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Endogenous nitro-fatty acids, acting as partial agonist of
PPARYy, are able to lower the insulin and glucose levels
without the side effects associated with common anti-
diabetic drugs. (E)-12-Nitrooctadec-12-enoic acid, a potent
activator of this peroxisome receptor, was synthesized in
a very efficient sequence via a Henry—retro-Claisen ring
fragmentation, followed by a novel enzymatic cleavage of
methyl esters. The latter method was then applied in the
last step of the synthesis of a few labile natural products,
such as prostaglandins, isoprostanes, and phytoprostanes.

Nitro-fatty acids (O,N-FAs) such as nitrolinoleic (1) and
nitrooleic acid (2) are endogenously generated electrophilic
byproducts of nitric oxide and nitrite-dependent oxidative
inflammatory reactions (Figure 1).

They are implicated in the modulation of multiple signal-
ing pathways resulting in several important bioactivities
including vasodilation, inhibition of inflammation, and inhi-
bition of platelet activation and function.' In addition, these
nitrated unsaturated fatty acids are among the most potent
endogenous ligand activators of peroxisome proliferator-
activated receptor-y (PPARy), a nuclear receptor involved in
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FIGURE 1. Structure of representative nitro-fatty acids: natural
(E)-10-nitrolinoleic and (E)-10-nitrooleic acids. Synthetic (E)-13-
nitrooctadec-12-enoic and (E)-12-nitrooctadec-12-enoic acids.

the transcription of genes associated with carbohydrate and
lipid homeostasis, cellular differentiation, and inflammation.’
PPARy is, therefore, the biological target of antidiabetic
type 2 drugs, such as rosiglitazione, pioglitazone. and
troglitazone.

In 2009, Morrow and co-workers carried out a structure—
activity relationship study on a series of O,N-FAs, aimed
at finding the best ligand for PPARy activation.* They found
that synthetic (E)-13-nitrooctadec-12-enoic acid (3) and,
even better, (E)-12-nitrooctadec-12-enoic acid (4) were the
most potent ligands for PPRy, showing ICs, values of 190
and 39 nM, respectively. These potencies were, thus, higher not
only than endogenous 1 (ICsy 220 nM)>* and 2 (ICs, 980 nM),
but even than rosiglitazone itself (ICso 250 nM).>°

The importance of O,N-FAs as signaling molecules has
stimulated the development of different synthetic routes,
whose high efficiency and stereoselectivity were the main
goals. Indeed, the high electrophilic nature of the nitroolefin
moiety, which is highly vulnerable to Michael addition even
under physiologically aqueous conditions, seriously jeopar-
dizes any synthetic approach to O,N-FAs. In particular, one
of the last key steps, involving the hydrolysis of an ester
group, has often been marred by low yields.® For example,
methyl esters of nitro-fatty acids depicted in Figure 1 were
uncleaved by prolonged exposure to 1 M NaOH at room
temperature, while they suffered severe decomposition at
higher temperatures.’ Similarly, methyl ester cleavage by
trimethyliodosilane in refluxing MeCN met with no success.
On the other hand, acidic hydrolysis of the same esters in
6 N HCI at reflux delivered desired nitro-fatty acids only in
modest yields.*’

(3) (a) Willson, T. M.; Brown, P. J.; Sternbach, D. D.; Henke, B. R.
J. Med. Chem. 2000, 43, 527. (b) Henke, B. R. J. Med. Chem. 2004, 47,4118.
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SCHEME 1. Comparison of Synthetic Approaches to the Potent
PPARy Activator O,N-FA 4
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To surmount the difficulties associated with the hydrolytic
step, D’Ischia and collaborators,® as well as Branchaud and
collaborators,® replaced the methyl esters with the corre-
sponding allyl derivatives, which were smoothly cleaved by
using Pd(0) complexes. This procedure required, however,
a longer number of steps, resulting in lower overall yields.
Very recently, acid 1 was obtained in a good yield of 73% by
enzymatic hydrolysis of the corresponding methyl ester in
a phosphate buffer; however, despite the high enzyme—
substrate ratio (25:1), hydrolysis of the ester was incomplete.>

In this paper, we describe a very efficient preparation of
O,N-FA 4 along with a new procedure for the enzymatic
cleavage of methyl esters under “buffer-free” conditions.
Nitrated fatty acid 4 was prepared by Morrow et al. from
commercially available methyl 11-bromoundecanoate (5), in
eight steps and 4.8% overall yield.* Notably, our approach
delivered, instead, compound 4 in only four steps and 50%
overall yield from commercially available 2-nitrocyclodode-
canone (6) (Scheme 1).

