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CO/C-H as an Acylating Reagent: A Palladium-Catalyzed Aerobic
Oxidative Carbonylative Esterification of Alcohols**
Lu Wang, Yanxia Wang, Chao Liu,* and Aiwen Lei*

Abstract: A palladium-catalyzed oxidative carbonylative
esterification of a variety of functionalized alcohols under
base- and ligand-free conditions has been demonstrated. A CO/
olefin combination was utilized as the acylating reagent with
O, as a benign oxidant. Notably, the scope of the substrate
alcohols has been greatly broadened.

E sterification is a fundamental transformation in both
academic research and industrial chemistry as esters are
among the most important functional groups and are found
widely in fine chemicals, natural products, and polymers."
Traditionally, esters are prepared by the reaction of alcohols
with activated acid derivatives such as acyl halides.”)’ How-
ever, the corrosive and unstable properties of acyl halides and
the generation of unwanted byproducts make this process far
from satisfactory.

In recent years, transition-metal catalysis has emerged as
a powerful tool for promoting the esterification of alcohols.
Several new type of acylating reagents, such as aldehydes,”!
have been used for the esterification of alcohols under
transition-metal catalysis. In the meantime, carbonylation has
recently been utilized to introduce a synthetically versatile
carbonyl group to various organic molecules in a very
efficient manner.[ In this case, the CO/RX (organo electro-
philes) system was used as the acylating reagent for esterify-
ing alcohols through carbonlyative esterifcation.” As a result,
the electrophiles (RX) are mainly obtained from the pre-
functionalization of the corresponding C—H compounds, and
more and more attention has been paid to the direct oxidative
R—H carbonylation process, in which CO/RH are utilized as
the acylating reagents on account of the high atom and step
economy.l** % Q, is considered an ideal terminal oxidant in
oxidative transformations and several reports have been
demonstrated in oxidative carbonylative esterification of
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alcohols with O, as the terminal oxidant.”) In almost all of
those reactions, the attention was mainly focused on the
generality of R—H reagents. Actually, from the point view of
the alcohol, CO/RH could be considered an ideal acylating
reagent for alcohol esterification. However, to the best of our
knowledge, of the reported oxidative carbonylative esterifi-
cations, alcohols were all utilized as the sacrificial reagents in
excess to enhance the reaction efficiency.7*% In many cases,
alcohols need to be used as the solvents. The main issue might
be related to the easy oxidation of alcohols under the reaction
conditions. Thus, substrate applicability of different kinds of
alcohols is greatly restricted. Herein, we demonstrate a palla-
dium-catalyzed aerobic oxidative carbonylative esterification
of alcohols to directly construct o,3-unsaturated esters under
base- and ligand-free conditions, wherein a CO/olefinic
system was utilized as the acylating reagent (Scheme 1).
Importantly, only stoichiometric amounts of the alcohol are
required, and the use of structurally complex alcohols is
allowed in this oxidative carbonylative esterification for the
synthesis of o,f-unsaturated esters.

R10H + |::~?.O + N}j/:‘, [OX] R1/ \n/

acylating reagent

Scheme 1. Palladium-catalyzed oxidative carbonylative esterification of
alcohols.

a,B-Unsaturated esters are important chemical feedstocks
and they not only exist in numerous biologically active
molecules and natural products (Scheme 2),” but also serve
as useful synthetic intermediates in organic synthesis.'"
Therefore, there is a demand for developing a sustainable
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Scheme 2. Selected examples of significant a,B-unsaturated esters
containing pharmaceuticals and natural products.

Wiley Online Library


http://dx.doi.org/10.1002/anie.201400612

Angewandte

5764

Zuschriften

and atom-economic method for the synthesis of o,fp-unsatu-
rated esters.

We started our experiments by using benzyl alcohol (1a)
and 4-methylphenylene (2a) as the substrates in a ratio of 1:1.
After considerable effort, we found that a cosolvent system of
toluene and DMSO was appropriate. In the presence of PdCl,
(3 mol %), and Cu(OAc),-H,O (20 mol %) under an atmos-
phere of CO/O, (1:7) at 80°C for 14 hours, the desired
product 3aa was obtained in 80% yield (Table 1, entry 1).

Table 1: Impact of reaction parameters on the efficiency of palladium
catalyzed oxidative carbonylation of 1a with 2a.l!

