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Abstract—We describe a highly efficient new methodology for the synthesis of (E)-o,B-unsaturated esters from aldehydes. In our DMAP-
catalyzed reaction, both aromatic as well as aliphatic aldehydes furnish the desired products highly regio- and stereoselectively
if treated with commercially available or synthetically easily accessible malonic acid half ester. A large scale application in the synthesis of
p-methoxycinnamates, which are of use as sunscreen ingredients, is described.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The synthesis of o,B-unsaturated esters 1 from aldehydes 2
is regularly required and a variety of methods have been
developed for this transformation."* * Because the classical
Claisen-type aldol condensation of esters with aldehydes is
limited to non-enolizable aldehydes, Wittig- (Eq. 1) or
Horner—Wadsworth—-Emmons-reactions (Eq. 2) using car-
balkoxymethylene triphenylphosphoranes 3 or trialkylpho-
sphonoacetates 4, respectively, are commonly used
alternatives and both high yields and (E)-stereoselectivities
are typically obtained. A significant limitation, however, in
particular concerning large scale applications, is the modest
atom economy of these reactions. In the Wittig reaction,

*+ PhsP” “CO.R? A

3

triphenylphosphine oxide 5 is a stoichiometric by-product
and has to be removed chromatographically only to be
disposed.* The Horner—Wadsworth—-Emmons variant has
the advantage of producing a water-soluble phosphate salt 6
as the by-product, which can be removed via aqueous
extraction. This variant, however, typically requires the use
of a strong base such as sodium hydride and, as in the Wittig
reaction stoichiometric by-product formation can challenge
waste-management. The decarboxylative Knoevenagel-type
reaction of malonic acid half esters 7 with aldehydes to give
a,B-unsaturated esters (Eq. 3) is another alternative yet
rarely used process.’ Because only water and carbon dioxide
are produced as by-products, this reaction has a significantly
improved atom economy. In addition, half-esters of
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+ COp + Hy0 (3)

malonates 7 are as inexpensive as the corresponding
phosphorous-based reagents (e.g., 3 and 4) and can also
be obtained easily from even less expensive dialkyl
malonates.®
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While advantageous in principle, the Knoevenagel (or
Doebner—Knoevenagel) reaction variant is much less
frequently used. Among the main reasons are the generally
required reaction conditions, which include using a larger
excess of the malonic half ester, catalysis with piperidine in
pyridine as the solvent, and elevated temperatures (typically
pyridine/reflux). In addition, (E)- versus (Z)-selectivity
varies. The most important drawback, however, results
form the fact that in the reaction with enolizable aldehydes,
not a,B- but rather 3,y-unsaturated esters (or their mixtures)
are commonly obtained.’

In the context of several other projects we realized the need
for a clean, by-product-free, and reliably selective method-
ology for the production of o,B-unsaturated esters from
aldehydes. A desirable feature of such a process would be
applicability to large scale production and no requirement
for heating or strong bases. We set up a study aimed at
overcoming the disadvantages of the traditional Claisen-
aldol, Wittig, Horner—-Wadsworth—-Emmons, and
Knoevenagel reactions. Here, we report the full details of
our investigation, which resulted in the development of a
practical and highly efficient synthesis of o,B-unsaturated
esters from aldehydes.®

At the onset, we identified the low o, - versus f,y-selectivity
in the reaction of aliphatic and unbranched aldehydes with
malonic acid half esters as the primary issue to be addressed
in our studies. Surprisingly, it has been found that under
standard Knoevenagel conditions the thermodynamically
less stable f,y-isomer usually dominates. For example,
treating n-hexanal with ethyl hydrogen malonate 7a in the
presence of piperidinium acetate results in the selective
formation of the B,y-unsaturated ester (Eq. 4).°

Piperidine/HOAc

(2 mol%)

A~~~ CHO + HO,C.__ CO,Et
7a DMF, A
0,
(2 eq) 80%
/\/WCOZEt A~ X COLEL
B,y o,f
By:o,f=92:8

“4)

Mechanistic studies by Corey led to the proposal that the
reaction in pyridine proceeds via decarboxylation of