Key features of our synthetic route comprise (i) a new
efficient protocol for the preparation of nitro alcohol 7, (ii) a
stereoconvergent dehydration of alcohol 7 to give nitroolefin 9,
(ii1) a smooth enzymatic cleavage of methyl ester 9 to afford
acid 4.

Indeed, one-pot consecutive nitroaldol addition (Henry
reaction) of 2-nitrocyclododecanone 6 to hexanal (3 equiv),
followed by retro-Claisen ring cleavage, promoted by aqueous
K,CO3 (2 equiv) at 35 °C, smoothly afforded the correspond-
ing hydroxy-nitro acid 8 as a mixture of stereomers (Scheme 2).

The only other example of consecutive reactions of this
kind was documented by Ballini and collaborators in 1997.
Indeed, with formaldehyde as the electrophilic partner of the
anions of different 2-nitrocycloalkanones, the corresponding
2-nitro-1,3-diol-w-alkanoic acids were produced via a double
aldol addition.” The authors also nicely clarified the mecha-
nism of this synthetic sequence;'® however, the same reaction
with other aldehydes has not been explored so far.

Direct esterification of crude acid 8 with diazomethane in
dichloromethane delivered methyl ester 7 in 70% isolated

(8) Woodcock, S. R.; Marwitz, A. J. V.; Bruno, P.; Branchaud, B. P. Org.
Lett. 2006, 8, 3931.

(9) Ballini, R.; Barboni, L.; Pintucci, L. Synlett 1997, 1389. For a review
on 2-nitrocycloalkanones chemistry, see: Ballini, R. Synlett 1999, 1009.

(10) Ballini, R.; Papa, F.; Abate, C. Eur. J. Org. Chem. 1999, 87290.
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SCHEME 2. High-Yield Synthesis of Nitro-Fatty Acid 4
(TFAA, trifluoroacetic anhydride; CAL-B, Candida antartica
lipase B; DCM, dichloromethane; MTBE, methyl zert-butyl ether)
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yield over two steps. Subsequently, we tried to obtain the
methyl ester 7 directly from 2-nitrocycloalkanone 6 and
hexanal by substituting H,O with MeOH as the solvent of
the nitroaldol—retro-Claisen reaction sequence, according
to a previous report by Ballini and collaborators.!' However,
for still unclear reasons, substrate 6 was recovered unchanged.
Subsequently, the mixture of stereomers 7 was converted
to the sole (E)-nitroolefin 9 in 80% isolated yield via E,
elimination of the corresponding trifluoroacetates, prepared
in situ by exposing 7 to trifluoroacetic anhydride and Et;N in
DCM at 0 °C."? The desired E-configuration of nitroolefin 9
was firmly established by the characteristic 'H NMR signal
for the olefinic proton (triplet at ¢ 7.07 ppm, J = 7.9 Hz).*

To unmask the methyl ester 9, we imagined a new mild
enzymatic procedure. In fact, the expected pK, of the car-
boxylic acid product'® suggested to us that the medium
would remain only slightly acidic throughout the reaction,
thus avoiding enzyme inactivation. Moreover, using a pH
“insensitive” enzyme, such as lipase B from Candida antarctica
(CAL-B),'* hydrolysis could proceed in an organic solvent,
containing only the minimum amount of H,O necessary to
cleave intermediate acyl enzyme.'” In fact, the Gibbs free
energy difference between reactants and products in lipase-
catalyzed reactions is quite small; therefore, a clever change
of the reaction environment allows the equilibrium position
to be readily shifted to either direction.'® Moreover, we
anticipated to apply this mild protocol to substrates, such
as ester 9 (vide infra), sensitive not only to basic or acidic

(11) (a) Ballini, R.; Petrini, M. Synth. Commun. 1986, 16, 1781. (b) Ballini,
R.; Petrini, M.; Polzonetti, V. Synthesis 1992, 355. (c) Ballini, R.; Bosica, G.;
Gigli, F. Tetrahedron 1998, 54, 7573.

(12) Denmark, S. E.; Senanayaket, C. B. W. J. Org. Chem. 1993, 58, 1853.

