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Abstract

The facile one step synthesis of 4-hydroxy-2(E)-nonenal and its dimethyl acetal via a cross-metathesis reaction between com-
mercially available octen-3-ol and acrolein or its dimethyl acetal is reported. The method was extended to the synthesis of C¢ and
Cy, 4-hydroxy-2(E)-enals, their dimethyl acetal and of the 4-hydroxy-2(E)-nonenoic acid (4-HNA).
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1. Introduction

Endogenic 4-hydroxyalkenals, which result from
peroxidation of unsaturated fatty acid derivatives, are
important compounds displaying various biological
activities (Esterbaueret al., 1991; Robino et al., 2001). In
particular 4-hydroxy-2(E)-nonenal (4-HNE) (Comporti,
1998; Petersen and Doorn, 2004) plays a major role in
several biological processes such as oxidative stress (Poli
and Schaur, 2000), apoptosis (Castello et al., 2005) and
regulation of mitochondrial uncoupling (Echtay et al.,
2003).

Consequently, several syntheses of 4-HNE and of its
more stable dialkyl acetal precursor, have been reported
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in the literature. Since the first synthesis of 4-hydroxy-
2(E)-alkenals by Esterbauer et al. more than 35 years
ago using the reaction of the 3,3-diethoxypropynyl
Grignard reagent on aldehydes and subsequent reduc-
tion of the triple bound followed by the hydrolysis
of the acetal function (Esterbauer and Weger, 1967;
Esterbauer, 1971), these syntheses were based on two
sequential oxidation of 3(Z)-nonenol leading to 3,4-
epoxynonenal further converted to 4-HNE in basic
conditions (Gardner et al., 1992) or on Grignard reac-
tions using the fumaraldehyde monodimethyl acetal with
the 1-bromo-pentane (Grée and Carrié, 1986; Chandra
and Srivastava, 1997). 4-Hydroxyalkenals are also acces-
sible by DIBAL(H) reduction of 4-hydroxyalkenoic
esters (Bacot et al., 2003) obtained from aldehydes using
the Tanikaga conditions (Tanikaga et al., 1983). Very
recently, Kurangi et al. (2006) reported the synthesis of
4-HNE using Wittig or Horner—Wardsworth—-Emmons
reactions between either a phosphorane or a phosphonate

0009-3084/$ — see front matter © 2007 Elsevier Ireland Ltd. All rights reserved.

doi:10.1016/j.chemphyslip.2007.07.003


mailto:laurent.soulere@insa-lyon.fr
dx.doi.org/10.1016/j.chemphyslip.2007.07.003

240 L. Soulere et al. / Chemistry and Physics of Lipids 150 (2007) 239-243

[\

MesN NMes

C'/,,.\( |

Ru ——
v \
(0]

\<

Scheme 1. Structure of the ruthenium catalyst 1.

with glyoxal dimethyl acetal followed by the reduc-
tion of the carbonyl group and hydrolysis of the acetal
function.

In the last years, olefin metathesis proved to be a ver-
satile tool in organic synthesis. The development of new
catalysts for cross-metathesis or ring closure metathe-
sis has indeed promoted the use of this reaction for the
total synthesis of natural products (Prunet, 2003, 2005;
Piscopio and Robinson, 2004; Villar et al., 2007). Par-
ticularly, the Hoveyda—Grubbs catalyst 2nd Generation I
(Scheme 1) has been efficiently employed for the synthe-
sis via cross-metathesis of various functionalized olefins
(Kingsbury et al., 1999; Connon and Blechert, 2003).

To our knowledge, only one 4-hydroxy-alkenal
(4-hydroxy-2(E)-hexenal) has been prepared using
cross-metathesis as an intermediate in the total synthesis
of a natural compound (BouzBouz et al., 2004). None
example are known in the case of 4-hydroxyalkenal
dialkyl acetals.

Here we describe a facile one step synthesis of
4-HNE, 4-hydroxy-2(E)-hexenal (4-HHE), 4-hydroxy-
2(E)-dodecenal (4-HDE) and their corresponding
dimethyl acetal using the cross-metathesis reaction
between readily available allylic alcohols and acrolein
or acrolein dimethyl acetal, respectively, using I as cata-
lyst. The method was also applied to the synthesis of the
4-hydroxy-2(E)-nonenoic acid (4-HNA) via its fert-butyl
ester.