Table 1. Screening of catalyst combinations

intermediate 10 to give the dienolate 11. Its protonation
occurs irreversibly at the more reactive o-position resulting
in the predominant generation of the B,y-unsaturated ester
(Eq. 5).°

COLH COLH
PN —_— P
R "CHO R™>NF"co,Me RTN-"Nco,Me
8 9
_H*

R/\/\COZMe ‘

} W - /\)\COZMe

R co,Me
[eX3)
(5)

We reasoned that if a catalyst was used that in contrast to
pyridine would be able to establish an equilibrium between
the B,y- and the a,B-isomer, the latter should be favoured
thermodynamically. In addition, we envisioned alternative
mechanistic modes of the decarboxylation, such as con-
jugate addition of a Lewis basic catalyst to Knoevenagel
product 8, followed by a decarboxylative elimination. Thus,
screening alternative catalysts seemed attractive to us.

We decided to initiate our study with a screen of
several different amine catalysts in the presence of
various base co-catalysts for the reaction of n-pentanal
2a with half ester 7a (for selected examples see Eq. 6,
Table 1). Most combinations led to mixtures of a,B- and
B,y-isomer in various ratios, the f,y-isomer typically
dominating. Remarkably, however, in reactions where
we used DMAP as the co-catalyst, the selectivity shifted
towards the desired o,B-isomer, independent of the amine
catalyst. Moreover, when DMAP was used alone, only the
a,B-isomer was formed and gratifyingly with high
diastereoselectivity (E:Z=95:5).

Catalyst n-Pr CO,Et
(20 mol%) \/ﬁ?/
MBUCHO + HOZC._COREt —— o
o-Catalyst . _CO,Et
123 7a (20 mol%) n-Bu” N2
(1 eq) (2 eq) DMF, 25°C b
48h

(6)

After further optimization studies, we established reaction
conditions that could be used with a large variety of
aliphatic aldehydes (Eq. 7, Table 2). Thus, upon treating

Entry Catalyst Co-catalyst Yield a,B:8,y (GC)
1 O NaHCO; 60 1:5
H N\MJJ\
2T SoH
2 Na,CO; 50 1:3
COzH
N
H
3 DMAP 80 10:1
CO,H
N
H
4 DMAP — 91 >20:1
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Table 2. Synthesis of a,B-unsaturated esters from aliphatic aldehydes

Entry R Yield E:Z (GO)
1# \/\}{ 91 95:5
a
2* NN 95 96:4
b
3% )X 92 95:5
g
c
a - .
4 Ph/\/"&L 91 95:5
d
5% \n/\/\,"&j 91 98:2
O
e
6 \r‘%{ 96 >99:1
f
7 O}{ 92 98:2
g
8" Ph_ % 91 >99:1
Ph
h

9 Xg 92 >99:1

10 MeOY\}{ 92 94:6

# Reaction at 10 °C.
® Piperidine as co-catalyst (10 mol%).

aliphatic aldehydes 2 with ethyl hydrogen malonate (7a,
1.5 equiv) in the presence of DMAP (10 mol%) at rt or
below, in DMF, the corresponding o, B-unsaturated esters 1
were obtained with high yields, essentially complete o, -
selectivities, and also highly (E)-stereoselective.'® An
aqueous extraction was sufficient to obtain the products in
excellent purities and chromatographic purification of the
products was generally not required. The reaction proceeds
efficiently with both simple unbranched aliphatic aldehydes
(entries 1-4), branched aldehydes (entries 6-8), and also
with an o-trisubstituted aldehyde (entry 9). Ketones are
tolerated in the reaction at least as long as an aldehyde is
also present such as in keto aldehyde 2e (entry 5). This
substrate readily undergoes an intramolecular base-cata-
lyzed aldolization but under our reaction conditions this
intramolecular process is completely suppressed and only
the desired olefination occurs.'' Despite the initially mildly
acidic reaction conditions, aliphatic acetals are preserved in
the process (entry 10)."2

DMAP
RCHO + HO,C._COEt _ (10MO%) —  ~ COsEt
2 7a DMF, 10-25°C 1
(1eq) (1.5 eq) 5-48h iy >20:1
(7N