(13) The pK, for oleic acid, a structure closely related to acid 4, is 5.02:
Nyren, V.; Back, E. Acta Chem. Scand. 1958, 12, 1305. However, it should be
pointed out that for medium- and long-chain fatty acids, the pK, values
increase to higher apparent values (pK,**?) because of self-association; thus,
the pK,*"" value of oleic acid, determined by titration, was reported to be
9.85: Kanicky, J. R.; Shah, D. O. J. Colloid Interface Sci. 2002, 256, 201. The
pK, of PGE,; is 4.9—5.0, and pK, of PGF,, is 4.9: Stehle, R. G. Methods
Enzymol. 1982, 86,436 and Roseman, T.J.; Yalkowsky, S. H. J. Pharm. Sci.
1973, 62, 1681, respectively.

(14) CAL-B is a protein with a strong rigid structure, which presents
relatively high stability with the pH of an aqueous solution ranging from 3.5
to 9.5: (a) Uppenberg, J.; Hansen, M. T.; Patkar, S.; Jones, T. A. Structure
1994, 2, 293. (b) Patkar, S. A.; Bjerking, F.; Zundel, M.; Schlein, M.;
Svendesen, A.; Heldt-Hansen, H. P.; Gormsen, E. Indian J. Chem. 1993,
32B,76.(c) Kirk, O.; Christensen, M. W. Org. Process. Res. Dev. 2002, 6, 446.

(15) (a) Klibanov, A. M. Nature 2001,409,241. (b) For the role of water in
CAL-B catalysis, see: Branco, R. J. F.; Graber, M.; Denis, V.; Pleiss, J.
ChemBioChem 2009, 10, 2913.

(16) Halling, P. J. Enzyme Microb. Technol. 1984, 6, 513.
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SCHEME 3. General Application of CAL-B-Mediated
Enzymatic Hydrolysis of a Few Labile Natural Product (NP)
Methyl Esters
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hydrolytic conditions but even to a neutral medium. In the
event, after a few preliminary experiments, exposure of ester
9 to CAL-B (9/CAL-B 5:1 w/w) in MTBE, in the presence of
H>0 (50 equiv), afforded, after 18 h at 35 °C, the desired acid
4 in 90% isolated yield as a single E-stereomer (NMR
spectra). MTBE was revealed to be the solvent of choice
for the reaction of ester 9 since in dichloromethane conver-
sion to 4 was very low (40%), while in THF, acid 4 was
formed in merely 30% isolated yield, contaminated by an
unidentified side product.

Carboxylic acids are usually protected as methyl esters,
thanks to the easy formation, little steric hindrance, and
clear NMR spectra of these derivatives.!” Thus, to prove its
reliability, our buffer-free procedure was employed to cleave
a methyl ester group in the last step of the synthesis of a few
labile natural products.'®

In the event, prostaglandin-E, (10), isoprostane-A, (11),
preclavulone-A (12), isoprostane-E,, (13), phytoprostanes-
B, type I (14) and type II (15), prostaglandin-F», (16), and
(E)-10-nitrooleic acid 2 were produced as free acids in high
isolated yields upon treatment of the corresponding methyl
esters with CAL-B (5:1 ratio, w/w) in MTBE—H,0 (50 equiv)
for 18 h at 35 °C (Scheme 3). Compared with existing
approaches to 10, 13, and 2, this method clearly performed
much better, affording PGE, (10) in 95% yield vs 60%,""
iSOPGE,, (13) in 92% yield vs 50%,'°® and nitrooleic acid (2)
in 98% vyield vs 42%.”

(17) (a) Greene, T. W.; Wuts, P. G. M. Protecting Groups, 3rd ed.; Georg
Thieme Verlag: Stuttgart, 2005. (b) Kocienski, P. J. Protecting Groups in
Organic Synthesis, 4th ed.; Wiley and Sons: New York, 2006.

(18) For the use of CAL-B—buffer system for methyl ester deprotection, see:
Barbayianni, E.; Fotakopoulou, I.; Schmidt, M.; Constantinou-Kokotou, V.;
Bornscheuer, U. T.; Kokotos, G. J. Org. Chem. 2005, 70, 8730-8733. and
references therein. To the best of our knowledge, there is only one report of
lipase-mediated hydrolysis of a methyl ester, namely, methyl oleate, using water
and tri-n-butyl phosphate as organic solvent: Charton, E.; Macrae, A. R.
Enzyme Microb. Technol. 1993, 15, 489. Lye et al., to validate the use of CAL-B
for enzymatic resolution in ionic liquid, performed an experiment in buffer-free
conditions, namely, without pH control: Roberts, N. J.; Seago, A.; Carey, J. S.;
Freer, R.; Preston, C.; Lye, G. J. Green Chem. 2004, 6, 475.

