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ABSTRACT: Niobium (V) ethoxide [Nb(OC,H;);] catalyzed
the rearrangement of methyl 13(S)-hydroperoxy-9(2),11(E)-oc-
tadecadienoate (Me-HPODE) to epoxy hydroxy isomers. At low
temperature (5°C) in aprotic solvent, Me-HPODE was converted
to the diastereomeric o, B-epoxy alcohols, methyl 11(R,9),
12(R,5)-epoxy-13(5)-hydroxy-9(2)octadecenoate. These prod-
ucts are referred to as oxylipids and structurally resemble those
obtained from the vanadium- and epoxygenase-catalyzed re-
arrangement of Me-HPODE but are distinct from products ob-
tained from ferrous iron-, hematin-, and hemoglobin-catalyzed
rearrangements. Because the product of the niobium-catalyzed
rearrangement of Me-HPODE was predominantly the erythro
diastereomer, the rearrangement is distinguished from that pro-
duced by a titanium catalyst, in which the threo diastereomer
[methyl 11(R), 12(R)-epoxy-13(S)-hydroxy-9(2)-octadecenoate]
predominates, and from that produced by a vanadium catalyst,
in which both diastereomers are produced in equal proportion.
The synthesis of alcohol epoxide by Nb(OC,H:), was inhibited
by traces of water, but inclusion of molecular sieves in the re-
action medium did not improve yield, as the alcohol epoxide
rearranged to ketonic materials.
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Soybean lipoxygenase (LOX) catalyzes the addition of oxy-
gen to linoleic acid to form 13(S)-hydroperoxy-9(2),11(E)-
octadecadienoic acid (HPODE, Scheme 1). This hydroperox-
ide and those of other fatty acids are converted to epoxy alco-
hols by chemical and biological catalysts. Two major
pathways of conversion are known and shown in Scheme 1.
Pathway I is promoted by strong acid, ferrous iron, hematin,
hemoglobin, and by enzymic catalysts from a variety of
sources (1-9). Two of the epoxy alcohols from pathway I
have been specially termed “hepoxilins” and have been
shown to have biological activity in mammalian systems
(7,10). Pathway II is promoted by salts of vanadium, hy-
droperoxide isomerase, and peroxygenase (11-14). These
epoxy alcohols are termed “oxylipids,” and some oxylipids
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and their hydrolysis products are known to have biological
activity in plants (14). Prior work showed that vanadium oxy-
acetylacetonate rearranged the methyl ester of HPODE (Me-
HPODE) to methyl 11,12-epoxy-13-hydroxyoctadeca-
dienoate (Me-11,12-EHODE, Scheme 1), with both diastere-
omers (erythro and threo) being formed in equal amounts
(11). Recently, this laboratory studied the rearrangement
of Me-HPODE by titanium (IV) isopropoxide; the pre-
dominant methyl ester formed was the threo isomer: methyl
11(R),12(R)-epoxy-13(S)-hydroxy-9(Z)-octadecenoate (15).
As part of our continuing investigations of metal ion-cat-
alyzed rearrangement of Me-HPODE, we have investigated
the effect of niobium (V) ethoxide [Nb(OC,Hj)s]. Niobium
is known to catalyze a wealth of chemical transformations
(16). Previous work has shown that niobium complexes can
catalyze epoxidation of double bonds with an external oxi-
dant, such as fert-butyl hydroperoxide (17). Other work has
shown that niobium coordinates with hydrogen peroxide, and
it is reasonable to speculate that niobium might also coordi-
nate with the hydroperoxide HPODE, and that such coordina-
tion would sufficiently polarize the hydroperoxide to lead to
rearrangement (18,19). This study is part of a continuing ef-
fort to find novel methods of conversion of common fats and
oils to more reactive and polar materials. Increased reactivity
allows these materials to chemically interact with other com-
ponents in a complex mixture, and increased polarity causes
these materials to become partially water-soluble, which al-
lows them to be components of water-based formulations
with low levels of volatile organics.
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MATERIALS AND METHODS

Materials. Soybean (Glycine max L. Merr.) LOX (Lipoxi-
dase, Type 1-B) and linoleic acid were purchased from Sigma
(St. Louis, MO). Niobium (V) ethoxide [Nb(OC,Hj5)s], tita-
nium (IV) isopropoxide [Ti(O-i-Pr),], and molecular sieves,
3A, 4-8 mesh, were purchased from Aldrich (Milwaukee,
WI). Dichloromethane (Burdick & Jackson, Muskegon, MI)
was placed over molecular sieves and was stored under a ni-
trogen atmosphere. Water was purified to a resistance of 18
mQ-cm in a Barnstead (Dubuque, IA) NANOpure system.
All other reagents were of the highest purity available.