Not unexpectedly, a tandem olefination, Morita—Baylis—
Hilmann reaction to hydroxyl ester 12 was observed with
dialdehyde 2k even when an excess of malonate 7a was
used (Eq. 8).13

DMAP OH
0,
CHO + HO,C.__COEt (20 mol%) CO,Et @®
CHO 7a DMF, 25°C
0,
2k (3eq) 48h, 72% 12

Aromatic aldehydes can also be used under our reaction
conditions. However, the reaction times are generally
somewhat longer. Gratifyingly, we found that the reaction
rate could be significantly increased when we added
piperidine (10 mol%) as co-catalyst. These conditions
could be applied to a number of different aromatic and
heteroaromatic aldehydes (Eq. 9, Table 3). In general, (E)/(Z)-
selectivities are excellent exceedinig 99:1 (by GC and
NMR). In addition to ethyl esters (R“=Et), both tert-butyl
(R2=t-Bu, entry 2) and benzyl esters (R2=Bn, entry 3) can
be obtained with comparable efficiency. As expected, rates
are generally faster with electron poor aldehydes (entries 8,
11-13) and can be relatively slow with electron rich
aromatic aldehydes such as p-hydroxybenzaldehyde (entry
9). p-Terephtalaldehyde 2v and isophthalaldehyde 2w in the
presence of 3 equiv of malonate 7 gave the expected bis-
enoates 1v and 1w in good yield (entries 13 and 4).

DMAP
(10 mol%)

RCHO + HO,C.__CO.R' X COR'
N2 Piperidine

2 7 (10 mol%) 1
(1eq) (1.5 eq) DMF, 25°C
24-48h
)

The synthesis of p-methoxyethylcinnamate (1o, entry 6) has
been scaled up to illustrate the practicability of our process
(Eq. 10).'* In this reaction, we generated malonate 7a in situ
from the even less expensive potassium salt 7d with acetic
acid. Transesterification of cinnamate lo with 2-ethyl
hexanol or isoamyl alcohol gave industrially relevant
cinnamates 13 and 14, UV-light absorbing ingredients of
commercially available sunscreens (Eq. 11).

AcOH (72 mL, 1.5 eq)
DMAP (10g, 10 mol%)

CHO DMAP
/©/ + KO2C._ COzEt Piperidine (7g, 10 mol%)
MeO 7d DMF (1 5 L), 25°C

20 72h
210g(1.5e
113 g (1eq) 9l @

MeO 1o

166 g, 97%
(>99% purity)

(10)
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Table 3. Synthesis of a,B-unsaturated esters from aromatic aldehydes

o

Entry R R’ Yield EZ
(GO)
1 571 Et (a) 92 >99:1
+-Bu (b) 87 >99:1
3 Bn (¢) 96 >99:1
1
4 v Et 92 >99:1
m
5 “\/\>7§ Et 91 >99:1
(0]
n
6 : “LLL Et 99 >99:1
)
0
7 '711 Et 89 >99:1
p
8 /@}z Et 86 >99:1
O5N
q
9% : “51 Et 90 >99:1
HO
r
10* /@/EL Et 92 >99:1
AcHN
S
11 : i‘; Et 94 >99:1
NC
t
12 : '1{ Et 92 >99:1
MeO,C
u
13b /@)ﬁ Et 93 >99:1
OHC
v
14° OHC % Et 93 >99:1
w

@ Reaction time (168 h).

® bis-Enoate was obtained using 3 equiv of halfester.

2-Ethyl 2
- y =
1-hexanol /©/\)ko/\<\/\
0 13
94% MeO
10 pTsOH
(cat.) 0 “)\
A X o
Isoamyl 14
alcohol  MeO
89%

(1)

In summary, we have developed a new synthesis of
a,B-unsaturated esters from aldehydes. Our reaction is mild,
efficient, catalytic, practical, (atom-)economic, and highly
a,B-regio-, and (E)-stereoselective. The reaction tolerates
various functional groups and can be used with both ali-
phatic and aromatic aldehydes. Future studies in our
laboratory will focus on exploring the full scope of this
reaction and of related decarboxylative carbon—carbon bond
forming reactions."