2. Results and discussion

The synthetic approach used to prepare 4-hydroxy-
2(E)-alkenals and their related acetals is based on
a cross-metathesis reaction between allylic alcohols
and an excess of acrolein or acrolein dimethyl acetal
(3 equiv.) (Scheme 2).

The reaction was performed in dry, oxygen free
dichloromethane in the presence of the ruthenium cata-

OH /\Rz catalyst | OH
— =
~ 7
R1)\/ CHsCly rt. 20n R Ro

R1 = CQH5- or 05H11- or CgH17-
R, = -CHO or -CH(OMe),

Scheme 2. Synthetic route to 4-hydroxy-2(E)-alkenals and to their
related acetal derivatives.

lyst I (0.025 equiv.). Monitoring of the reaction by TLC
showed the appearance of a more polar product com-
pared to the allylic alcohol. Purification of the crude
reaction product by flash column chromatography fur-
nished the corresponding 4-hydroxy-2(E)-alkenals or
acetal derivatives. In the case of acetal derivatives, tri-
ethylamine (0.1%) was added to the eluant to avoid the
hydrolysis of the acetal group on silica gel. The identi-
fication of all compounds was based on the comparison
of '"H NMR spectra with literature data (see Section
3).

As expected (Cossy et al., 2001; Chatterjee et al.,
2003), only the (E) isomer was obtained as shown by
'"H NMR spectra (*Jyo_p3 =15.4, 15.6 or 15.8 Hz) of
crude products.

We thus prepared the 4-hydroxy-2(E)-hexenal (4-
HHE, 4) and the corresponding acetal (5) from penten-
3-0l (1) in 85% and 55% yield, respectively, the 4-
hydroxy-2(E)-nonenal (4-HNE, 6) and the related acetal
(7) from octen-3-ol (2) in 75% and 65% yield, respec-
tively, and the 4-hydroxy-2(E)-dodecenal (8) and the
related acetal (9) from undecen-3-ol (3) in 65% and 50%
yield, respectively (Scheme 3).

The synthetic approach proved also to be efficient
for the preparation of the 4-hydroxy-2(E)-nonenoic acid
(4-HNA), a marker of lipid peroxidation resulting from
the metabolism of 4-HNE (Guichardant et al., 2004;
Brichac et al., 2007). Previous works described the mul-
tistep synthesis of this acid as a result of the reaction
of the pentenyl trichloromethyl carbinol (Shamshina
and Snowden, 2006) or the 4-chloro-3(Z)-nonenoic acid
(Kawashima et al., 1988) in aqueous NaOH as last step.
We prepared the 4-hydroxy-2(E)-nonenoic acid in a two
steps sequence: a cross-metathesis reaction between the
octen-3-ol (2) and the fert-butyl acrylate leading to the
4-hydroxy-2(E)-nonenoic acid tert-butyl ester 10 in 65%
yield; this ester was then deprotected in high yield to the
4-HNA (11) (Scheme 4).

To summarize we described here the use of cross-
metathesis for the convenient and efficient synthesis of 4-
HNE and related biologically relevant compounds. This
synthetic approach was found to give good yields and
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Scheme 3. Structure of the allylic alcohols used as starting materials and of the synthetic 4-hydroxy-2(E)-alkenals and their corresponding dimethyl

acetals.

to be rapid and easy to carry out with commercially or
readily available starting materials.

3. Experimental procedures
3.1. Materials

All chemicals (allylic alcohols 1 and 2, acrolein,
acrolein dimethyl acetal and the catalyst I) were
purchased from Sigma—Aldrich. Undecen-3-ol was pre-
pared from nonanal and vinyl magnesium bromide
(Ramiandrasoa and Descoins, 1990). The reactions were
performed under nitrogen and were monitored by thin-
layer chromatography on Silica Gel 60 F254 (Merck);
detection was carried out by charring with a 5% phos-
phomolybdic acid solution in ethanol containing 10% of

OH

H,S0;. Silica gel (Kieselgel 60, 70-230 mesh ASTM,
Merck) was used for flash chromatography. The 'H
(300MHz) and '3C (75 MHz) spectra were recorded
with a Bruker ALS300 or DRX300 spectrometer. The
signal of the residual protonated solvent was taken as
reference. Chemical shift (§) and coupling constants (J)
are reported in ppm and Hz, respectively. IR spectra were
recorded on a Nicolet Magna 550 FT-IR Spectrometer.