Me-HPODE formation. Linoleic acid (80 mg) was placed
in a 125-mL Erlenmeyer flask, along with 80 mL 0.2 M bo-
rate buffer, pH 9.0. The flask was packed in ice and stoppered
with a rubber septum. The contents were stirred gently for 30
min while oxygen was slowly sparged into the buffer through
a metal syringe needle. Four 50-uL aliquots of a LOX solu-
tion (32 mg/mL) in borate buffer were added at 30-min inter-
vals during which oxygen sparging was continued. The pH of
the reaction medium was lowered to 3 with 1 M HCI, and
HPODE was extracted with 2 x 50 mL diethyl ether. The di-
ethyl ether was dried over potassium sulfate, and the diethyl
ether was removed under a stream of nitrogen. HPODE was
dissolved in 5 mL CH,Cl, and reacted with diazomethane to
give Me-HPODE, and the solvent was removed under a
stream of nitrogen.

Niobium and titanium treatments. Additions of solvent and
catalyst to Me-HPODE were made in a nitrogen glove box.
Me-HPODE (19 mg, 58 umol) was dissolved in 3.95 mL
CH,CI, in a 10-mL Erlenmeyer flask, equipped with a 19/22
ground glass joint. The solution was cooled in dry ice, and 69
uL (34 pmol) Nb(OC,Hs)5 dissolved in CH,Cl, was added.
After tightly stoppering the Erlenmeyer flask, it was removed
from the nitrogen atmosphere and was agitated for 4 h at 5°C,
unless otherwise indicated. After adding 320 uL water, the
reaction mixture was diluted with 25 mL diethyl ether. The
organic layer was washed with water (4 X 20 mL) and dried
over potassium sulfate, and the ether was removed under a
stream of nitrogen.

Me-HPODE (19 mg, 58 pmol) was treated with titanium
in a manner identical to the niobium reaction, except that 88
uL (37 umol) Ti(O-i-Pr), in CH,Cl, was used, and the reac-
tion mixture was agitated for 1 h at 5°C.

High-performance liquid chromatography (HPLC). Reac-
tion products were separated on a Lichrosorb 5u diol HPLC
column (250 x 10 mm) (Phenomenex, Torrance, CA), in-
stalled on a Waters (Milford, MA) LCM1 HPLC instrument.
The instrument was equipped with a Waters 996 photodiode
array detector in tandem with a Varex evaporative light-scat-
tering detector MK III (Alltech, Deerfield, IL), operated at a
temperature of 55°C, and with N, as the nebulizing gas at a
flow rate of 1.5 L/min. The mobile phase gradient was
hexane/isopropanol (98:2) to (96:4) by means of a 28-min lin-
ear gradient. The flow rate was 2 mL/min.

Gas chromatography—mass spectrometry (GC-MS). Sam-
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ples were analyzed before and after treatment with N,O-
bis(trimethylsilyl) trifluoroacetamide (BSFTA, Pierce, Rock-
ford, IL). Mass spectra were obtained on a Hewlett-Packard
(HP) (Wilmington, DE) 5890 Series II Plus gas chromato-
graph, equipped with an HP 5972 mass-selective detector,
which was set to scan from m/e 10 to 600 at 1.2 scans/s. A
capillary column (HP-5MS, 30 m X 0.25 mm), coated with
0.25 um 5% cross-linked phenyl methyl silicone, was used to
separate the products. The oven temperature was increased
from 80 to 230°C at 10°C per min. The injector port tempera-
ture was 230°C, and the detector transfer line temperature
was 240°C.

Nuclear magnetic resonance (NMR) spectrometry. Spectra
were obtained on a Varian Unity Plus 400 MHz NMR spec-
trometer in either 99 atom-% p-dioxane-dg or 99.6 atom-%
benzene d, (Cambridge Isotope Labs, Woburn, MA). Typical
acquisition conditions for the proton spectra were 9,600 data
points; 4 kHz spectral width; 2.2 s recycle time. For carbon
spectra, typical acquisition conditions were 60,000 data
points; 25 kHz spectral width, 21.7 s recycle time. The 90°
pulse was measured for both proton and carbon spectra prior
to acquisition. All spectra were recorded at 30°C.