2. Experimental

2.1. General procedure for the reaction with the malonic
acid monoethyl ester (7a)

4-Dimethylaminopyridine (24.4 mg, 0.20 mmol) was dis-
solved in 5mL of DMF. The malonic acid half ester
(3.00 mmol) followed by the aldehyde (2.00 mmol) were
added, and the reaction was stirred at 10 °C or rt until the
aldehyde was consumed.'® The mixture was extracted with
Et,O and the organic layer was washed successively with
NH,CI, water, NaHCOs, and once again with water. After
drying (Na,SO,) and filtering, all volatiles were evaporated
in vacuo yielding, without any further purification, the pure
a,B-unsaturated ester in the reported yields.

2.2. Scale up for p-methoxyethylcinnamate (10)

4-Dimethylaminopyridine (10 g, 81.9 mmol) was dissolved
in DMF (1.5 L). The potassium salt of the malonic acid half
ester (7d, 210.1 g, 1234.4 mmol) followed by p-anis-
aldehyde (20, 113.0 g, 829.0 mmol) were added. This
suspension was stirred at 10 °C and acetic acid (72.2 mL,
1262.4 mmol) and piperidine (7 g, 82.2 mmol) were added
dropwise consecutively. The mixture was stirred at rt until
the aldehyde was consumed (72h). After the standard
aqueous work (see above) and recrystallization from
ethanol, 165.8 g (803.9 mmol, 97%) of ester lo was
obtained as white needles.

2.2.1. Transesterification of p-methoxyethylcinnamate
(1o) with 2-ethyl-1-hexanol. p-Methoxyethylcinnamate 1o
(24.8 g, 120.3 mmol) and p-TsOH (2.3 g, 12.1 mmol) were
dissolved in 2-ethyl-1-hexanol (223.0 g, 1712.3 mmol). The
resulting solution was heated overnight to reflux. The
reaction was quenched with saturated NaHCO5 solution and
extracted with Et,O. The organics were dried (Na,SO,4) and
concentrated in vacuo to give ester 13 (32.8 g, 113 mmol,
94%).
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'"H NMR (400 MHz, CDCl;3) ¢ 0.91 (t, 6H, J=7.3 Hz),
1.30—1.44 (m, 8H); 1.64—1.67 (m, 1H), 3.84 (s, 3H), 4.11 (d,
2H, J=5.8 Hz), 6.31 (d, 1H, J=15.9 Hz), 6.91 (d, 2H, J=
6.8 Hz), 7.48 (d, 2H, J=6.8 Hz), 7.63 (d, 1H, J=15.9 Hz).
13C NMR 611.0, 14.1, 23.0, 23.9, 29.0, 30.5, 38.9, 55.4,
66.8, 114.3, 115.9, 127.3, 129.7, 144.2, 161.3, 167.6.

2.2.2. Transesterification of p-methoxyethylcinnamate
(10) with isoamyl alcohol. p-Methoxyethylcinnamate 1o
(101 g, 489.7 mmol) and p-TsOH (5.3 g, 27.9 mmol) were
dissolved in isoamyl alcohol (432.1 g, 4901.9 mmol). The
resulting solution was heated overnight to reflux. The
reaction was quenched with saturated NaHCO5 solution and
extracted with Et,O. The organics were dried (Na,SO,4) and
concentrated in vacuo to give isoamylester 14 (108.4 g,
436.5 mmol, 89%).

'H NMR (300 MHz, CDCls) 6 0.95 (d, 6H, J=6.7 Hz),
1.58-1.63 (m, 4H), 1.71-1.77 (m, 1H), 3.80 (s, 3H), 4.23 (t,
2H, J=6.7 Hz), 6.30 (d, 1H, J=15.9 Hz), 6.91 (d, 2H, J=
8.6 Hz), 7.49 (d, 2H, J=8.6 Hz), 7.63 (d, 1H, J=15.9 Hz).
BCNMR 6 22.5, 25.1, 37.5, 55.4, 63.1, 114.3, 115.8, 129.7,
1442, 161.3, 167.4.