[Pd] (3 mol%) o
[Cu] (20 mol%)

=

Ph"NOH *+ CO + 7 ptol — > Ph/\OJ\/\;Hol

toluene/DMSO

1a 2a 0,,80°C, 14h 3aa
Entry [Pd] [Cu] Yield [%]"!
1 Pdcl, Cu(OAc),-H,0 80
24 PdCl, Cu(OAc),-H,0 88 (85)
3 Pd(OAc), Cu(OAc),-H,0 76
4 [PACI,(PPh;),] Cu(OAc),-H,0 71
5 PdCl, - n.d.
6 PdCl, Cucl, n.d.
7 PdCl, CuBr, n.d.
8l Pdcl, Cu(OAc),-H,0 52

[a] Reaction conditions: Ta (0.5 mmol), 2a (0.5 mmol), palladium salts
(0.015 mmol) and copper salts (0.1 mmol), CO/O,=1:7 (1 atm),
toluene/DMSO =1.0 mL:0.1 mL, 80°C, 14 h. [b] The yield was deter-
mined by GC analysis and calibrated using biphenyl as the internal
standard. [c] 20 h. The yield within parentheses is that of the isolated
product. [d] Toluene/DMF=1:0.1 mL. DMSO = dimethylsulfoxide,
n.d.=not detected.

Prolonging the reaction time to 20 hours resulted in an
increased yield of 88% (85% upon isolation; Table 1,
entry 2). The yield of the desired product 3aa was decreased
slightly when PdCl, was replaced by either [PdCl,(PPhs;),] or
Pd(OAc), (Table 1, entries 3 and 4). Product was not obtained
in the absence of Cu(OAc),-H,O (Table 1, entry 5). Replacing
of Cu(OAc),-H,O with CuCl, or CuBr, delivered no desired
product (Table 1, entries 6 and 7). The variation of the mixed
solvent to toluene/DMF also led to reduced efficiency in
terms of chemical yield (Table 1, entry 8). Notably, when
toluene was employed as the sole solvent, only 5% yield of
the desired product 3aa was obtained, and no benzaldehyde
was detected (see Figure 1a in the Supporting Information).
When toluene was replaced by DMSO, the yield of the
desired product increased to 11 %, and the amount of alcohol
oxidation increased greatly to a 57 % yield (see Figure 1b in
the Supporting Information). These results hihglighted the
significance of the cosolvent system.

Next, the substrate scope of various alcohols with 2a was
explored. Delightfully, the results in Table 2 demonstrated
a high degree of functional-group tolerance for the alcohols.
A series of a,p-unsaturated esters were obtained in good to
excellent yields. Various substituted aryl methanols bearing
electron-withdrawing groups, such as 4-NO, (3ca), and
electron-donating groups, such as 4-OMe (3ba), were well
tolerated, thus giving the desired products in good yields. 3,5-
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Table 2: Palladum-catalyzed oxidative carbonylative esterification of
various alcohols 1 with 2a.

3 mol% PdCl,
20 mol% Cu(OAc),*H,0
- - -

.0 X p-tol
R1
5 \ﬂ/\/

RIOH + CO + X ptol

toluene/DMSO °©
oluene;
1 2 80°C, 20 h 3
Entry 1 3 Yield [6]"®
1 AN oH R=OMe (1b) 3ba 81
2 RE R=NO, (1c)  3ca 69
3 R=F (1d) 3da 97
MeO OH
(Te) 3ea 83
OMe

Cl
5 C(\ OH af 3fa 85
Cl
OH (1g) 3ga 98

(o] OH
7 @J (1h) 3ha 66
8 STN0H (1i) 3ia 91
9 a1 ™>""0H (1j) 3ja 94
10 AOon (k) 3ka 64

(0]
M M _on (1l 3la 57
(¢] OH
12 %/J—/ (1m) 3ma 80

o
OH
13 Y (1n) 3na 79

14 NNNon (10) 30oa 50
159 Ho M _oH (1p) 3pa 89

[a] Reaction conditions: 1 (0.5 mmol), 2a (0.5 mmol), PdCl,

(0.015 mmol), Cu(OAc),-H,0 (0.1 mmol), CO/O,=1:7 (1 atm), in
toluene (1 mL) and DMSO (0.1 mL) at 80°C for 20 h. [b] Yield of isolated
product. [c] 1.0 mmol 2a was applied.

Dimethoxylphenylmethanol also proceeded to afford the
desired product 3ea (83 % ). Aryl methanols substituted with
halogens, such as F and Cl, could also be acylated to generate
the desired products in excellent yields (3da and 3 fa). Other
aromatic substrates such as the naphthyl 3ga and furyl 3ha
were well tolerated.