3.2. General procedure

To a solution of allylic alcohol (1 mmol, 1equiv.)
and acrolein (3equiv.) or acrolein dimethyl acetal
(3equiv.) in dry, oxygen free CH,Cl, was added the
Hoveyda—Grubbs catalyst I (0.025 equiv.) in two equal
portion at =0 and #=5h. After stirring for further 20 h

tert- butyl acrylate, |
2 CH2CI2, r.t, 20 h, 65%

TFA
CH,Cly, 1. ., 3h, 90%

1

o

Scheme 4. Synthesis of the 4-hydroxy-2(E)-nonenoic acid (4-HNA, 11).
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at room temperature, the solvent was evaporated and the
residue was purified by flash column chromatography
(EtoO/pentane: 50/50 for 4, AcOEt/pentane: 30/70 for 6
and Et;O/pentane: 40/60 for 8) to give the 4-hydroxy-
2(E)-alkenals or (EtpO/pentane with 0.1% Et3N: 50/50
for 5§ and 7 and 40/60 for 9) to give the 4-hydroxy-
2(E)-alkenal dimethyl acetals. 4-Hydroxy-2(E)-hexenal
(4, 4-HHE, 85% yield): IR (neat) vpmax 970, 1116,
1692, 2839, 2959, 3436cm~!; 'H NMR (acetone, dg)
(BouzBouzetal.,2004): §0.97 (t,J=7.5,3H), 1.53-1.72
(m, 2H), 4.30 (d, J=4.9, 1H), 4.32-4.40 (m, 1H), 6.26
(ddd, J=1.9,7.9 and 15.8, 1H), 7.02 (dd, /=4.1, 15.8,
1H), 9.6 (d, J=7.9, 1H); '3C NMR (acetone, dg): § 9.6,
29.8,71.9,130.8, 161.0, 193.9.
4-Hydroxy-2(E)-nonenal (6, 4-HNE, 75% yield): IR
(neat) vmax 983, 1633, 1686, 2866, 2932,3437 cm~!; 'H
NMR (acetone, dg) (De Montarby et al., 1989): § 0.88 (t,
J=6.7,3H), 1.29-1.36 (m, 4H), 1.40-1.70 (m, 4H), 4.28
(d, J=5.3, 1H), 4.38-4.46 (m, 1H,), 6.25 (ddd, J=1.7,
7.9 and 15.6, 1H), 7.01 (dd, J=4.3, 15.6, 1H), 9.6 (d,
J=7.9, 1H); 3C NMR (acetone, dg): § 14.2, 23.1, 25.5,
32.3,37.1,70.8, 130.8, 161.6, 194.0.
4-Hydroxy-2(E)-dodecenal (8, 65% yield): IR (neat)
Vmax 983, 1135, 1692, 2855,2925,3447 cm~!; "THNMR
(acetone, dg) (Iriye et al., 1990): § 0.88 (t, J=7.0, 3H),
1.28-1.33 (m, 10H), 1.39-1.68 (m, 4H), 4.27 (d, J=5.3,
1H), 4.38-4.46 (m, 1H,), 6.25 (ddd, J=1.9,7.9 and 15 .4,
1H),7.02 (dd, J=4.1,15.4, 1H),9.6 (d,J=7.9, IH); 13C
NMR (acetone, dg): § 14.3, 23.3, 25.9, 32.6, 38.2, 52.5,
71.7,103.6, 126.7, 139.2.
4-Hydroxy-2(E)-hexenal, dimethyl acetal (5, 55%
yield): IR (neat) vpax 963, 1062, 1348, 1460, 2826, 2979,
3450cm~!; 'H NMR (acetone, dg) (Rees et al., 1995):
8 0.90 (t, J=7.5, 3H), 1.45-1.55 (m, 2H), 3.24 (s, 6H).
3.80(d,/=4.9, 1H), 3.98-4.06 (m, 1H), 4.75 (d, J=4.9,
1H), 5.58 (ddd, J=1.5, 4.9 and 15.8, 1H), 5.83 (ddd,
J=1.1,5.7and 15.8, 1H); 13C NMR (acetone, dg): § 9.9,
30.8,52.4,72.8, 103.4, 126.8, 138.6.
4-Hydroxy-2(E)-nonenal, dimethyl acetal (7, 65%
yield): IR (neat) vimax 977, 1070, 1370, 1467, 2853, 2939,
3436cm™!; 'H NMR (acetone, dg) (De Montarby et
al., 1989): § 0.88 (t, J=6.8, 3H), 1.28-1.37 (m, 4H),
1.43-1.50 (m, 4H). 3.24 (s, 6H), 3.77 (d, J=4.5, 1H),
4.06-4.11 (m, 1H), 4.75 (d, J=4.9, 1H), 5.57 (ddd,
J=1.1, 4.9 and 154, 1H), 5.84 (ddd, J=1.1, 5.0 and
15.4, 1H); 13C NMR (acetone, dg): 8 14.4, 23.3, 26.0,
30.0, 30.3, 32.6, 37.3, 71.0, 130.9, 161.7, 194.1.
4-Hydroxy-2(E)-dodecenal, dimethyl acetal (9, 50%
yield): IR (neat) vk 971, 1055, 1355, 1457, 2855, 2954,
3425cm~!; 'H NMR (acetone, dg): § 0.88 (t, J=6.8,
3H), 1.26-1-34 (m, 10H), 1.43-1.51 (m, 4H). 3.24 (s,
6H), 3.77 (d, J=4.5, 1H), 4.06-4.13 (m, 1H), 4.75 (d,