2.2.3. Ethyl-(E)-3-phenyl-2-propenoate (11-a). Colourless
oil (325.3 mg, 1.85 mmol, 92%, E:Z>99:1). NMR data is in
accordance with the lit.!”

2.2.4. tert-Butyl-(E)-3-phenyl-2-propenoate (11-b). Colour-
less oil (354.6 mg, 1.74 mmol, 87%, E:Z>99:1). NMR data
is in accordance with the lit.'®

2.2.5. Benzyl-(E)-3-phenyl-2-propenoate (11-c). Colour-
less oil (456.8 mg, 1.92 mmol, 96%, E:Z>99:1). NMR data
is in accordance with the lit."

2.2.6. Ethyl-(E)-3-(1-naphthalenyl)-2-propenoate (1m).
Colourless oil (417.1 mg, 1.84 mmol, 92%, E:Z>99:1).
NMR data is in accordance with the 1it.?°

2.2.7. Ethyl-(E)-3-(2-furanyl)-2-propenoate (1n). Colour-
less oil (302.1 mg, 1.82 mmol, 91%, E:Z>99:1). NMR data
is in accordance with the lit.2!

2.2.8. Ethyl-(E)-3-(4-methoxyphenyl)-2-propenoate (10).
Colourless needles (408.1 mg, 1.98 mmol, 99%, E:Z>
99:1). NMR data is in accordance with the lie."”

2.2.9. Ethyl-(E)-3-(2-methyl-4-tert-butylphenyl)-2-pro-
penoate (1p). Colourless oil (437.1 mg, 1.77 mmol, 89%,
E:Z>99:1). 'H NMR (400 MHz, CDCl3) 6 1.24 (s, 9H),
1.28 (t, 3H, J=7.1 Hz), 2.33 (s, 3H); 4.21 (q, 2H, J=
7.1 Hz), 6.30 (d, 1H, J=15.9 Hz), 7.07 (d, 1H, J=38.0 Hz),
7.24 (dd, 1H, J=8.0,2 Hz), 7.49 (d, 1H, J=2 Hz), 7.91 (d,
1H, J=15.9 Hz). '3C NMR 6 13.9, 18.8, 30.9, 34.1, 60.1,
118.6, 122.9, 124.0, 126.9, 130.2, 132.0, 142.6, 148.8,
166.0.

2.2.10. Ethyl-(E)-3-(4-nitrophenyl)-2-propenoate (1q).
Pale-yellow needles (378.8 mg, 1.71 mmol, 86%, E:Z>
99:1). NMR data is in accordance with the lit.>

2.2.11. Ethyl-(E)-3-(4-hydroxyphenyl)-2-propenoate
(Ir). Colourless oil (346.0 mg, 1.8 mmol, 90%, E:Z>
99:1). The NMR data is in accordance with the 1it.%3

2.2.12. Ethyl-(E)-3-(4-acetamidophenyl)-2-propenoate
(1s). Pale-yellow needles (427.6 mg, 1.83 mmol, 92%,
E:Z>99:1). NMR data is in accordance with the 1it.>*

2.2.13. Ethyl-(E)-3-(4-cyanophenyl)-2-propenoate (1t).
Colourless oil (379.5 mg, 1.89 mmol, 94%, E:Z>99:1).
NMR data is in accordance with the 1it.>

2.2.14. Ethyl-(E)-3-(4-acetoxyphenyl)-2-propenoate (1u).
White needles (429.2 mg, 1.83 mmol, 92%, E:Z>99:1).
NMR data is in accordance with the lit.>?

2.2.15. Bis-ethyl-(E)-3,3'-(1,4-phenylene)-2-propenoate
(1v). White needles (510.8 mg, 1.86 mmol, 93%, E:Z>
99:1). '"H NMR (300 MHz, CDCl3) 6 1.25 (t, 6H, J=
7.1 Hz), 4.21 (g, 4H, J=7.1 Hz), 6.39 (d, 2H, J=15.9 Hz),
7.47 (s, 4H), 7.59 (d, 2H, J=15.9 Hz). >*C NMR 6 14.7,
61.0, 119.8, 128.9, 136.5, 143.8, 167.1.