(19) (a) Sih, C. J.; Heather, J. B.; Sod, R.; Price, P.; Peruzzotti, G.; Lee,
H. L. F.; Lee, S. S. J. Am. Chem. Soc. 1975, 97, 865. (b) Rodriguez, A. R.;
Spur, B. W. Tetrahedron Lett. 2002, 43, 9249.
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This scenario was even more intriguing considering the
two phytoprostanes 14 and 15 which, indeed, occur in nature
as free carboxylic acids. It is, thus, quite surprising that the
“total synthesis” of phytoprostanes 14 and 15 has been claimed
by all authors achieving, instead, only the methyl ester pre-
cursors,”’ possibly due to difficulties encountered in the final
hydrolytic step. Actually, the biological activity of the esters
may be quite different from the free acids, due to likely inter-
actions of the carboxylic group with biomolecules.

According to our novel procedure, the two phytoprostanes
14 and 15 were obtained, for the first time, from correspond-
ing methyl esters in gratifying 90 and 87% isolated yields,
respectively. The "H and '*C NMR spectra were consistent
with literature.?!

In summary, we have described a very efficient route to the
potent PPARy partial agonist (E)-12-nitrooctadec-12-enoic
acid 4, requiring only four steps and proceeding in 50%
overall yield. This new synthesis of compound 4 was about
10 times more efficient than that reported in literature, which
proceeded in eight steps and in 4.8% overall yield.* A one-
pot Henry—retro-Claisen ring cleavage and a high yield,
buffer free, CAL-B-mediated enzymatic methyl ester clea-
vage are the salient features of our approach to 4. Extending
this extremely mild hydrolysis procedure to other methyl
esters, we obtained phytoprostanes 14 and 15 for the first
time as the naturally occurring free acids. The merits of the
new enzymatic procedure are especially valuable with labile
substrates under standard hydrolytic conditions.

Experimental Section

Methyl 13-Hydroxy-12-nitrooctadecanoate (7). To a stirred
solution of K,COj3 (605 mg, 4.4 mmol) in H,O (7.5 mL) were
added, in the order, hexanal (0.8 mL, 6.6 mmol) followed by
2-nitrocyclododecanone (500 mg, 2.2 mmol). The reaction was
stirred at 35 °C for 18 h, then diluted with H,O (30 mL), and
quenched at rt with 3 M HCI (1.5 mL, 4.62 mmol). The solution
was extracted with EtOAc (3 x 10 mL), and the combined organic
layers were dried on anhydrous Na,SO,4 and concentrated under
vacuum. The crude product was dissolved in CH,Cl, (25 mL)
and treated with an ethereal solution of CH,N, at 0 °C until a
pale yellow color persisted. The mixture was concentrated under
vacuum to give a crude product which was purified on silica gel.
Elution with 9:1 hexane—EtOAc (R = 0.30) gave 7 (554 mg
70%) as a colorless oil: '"H NMR (300 MHz, CDCl5) 6 0.90 (3H,
brt, J = 6.8 Hz), 1.25—1.85 (26H, m), 2.00—2.20 (1H, m), 2.30
(2H, t, J = 7.4 Hz), 3.65 (3H, s), 3.85 (0.5H, m), 4.05 (0.5H m),
4.50 (1H, m); '*C NMR (75 MHz, CDCl5) 6 174.4 (s), 92.9 (d),
92.3(d), 72.4(d), 72.0 (d), 51.4 (q), 34.1 (t), 33.5 (1), 33.1 (1), 31.5
(t), 31.4 (1), 30.4 (t), 29.3 (1), 29.1 (t), 29.1 (t), 28.9 (1), 28.9 (1),
27.9 (1), 25.9 (1), 25.6 (1), 25.3 (1), 24.9 (1), 22.5 (1), 13.9 (q); IR
(CH,Cl,) 3448, 2928, 2856, 1739, 1549, 1438, 1364, 1173 cm™;
HRMS C;9H3,NOs5 caled 359.2672, found 359.2683.