Notably, a variety of primary aliphatic alcohols were
tested and proved to be perfect coupling partners in this
oxidative carbonylative esterification, thus giving the corre-
sponding products in good to excellent yields (Table 2,
entries 8-12). In addition, different kinds of functional
groups such as chloro (3ja), carbonyl (31a), and even acetal
groups (3ma) were tolerated in this transformation. Allylic
alcohol derivatives also showed good reaction efficiency, thus
generating the target products in moderate to good yields
(Table 2, entries 13 and 14). For diol compounds such as 2,2-
dimethylpropane-1,3-diol, both of the hydroxy groups par-
ticipated in the oxidative carbonylative esterification to
afford the corresponding diester 3pa in good yield (Table 2,
entry 15). In the cases shown in entries 10, 11, and 14 of
Table 2, the relatively low yields are due to the incomplete
conversion of the starting materials, and might result from the
catalyst decay as palladium black was also observed.
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To further explore the applicability of alcohols, various
secondary alcohols were also investigated (Scheme 3). L-
Menthol and dehydroepiandrosterone (DHEA), which
widely exist in plants and animals, reacted smoothly with 2a
to provide the corresponding oxidative carbonylation prod-
ucts in good to excellent yields (3qa and 3ra). Ethyl lactate
was also compatibile, and the desired product 3sa was
obtained in 64% yield. The reaction of 2a with simple
benzylic and aliphatic secondary alcohols, such as 1-phenyl-
ethanol, isopropanol, and cyclohexanol also proceeded to
afford the desired o,f3-unsaturated esters in good to excellent
yields (3ta, 3ua, and 3va).

3 mol% PdCl,

20 mol% Cu(OAc),*H,0 Rw.Om/\/ p-tol

RI-OH + CO + X p-tol

tolueng/ZDMSO ©
1 2 80°C,20h 3
~7
: O P i o -tol
Q’ I o Etokr TP
O)J\/\p—tol ©
3qa, 99% 3ra, 81% 3sa, 64%l@
0 0 O\
PhJ\OJ\/\p-tol )\O)J\/\p-tol J\/\p tol
3ta, 80% 3ua, 59% 3va, 99%

Scheme 3. Palladium-catalyzed oxidative carbonylation reactions of
various secondary alcohols with 2a. Reaction conditions:

1 (0.5 mmol), 2a (0.5 mmol), PdCl, (0.015 mmol), Cu(OAc),-H,O

(0.1 mmol), CO/O,=1:7 (1 atm), in toluene and DMSO (1:0.1) at
80°C for 20 h. Yield is that of the isolated product. [a] 38 h.

Subsequently, we investigated the applicability of various
alkenes in this transformation, and the results are listed in
Scheme 4. Both electron-donating and electron-withdrawing
substituents on styrene were well-tolerated in this reaction
(3ab and 3ac). Styrenes with alkyl substituents, such as
methyl, afforded the desired product in good to excellent
yields (3aa, 3af). Notably, chloro or bromo substituents (p-Cl,
p-Br, and m-Br) were well tolerated and the corresponding
esters 3ad, 3ae, and 3ag were obtained in good yields. The
halide functionalities provide the possibility for further
functionalization on the phenyl ring of styrene. Furthermore,
butyl acrylate readily reacted with pentan-1-ol to get the
desired fumaric ester in 53 % yield (3ih). The relatively low
yield is due to the incomplete conversion of the starting
materials.

This tranformation is believed to proceed by the catalytic
cycle shown in Scheme 5.3 Initially, an alkoxy palladium
intermediate B is generated from the reaction between 1 and
the Pd" species A through an alcoholysis step. As the reaction
proceeds in the absence of base, the acetate ligand is believed
to promote this alcoholysis and HOAc is generated.? Then,
B undergoes CO insertion to generate C and then olefin
insertion generates the intermediate D. (-Hydride elimina-
tion of D affords the final product 3 and releases a palladium
hydride speices E which is oxidized by O, and the copper
catalyst in the presence of HOAc to regenerate Pd" and
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© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

3 mol% PdCl,
20 mol% Cu(OAc)z-HZO

R'OH + CO + R2'™XY O R'O Y\/Rz
toluene/DMSO
1 80°C,20h
0
3aa, 85% 3ab, 61% 3ac, 87%
Cl Br
0 X
ano\ﬂ/\/@ Bn/o\n/\/@ Bn W@
[¢) o 0
3ad, 81% 3ae, 69% 3af, 98%
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Bn’O X Br nECSH”ONOnBu
(e] [e]
3ag, 85% 3ih, 53%

Scheme 4. Palladium-catalyzed oxidative carbonylation reactions of
various alkenes with alcohols. Reaction conditions: 1 (0.5 mmol), 2
(0.5 mmol), PdCl, (0.015 mmol), Cu(OAc),-H,O (0.1 mmol), CO/
0,=1:7 in (1 atm), toluene (1.0 mL) and DMSO (0.1 mL) at 80°C for
20 h. Yield is that of isolated product.