2.2.16. Bis-ethyl-(E)-3,3'-(1,3-phenylene)-2-propenoate
(Iw). White needles (511.4 mg, 1.86 mmol, 93%, E:Z>
99:1). '"H NMR (400 MHz, CDCls) 6 1.35 (t, 6H, J=
7.1 Hz), 4.27 (q, 4H, J=17.1 Hz), 6.47 (d, 2H, J=16.0 Hz),
7.41 (dd, 1H, J=17.5 Hz), 7.54 (d, 2H, J=17.5 Hz), 7.65 (t,
1H, J=7.5 Hz), 7.68 (d, 2H, J=16.0 Hz). ">C NMR 6 14.3,
60.6, 119.3, 127.6, 129.4, 129.5, 135.2, 143.6, 166.7.

2.2.17. Ethyl-(E)-2-heptenoate (la). Colourless oil
(284.0 mg, 1.82 mmol, 91%, E:Z=95:5). NMR data is in
accordance with the 1it.2°

2.2.18. Ethyl-(E)-2-nonenoate (1b). Colourless oil
(350.9 mg, 1.90 mmol, 95%, E:Z=96:4). NMR data is in
accordance with the lit.?’

2.2.19. Ethyl-(E)-5-methyl-2-hexenoate (1c). Colourless
0il (287.3 mg, 1.84 mmol, 92%, E:Z=95:5). NMR data is in
accordance with the 1it.”8

2.2.20. Ethyl-(E)-5-phenyl-2-pentenoate (1d). Colourless
oil (370.1 mg, 1.81 mmol, 91%, E:Z=95:5). 'H NMR
(300 MHz, CDCls) 6 1.20 (t, 3H, J=7.1 Hz), 2.43-2.48
(m, 2H), 2.67-2.72 (m, 2H), 4.10 (q, 2H, J=7.1 Hz), 5.78
(d, 1H, J=15.6 Hz), 6.90 (dt, 1H, J=15.6 Hz), 7.10-7.14
(m, 3H), 7.17-7.23 (m, 2H). '3C NMR 6 15.3, 35.0, 35.5,
61.3, 123.0, 127.2, 129.4, 129.6, 141.9, 149.1, 167.7.

2.2.21. Ethyl-(E)-8-0xo0-2-nonenoate (le). Colourless oil
(360.6 mg, 1.82 mmol, 91%, E:Z=98:2). NMR data is in
accordance with the 1it.°

2.2.22. Ethyl-(E)-4-methyl-2-pentenoate (1f). Colourless
0il (273.2 mg, 1.92 mmol, 96%, E:Z>99:1). NMR data is in
accordance with the lit.?8

2.2.23. Ethyl-(E)-3-cyclohexyl-2-propenoate (1g). Colour-
less oil (335.4 mg, 1.84 mmol, 92%, E:Z=98:2). NMR data
is in accordance with the lit.>?
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2.2.24. Ethyl-(E)-4,4-diphenyl-2-butenoate (1h). Colour-
less oil (483.1 mg, 1.81 mmol, 91%, E:Z>99:1). NMR data
is in accordance with the lit.??

2.2.25. Ethyl-(E)-4,4-dimethyl-2-pentenoate (1i). Colour-
less oil (286.5 mg, 1.83 mmol, 92%, E:Z>99:1). NMR data
is in accordance with the 1it.%8

2.2.26. Ethyl-(E)-6,6-dimethoxy-2-hexenoate (1j). Colour-
less oil (373.1 mg, 1.85 mmol, 92%, E:Z=94:6). '"H NMR
(400 MHz, CDCl3) 6 1.22 (t, 3H, J=7.1 Hz), 1.66-1.71
(m, 2H), 2.17-2.22 (m, 2H), 3.25 (s, 6H), 4.12 (g, 2H, J=
7.1 Hz), 4.30 (t, 1H, J=5.6 Hz), 5.78 (d, 1H, J=15.6 Hz),
6.89 (dt, 1H, J=15.6 Hz). '*C NMR 6 13.9, 26.9, 30.5, 52.5,
59.8, 103.3, 121.3, 147.7, 166.2.
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