(E)-Methyl 12-Nitrooctadec-12-enoate (9). Trifluoroacetic
anhydride (0.305 mL, 2.19 mmol) was added to a solution of
nitro-alcohol 7 (750 mg, 2.09 mmol) in dry CH,Cl, (30 mL)
under Ar, followed by the addition of Et;N (0.62 mL, 4.4 mmol)
dropwise at 0 °C. The reaction was allowed to reach room
temperature and after 4 h was quenched with aqueous saturated
NH4CI (10 mL). The mixture was diluted with CH,Cl, (50 mL),

(20) (a) Védzquez-Romero, A.; Cdrdenas, L.; Blasi, E.; Verdaguer, X.;
Riera, A. Org. Lett. 2009, 11, 3104 and references therein. (b) Perlikowska,
W.; Mikolajczyk, M. Synthesis 2009, 2715.

(21) Thoma, I.; Krischke, M.; Loeffler, C.; Mueller, M. J. Chem. Phys.
Lipids 2004, 128, 135.
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and the two layers were separated. The aqueous layer was extrac-
ted with CH,Cl, (3 x 10 mL), and the organic phases were
combined, washed with brine, and dried over Na,SO,. Solvent
removal under vacuum afforded a crude residue which was
purified by column chromatography on silica gel. Elution with
95:5 hexane—EtOAc (R, = 0.28) delivered ester 9 (450 mg, 80%)
as a colorless oil: 'H NMR (300 MHz, CDCl5) 6 0.90 (3H, br t),
1.25—1.70 (16H, m), 1.45 (4H, m), 1.60 (2H, m), 2.25 (2H, dt,
J1=74Hz,J, =17.7Hz),2.352H,t,J =74 Hz),2.60 (2H, t,
J =173 Hz), 3.65 (3H, s), 7.07 (1H, t, J = 7.9 Hz); *C NMR
(75 MHz, CDCl3) 6 174.3 (s), 151.9 (s), 136.3 (d), 51.4 (q), 34.1
(1), 31.5 (1), 29.4 (1), 29.3 (1), 29.2 (1), 29.1 (1), 28.2 (1), 27.9 (1),
27.9 (1), 26.3 (t), 24.9 (1), 22.4 (1), 13.9 (q); IR (CH,Cl,) 2928,
2855, 1740, 1522, 1336, 1198, 1171 cm ™ '; ESI-MS calcd for CoHss-
NO, 341.26 [M], found 342.3 [(M + H)", 65], 359.3 [(M +
H,0)™, 25], 705.2 [(2M + Na)™, 100]; HRMS C9H35NO, calcd
341.2566, found 341.2571.

Representative Procedure of Methyl Ester Enzymatic Hydro-
lysis: (E)-12-Nitrooctadec-12-enoic acid (4). Nitro-acid methyl
ester 9 (200 mg, 0.58 mmol) was dissolved in HPLC grade
MTBE (40 mL), and HPLC grade H->O (0.53 mL, 29 mmol)
was added. To the resulting stirred solution was added solid-
supported CAL-B (40 mg), and the suspension was gently stirred
at 35 °C for 18 h. The enzyme was filtered off over a sintered
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glass funnel, and the solid was carefully washed with MeCN—
MTBE (1:1, 4 x 15 mL). Filtrates were collected and evaporated
under vacuum (CAUTION.: without heating); silica gel column
chromatography (7:3 hexane—EtOAc, R, = 0.25) of the residue
afforded pure acid 4 (171 mg, 90%): '"H NMR (300 MHz,
CDCl;) 6 0.90 (3H, t, J = 6.8 Hz), 1.30 (16H, m), 1.50 (4H,
m), 1.65 (2H, m), 2.25 (2H, dt, J; = 7.4 Hz, J, = 7.7 Hz), 2.45
(2H, brt), 2.60 (2H, t, J = 7.3 Hz), 7.06 (1H, t, J = 7.9 Hz); '*C
NMR (75 MHz, CDCl3) 6 151.7 (s), 136.2 (d), 31.3 (t), 29.2 (¢t),
29.1 (1), 29.0 (1), 28.9 (1), 28.0 (t), 27.8 (1), 27.7 (1), 26.1 (1),
24.5 (1), 22.2 (1), 13.7 (9); IR (CH,Cl,) 2927, 1710, 1520, 1460,
1336, 1112, 725 ecm™'; LCMS m1/z 326.6 [(M — H) ", 22], 653.6
[2M — H) ", 100], 350.3 [(M + Na)*, 25], 677.2 [2M + Na)™,
100], 693.3[(2M + K)*, 40]; HRMS C3H33NO4 caled 327.2410,
found 327.2422.
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