J=4.9, 1H), 5.58 (ddd, J=1.1, 4.9 and 15.8, 1H), 5.84
(ddd, J=1.1,5.7 and 15.8, 1H); '*C NMR (acetone, dp):
8 144, 23.3, 26.3, 30.0, 30.3, 30.4, 32.6, 38.3, 54.47,
52.51,71.7,103.5,126.7, 139.2. HR-MS (ESI) calcd for
C14HpgNaO3 (MNat): 267.1936, found: 267.1935.

4-Hydroxy-2(E)-nonenoic acid tert-butyl ester (10):
this compound (colourless oil) was prepared according
the general procedure via a cross-metathesis reaction
between the octen-3-ol (1 equiv.) and the acrylic acid
tert-butyl ester (3 equiv.) in 65% yield. IR (neat) vpyax
996, 1260, 1314, 1659, 1715, 2853, 2936, 3429 cm™';
'"H NMR (CDCl3): § 0.89 (t, J=6.8, 3H), 1.28-1.44 (m,
6H), 1.49 (s, 9H), 1.54—1.59 (m, 2H), 4.27-4.28 (m, 1H),
5.96 (dd,/=1.5and 15.4, 1H), 6.84 (dd, J=4.9 and 15 .4,
1H); 13C NMR (CDCl3): § 13.9, 22.5, 24.8, 28.0, 31.6,
36.6,71.1,80.4, 121.9, 148.9, 165.8. HR-MS (CI) calcd
for C13Hp503 (MH™): 229.1804, found: 229.1805.

4-Hydroxy-2(E)-nonenoic acid (11, 4-HNA): to a
solution of 10 (0.06 g, 0.26 mmol) in CH,Cl, (4 mL)
was added TFA (2mL). After 3h of stirring at room
temperature, 10 mL of toluene was added and the sol-
vent was evaporated. The residue was purified by flash
column chromatography (Et, O/pentane: 70/30) to give a
colourless oil (0.04 g, 90%). IR (neat) vimax 1268, 1407,
1653, 1699, 2919, 3390 cm~!; "TH NMR (CDCl3) (Alevi
et al., 1993): § 0.89 (t, J=6.4, 3H), 1.31-1.45 (m, 6H),
1.56-1.64 (m, 2H), 4.31-4.37 (q, J=5.0, 1H), 6.06 (d,
J=15.8, 1H), 7.05 (dd, J=5.0 and 15.8); 1*C NMR
(CDCl3): § 13.9, 22.4, 24.8, 31.5, 36.3, 71.1, 1194,
152.6, 171.4.

Acknowledgments

Financial support from MENESR and CNRS are
gratefully acknowledged.

Appendix A. Supplementary data

Supplementary data associated with this article
can be found, in the online version, at doi:10.1016/
j-chemphyslip.2007.07.003.

