 in our copper-catalyzed system was much more
efficient than those using RuAlO(OH)" as the catalyst, which
generated a, f-unsaturated ester with a 44% yield, and 90% yield
of the product was achieved using our catalytic system.

For 3-phenylprop-2-en-1-ol(3u), the reaction was as efficient
as benzylic alcohol, forming the product with a 86% yield. The
reaction of 3-phenylprop-2-yn-1-ol(3v) was inferior, no target
product was obtained under air condition. However, the reactions
were improved greatly when the tandem reactions were
conducted under O, atmosphere, in which the products were
obtained with 85% isolated yield. The two isomeric products of
ethyl 5-phenylpent-2-en-4-ynoate (3v) could be separated by
column chromatography, and its E/Z ratio was calculated by
weight of the isomers.

Other aliphatic alcohols (3w-3ab) were also examined under
the optimized reaction conditions. Similarly, reactions of these
aliphatic alcohols were inferior under air condition, and
considerable amounts of unidentified byproducts were generated.
These products could not be separated successfully. However, if
the reactions were carried out under O, atmosphere, the yield of
the target products could be increased greatly.

Meanwhile, larger scale reactions were also possible. For
example, under the optimized conidition 3a was synthesised on
gram scale (10 mmol) with 88% isolated yield.

It should be mentioned that secondary alcohol such as
1-phenylethan-1-ol was also examined at the optimized reaction
conditions. We found that 1-phenylethan-1-ol could be oxidized
into acetophenone efficiently, but the Wittig reaction of the
ketone with ylide 1 failed, where no corresponding a,
f-unsaturated ester was formed. This outcome may be attributed
to the fact that acetophenone was not so reactive to react with
stabilized ylide in the Wittig reaction.

Table 2. Reactions of ethyl (triphenyl phosphoranylidene) acetate and benzylic or aliphatic-alcohols. *
Cul(5 mol%), Bipy (5 mol%)

TEMPO (5mol%)

PhsP=CHCO,Et  + RCH,OH

RCH=CHCO,Et

Pyrrolidine(2mol%)
Xylene, 65°C, Air

1 2

/@/\/coza /@/\/coza X _CO.Et
ON cl
cl

97% [93.7F

eO
Br

3h, 86% [89:11]°

3a, 93% [98:2]° 3b, 97% [89:11]° 3c,
gram scale, 88% (1.949g)

Br

3f, 94% [>99:1]° 39, 92% [92:8]°

/©/\/C02Et
Me

3k, 88% [93:7]°

‘ S X COLEt
A

3p, 92% [>99:1° 3q, 90% [89:11]°

98% [93:7]° 3m, 93% [>99:1]°

@/\/COQB ‘ X X COoEt
~ N~
N

3r, 90% [91:9F°

Cl F

3d, 91% [82:18]° 3e, 86% [91:9]°

X _COqEt @COQEt
OMe
OMe

3i, 83% [99:1]° 99% [79:21]°

N -COaEt . CO,Et
< :QN COzEt COEL

3n, 97% [93.7]° 98% [96:4]°

mcoza

3t, 78% [98:2]°

mcoza

3s, 79% [95:5]°

X _COEt < > ot ﬁ\/coza X _COEt
CO,Et

3u, 86% [83:17]° 3v, 0% (85%)P [63:37]

/vaCOQEt

3z, 0% (78%)P [85:15]°

3w, 0% (48%)P [67:33]°

NN N NS COE

3aa, 0% (80%)P [86:14]°

3x, 38% (72%)P [99:1]°

)\/\/WCOQB

3ab. 0% (75%)® [70: 301°

3y, 0% (63%)P [80:20]°

* All reactions were carried out with 1.2 mmol of ylide 1, 1.0 mmol of alcohol 2, Cul (5 mol%), 2,2’-bipyridine (5 mol%), TEMPO (5 mol%), and pyrrolidine (2
mol%) in xylene (1.5 mL) was stirred in 100 mL Schlenk tube with an air or O, balloon at 65°C for 24 h.

® isolated yield in parenthesis under O, atmosphere.
¢ The E/Z ratio was determined by '"H NMR.
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Conclusions

In conclusion, this study presents a new, green, and efficient
Cu-catalyzed system for the aerobic oxidation-Wittig tandem
reaction. The reaction can be readily carried out with an air or O,
balloon under mild conditions. Using mild reaction conditions
enables the Wittig tandem aerobic oxidation reaction to tolerate a
wide range of functionalized alcohol partners as well as the
aliphatic alcohols. Relying on environmentally benign oxidant
and abundant transition metal catalysts makes this simple and
practical method more appealing.
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The highlights were elucidated as below:

1. Developed a green and efficient one-pot
aerobic oxidation-Wittig tandem.

2. The reaction is catalyzed by Cul.

3. Air or O, is used as the economic and green
oxidant.

4. A diverse range of a, B-unsaturated esters were
synthesized in high yield.