RESULTS AND DISCUSSION

Identification of reaction products. Figure 1A shows the
HPLC elution profile of Me-HPODE. Figure 1B shows the
profile after treating Me-HPODE with Nb(OC,Hs)5. Major
product a, isolated by semipreparative HPLC, accounted for
approximately 71% of the total product and was determined
to be an o, B-epoxy alcohol with an erythro configuration.
After formation of the (CH,),Si derivative of a, its mass spec-
trum showed ions at m/z 383 (M — 15), 327 (M - 71), 270
[M — 128; rearrangement with expulsion of -CO-CH(O-)-
(CH,),-CH,] (12) and 173 [(CH,),SiO*=CH-(CH,),-CHj,].
The ultraviolet/visible (UV/VIS) spectrum showed end ab-
sorbance below 210 nm. Thus, the data show that compound
a is a monounsaturated 18-carbon epoxy alcohol methyl ester
with the hydroxyl group at C-13.

The neat infrared spectrum of product a showed a broad
band centered at 3475 cm™' (hydrogen-bonded hydroxyl),
1739 cm™ (ester carbonyl), and 892 cm™! (trans epoxide). No
absorption band appeared in the region of 900-1000 cm™!,
excluding the presence of trans double bond(s) (20).

Important signals in the decoupled '*C NMR (C¢Dg, 100
MHz) spectrum of product a are & 51.4 (C-12), 51.6 (OCH,),
63.1 (C-11), 69.5 (C-13), and 174.1 [C(O)OCH,]. The sol-
vent signal partially obscured those from the double-bond
carbons. Thus, the Bc NMR spectrum was also obtained in
C,D;0, to obtain the carbon signals for the double bond: &
129.5 (C-10) and 137.5 (C-9). Because there are only two sig-
nals for the epoxide carbons, two signals for the double bond
carbons, and one signal for the alcoholic carbon, product a is
predominantly one structural isomer.

As shown in Table 1, important signals in the "H NMR
(Cy¢Dg, 400 MHz) spectrum of product a are 6 2.97 (¢, J = 3.0
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FIG. 1. Normal-phase high-performance liquid chromatography (HPLC)
analyses of the action of Nb(OC,H;); on methyl 13(5)-hydroperoxy-
9(2),11(E)-octadecadienoate (Me-HPODE). (A) Me-HPODE prior to re-
action. (B) Reaction products; a, methyl 11(5),12(5)-epoxy-13(5)-hy-
droxy-9(2)-octadecenoate (erythro Me-11,12-EHODE); b, Me-HPODE;
¢, methyl 11(R),12(R)-epoxy-13(S)-hydroxy-9(2)-octadecenoate (threo
Me-11,12-EHODE).

Hz, 1H, H-12), 3.84 (br s, 1H, H-13), 4.02 (dd, J = 1.6, 8.8
Hz, 1H, H-11), 5.44 (dd, J=9.9, 10.0 Hz, 1H, H-10), 5.80 (dt,
J =77, 11.2, 1H, H-9). The coupling constant J,_,, was
10.0-11.2 Hz, indicating that the double bond is in the cis
configuration: J = 5-14 Hz for cis protons and 12-18 Hz for
trans protons (21). The coupling constant J,;_;, was 1.6-3.0
Hz, establishing that the configuration of the epoxide group is

TABLE 1
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trans: J = 4.3 Hz for cis and 2.1-2.4 for trans (21). The coupling
constant J,,_,5 is 3.0 Hz, indicating that the relationship be-
tween the adjacent protons of the alcohol and the epoxide is ery-
thro: J =5 Hz for threo and 3.25 Hz for erythro (22). In support
of the erythro assignment, H-13 resonates at 3.84 ppm: 3.8 + 1
ppm for erythro and 3.5 = 1 ppm for threo (23).

Based on all data, we concluded that the stereochemical
structure of product a is erythro Me-11,12-EHODE (Scheme 1):
methyl 11(S),12(S)-epoxy-13(S)-hydroxy-9(Z)-octadecenoate.