References

Alevi, P, Anastasia, M., Ciuffreda, P., Sanvito, A.M., 1993. Preparation
of (R)- and (S)-(E)-4-hydroxy-2-unsaturated acids by asymmet-
ric hydrolysis of their racemic esters. Tetrahedron: Asymmetr. 4,
1397-1400.

Bacot, S., Bernoud-Hubac, N., Baddas, N., Chantegrel, B., Deshayes,
C., Doutheau, A., Lagarde, M., Guichardant, M., 2003. Cova-
lent binding of hydroxy-alkenals 4-HDDE, 4-HHE, and 4-HNE to
ethanolamine phospholipid subclasses. J. Lipid Res. 44, 917-926.


http://dx.doi.org/10.1016/j.chemphyslip.2007.07.003
http://dx.doi.org/10.1016/j.chemphyslip.2007.07.003

L. Soulere et al. / Chemistry and Physics of Lipids 150 (2007) 239-243 243

BouzBouz, S., de Lemos, E., Cossy, J., Saez, J., Franck, X., Figadere,
B., 2004. Natural (5’-oxoheptene-1'E, 3'E-dienyl)-5,6-dihydro-
2H-pyran-2-one: total synthesis and revision of its absolute
configuration. Tetrahedron Lett. 45, 2615-2617.

Brichac, J., Honzatko, A., Picklo, M.J., 2007. Direct and indirect high-
performance liquid chromatography enantioseparation of trans-4-
hydroxy-2-nonenoic acid. J. Chromatogr. A 1149, 305-311.

Castello, L., Marengo, B., Nitti, M., Froio, T., Domenicotti, C., Biasi,
F., Leonarduzzi, G., Pronzato, M.A., Marinari, UM., Poli, G.,
Chiarpotto, E., 2005. 4-Hydroxynonenal signalling to apoptosis in
isolated rat hepatocytes: the role of PKC-delta. Biochim. Biophys.
Acta 1737, 83-93.

Chandra, A., Srivastava, S.K., 1997. A synthesis of 4-hydroxy-2-
trans-nonenal and 4-(3H) 4-hydroxy-2-trans-nonenal. Lipids 32,
779-782.

Chatterjee, A.K., Choi, T.-L., Sanders, D.P., Grubbs, R.H., 2003. A
general model for selectivity in olefin cross metathesis. J. Am.
Chem. Soc. 125, 11360-11370.

Comporti, M., 1998. Lipid peroxidation and biogenic aldehydes: from
the identification of 4-hydroxynonenal to further achievements in
biopathology. Free Radical Res. 28, 623-635.

Connon, S.J., Blechert, S., 2003. Recent developments in olefin cross-
metathesis. Angew. Chem. Int. Ed. Engl. 42, 1900-1923.

Cossy, J., BouzBouz, S., Hoveyda, A.H., 2001. Cross-metathesis reac-
tion. Generation of highly functionalized olefins from unsaturated
alcohols. J. Organomet. Chem. 634, 216-221.

De Montarby, L., Tourbah, H., Gree, R., 1989. Stereoselective synthesis
of polyunsaturated fatty acid hydroxylated metabolites. Bull. Soc.
Chim. Fr. 3, 419-432.

Echtay, K.S., Esteves, T.C., Pakay, J.L., Jekabsons, M.B., Lambert,
A.J., Portero-Otin, M., Pamplona, R., Vidal-Puig, A.J., Wang, S.,
Roebuck, S.J., Brand, M.D., 2003. A signalling role for 4-hydroxy-
2-nonenal in regulation of mitochondrial uncoupling. EMBO J. 22,
4103-4110.

Esterbauer, H., 1971. Synthese einiger 4-hydroxy-2-alkenale.
Monatsch. Chem. 102, 824-827.

Esterbauer, H., Weger, W., 1967. Uber die wirkungen von aldehyden
auf gesunde und maligne zellen. 3. Mitt.: synthese von homologen
4-hydroxy-2-alkenalen II. Monatsch. Chem. 98, 1994-2000.

Esterbauer, H., Schaur, R.J., Zollner, H., 1991. Chemistry and
biochemistry of 4-hydroxynonenal, malonaldehyde and related
aldehydes. Free Radical Biol. Med. 11, 81-128.