HZO ; HO 1 R1
OAc
0O, HOAc A HOAc
' B-hydride
HPdXL, PA'XL, « -~ elimination
/\)O]\ E BO RT oo = RS0
RZX"0R!
3
CcO
Pd'XL, 0 j\
R o R PdXL,” TO7R!
D c
REX 2

Scheme 5. Proposed mechanism.

complete the catalytic cycle.'” ] H,O is believed to be the
final byproduct.

As mentioned above, the alcohol oxidation is usually
a problem under oxidative conditions. As shown in Scheme 5,
alcohol oxidation would normally result from the B-hydride
elimination of B, and is usually a facile process.F*12>14
However, in this transformation, alcohol oxidation did not
occur, and the product o,f3-unsaturated esters were obtained
in high selectivity. Thus, current reaction conditions might
suppress the alcohol oxidation process. To test this hypothesis,
the following experiments were carried out (Scheme 6). In the
absence of CO and olefin under the standard reactoin
conditions, 1a was oxidized to give a 38 % yield of benzalde-
hyde, and the starting material was predominantly unreacted
(Scheme 6). When CO or the olefin was added to the reaction
system, the amount of aldehyde was reduced (Scheme 6b,c).
These results indicate that alcohol oxidation is sluggish under
the reaction conditions and either CO or the olefin could
suppress this oxidation step. Therefore, only one equivalent of
alcohol could be utilized in this transformation. It allows us to
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PdCl, (3 mol%)
Cu(OAC),*H,0 (20 mol%)

P PSS
Ph H A
© toluene/DMSO Ph” 0
0,,80°C,20h

1a reaction conditions
Reaction conditions a) no CO, no olefin 2a 38%
b) CO, no2a 23%
c) 2a,noCO 17%

Scheme 6. Oxidation of benzyl alcohol under different conditions. The
yield was determined by HPLC and calibrated using biphenyl as the
internal standard.

use a variety of functionalized primary and secondary
alcohols in this oxidative carbonylative esterification.

In conclusion, we have demonstrated a palladium-cata-
lyzed oxidative carbonylative esterification of various func-
tionalized alcohols under base- and ligand-free conditions,
wherein a CO/olefin combination was utilized as the acylating
reagent with O, as a benign oxidant. Notably, this reaction
exhibits a wide range of functional-group tolerance. Detailed
mechanistic studies and the synthetic application of this
methodology are currently ongoing in our laboratory.

Experimental Section

General procedure: PdCl, (2.7 mg, 0.015 mmol) and Cu(OAc),-H,O
(20 mg, 0.1 mmol) were added to a 25 mL schlenk tube equipped with
a magnetic stirred bar, and a balloon filled with CO/O, (1:7, 1 atm)
was connected to the Schlenk tube through the side arm, and purged
three times. DMSO (0.1 mL), 1a (54 mg, 0.5 mmol), 2a (59 mg,
0.5 mmol), and toluene (1.0 mL) were then injected into the tube by
syringe. The reaction was then heated to 80°C and stirred for 20 h.
Upon completion, the reaction was quenched by ethyl acetate. The
pure product was obtained by flash column chromatography on silica
gel (petroleum/ethyl acetate = 50:1). The product 3aa was isolated as
a white solid in 85% yield."TH NMR (400 MHz, CDCl;): 6 =7.71 (d,
J=16.0 Hz, 1H), 7.50-7.30 (m, 7H), 7.18 (d, J=8.0 Hz, 2H), 6.44 (d,
J=16.0 Hz, 1H), 5.25 (s,2H), 2.37 ppm (s, 3H); *C NMR (101 MHz,
CDClL): 6=167.0, 145.2, 140.8, 136.1, 131.6, 129.6, 128.6, 128.2(4),
128.1 (9), 128.1, 116.7, 66.3, 21.5 ppm.
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