Gardner, H.W., Bartelt, R.J., Weisleder, D., 1992. A facile synthesis of
4-hydroxy-2(E)-nonenal. Lipids 27, 686-689.

Grée, R.H.T., Carrié, R., 1986. Fumaraldehyde monodimethyl acetal:
an easily accessible and versatile intermediate. Tetrahedron Lett.
27, 4983-4986.

Guichardant, M., Chantegrel, B., Deshayes, C., Doutheau, A., Moliere,
P., Lagarde, M., 2004. Specific markers of lipid peroxidation issued
fromn — 3 and n — 6 fatty acids. Biochem. Soc. Trans. 32, 139-140.

Iriye, R., Konishi, A., Uno, T., Ohwa, I., 1990. Synthesis of 4-hydroxy-
2-alkenals and 4-oxo-2-alkenols from 4-tetrahydropyranyloxy-
2-butenal and their antimutagenic effect against UV-induced
Escherichia coli WP2 B/r Trp—. Agric. Biol. Chem. 54,
1303-1305.

Kawashima, M., Sato, T., Fujisawa, T., 1988. Regio- and stereos-
elective ring opening of w-alkenyllactones using organocopper
reagents. Bull. Chem. Soc. Jpn. 61, 3255-3264.

Kingsbury, J.S., Harrity, J.P.A., Bonitatebus, P.J., Amir, H., Hoveyda,
A.H., 1999. A recyclable Ru-based metathesis catalyst. J. Am.
Chem. Soc. 121, 791-799.

Kurangi, R.F,, Tilve, S.G., Blair, I.A., 2006. Convenient and efficient
syntheses of 4-hydroxy-2(E)-nonenal and 4-oxo-2(E)-nonenal.
Lipids 41, 877-880.

Petersen, D.R., Doorn, J.A.,2004. Reactions of 4-hydroxynonenal with
proteins and cellular targets. Free Radical Biol. Med. 37, 937-
945.

Piscopio, A.D., Robinson, J.E., 2004. Recent applications of olefin
metathesis to combinatorial chemistry. Curr. Opin. Chem. Biol. 8,
245-254.

Poli, G., Schaur, R.J., 2000. 4-Hydroxynonenal in the pathomecha-
nisms of oxidative stress. IUBMB Life 50, 315-321.

Prunet, J., 2003. Recent methods for the synthesis of (E)-alkene units
in macrocyclic natural products. Angew. Chem. Int. Ed. Engl. 42,
2826-2830.

Prunet, J., 2005. Application of olefin cross-metathesis to the synthesis
of biologically active natural products. Curr. Top. Med. Chem. 5,
1559-15717.

Ramiandrasoa, F., Descoins, C., 1990. A convenient synthesis of the
peach fruit moth carposina niponensis walk and of the douglas
fir tussock moth orgya pseudotsugata Mc.D. sex pheromones and
analogs. Synth. Commun. 20, 1989-1999.

Rees, M.S., van Kuijk, F.J.G.M., Siakotos, A.N., Mundy, B.P., 1995.
Improved synthesis of various isotope labeled 4-hydroxyalkenals
and peroxidation intermediates. Synth. Commun. 25, 3225-
3236.

Robino, G., Zamara, E., Novo, E., Dianzani, M.U., Parola, M.,
2001. 4-Hydroxy-2,3-alkenals as signal molecules modulating
proliferative and adaptative cell responses. Biofactors 15, 103—
106.

Shamshina, J.L., Snowden, T.S., 2006. Practical approach to
a- or y-heterosubstituted enoic acids. Org. Lett. 8, 5881-—
5884.

Tanikaga, R., Nosaki, Y., Tamura, T., Kaji, A., 1983. Facile synthesis
of 4-hydroxy-(E)-2-alkenoic esters from aldehydes. Synthesis 2,
134-135.

Villar, H., Frings, M., Bolm, C., 2007. Ring closing enyne metathesis:
a powerful tool for the synthesis of heterocycles. Chem. Soc. Rev.
36, 55-66.



	An expeditious synthesis of 4-hydroxy-2(E)-nonenal (4-HNE), its dimethyl acetal and of related compounds
	Introduction
	Results and discussion
	Experimental procedures
	Materials
	General procedure

	Acknowledgments
	Supplementary data
	References