Peak b in Figure 1 was determined to be unreacted
Me-HPODE and had the characteristic absorbance maximum
at 234 nm.

Minor product ¢ accounted for 9% of the total product and
was determined to be an o, B-epoxy alcohol with a threo con-
figuration. The mass spectrum and neat infrared spectrum of
product ¢ were identical to those given by product a.

Important signals in the decoupled '*C NMR (C¢Dg, 100
MHz) spectrum of product ¢ are 8 51.6 (OCH,), 52.8 (C-12),
63.7 (C-11), 71.6 (C-13), and 174.0 [C(O)OCH,]. The sol-
vent signal partially obscured those from the double bond car-
bons. Thus, the Bc NMR spectrum was also obtained in
C,D40, to give the signals for the double bond: 8 129.4
(C-10) and 137.5 (C-9). Because there are only two signals
for the epoxide carbons, two signals for the double bond car-
bons, and one signal for the alcoholic carbon, product ¢ is pre-
dominantly one structural isomer.

As shown in Table 1, important signals in the decoupled
'"H NMR (C¢Dg, 400 MHz) spectrum of product ¢ are & 2.97
(dd, J =2.0,4.2 Hz, 1H, H-12), 3.60 (br s, 1H, H-13), 3.89
(dd, J =24, 8.8 Hz, 1H, H-11), 5.39 (dd, J = 9.0, 10.9 Hz,
1H, H-10), 5.80 (dt, J = 7.7, 10.8 Hz, 1H, H-9). The coupling
constant Jg_;, was 10.8-10.9 Hz, demonstrating that the dou-
ble bond is in the cis configuration: J = 5-14 Hz for cis pro-
tons and 12—18 Hz for trans protons (20). The coupling con-
stant J|,_,, was 2.0-2.4 Hz, demonstrating that the configura-
tion of the epoxide group is trans: J = 4.3 Hz for cis and
2.1-2.4 Hz for trans (21). The coupling constant J, 5 is 4.2
Hz, indicating that the relationship between the adjacent pro-
tons of the alcohol and the epoxide is threo: J = 5 Hz for threo
and 3.25 Hz for erythro (22). An analogous coupling constant
reported for the threo derivative of an alcoholic epoxide de-

Diagnostic "H Nuclear Magnetic Resonance Chemical Shifts and Coupling Constants of Products a and c

Chemical shift (3) Number of protons Appearance Assignment Coupling constant (Hz)
Product a
2.97 TH t H-12 1112, 1213 = 3.0
3.84 1H brs H-13
4.02 TH dd H-11 Jio1 =88, J1.12=1.6
5.44 H dd H-10 Jo10=10.0, /411 = 9.9
5.80 H dt H-9 Joo=77,Jo10=11.2
Product ¢
2.97 TH dd H-12 Ji10=2.0, Jiy 43 = 4.2
3.60 1H brs H-13
3.89 H dd H-11 Jro11 = 88, Jy1_1p = 2.4
5.39 H dd H-10 Jo10=10.9, J;41, = 9.0
5.80 H dt H-9 Joo=7-7,Jo10=10.8
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FIG. 2. Normal-phase HPLC analyses to compare the products obtained
with Nb(OC,H;); and Ti(O-i-Pr),. (A) Major product from Nb(OC,H)s,
methyl 11(5),12(S)-epoxy-13(S)-hydroxy-9(2)-octadecenoate (erythro Me-
11,12-EHODE); (B) major product from titanium (IV) isopropoxide
[Ti(O-i-Pr),], methyl 11(R),12(R)-epoxy-13(S)-hydroxy-9(2)-octade-
cenoate (threo Me-11,12-EHODE).

rived from the action of the fungus Saprolegnia parasitica
upon arachidonic acid was 4.5 Hz (24). In support of the threo
assignment, H-13 resonates at 3.60 ppm: 3.8 + 1 ppm for ery-
thro and 3.5 + 1 ppm for threo (23).

Based on all data, we concluded that the stereochemical
structure of product ¢ is threo Me-11,12-EHODE (Fig. 1):
methyl 11(R),12(R)-epoxy-13(S)-hydroxy-9(Z)-octadecenoate.

Comparison of niobium and titanium catalysts. Shown in
Figure 2 is a comparison of the reaction products from reac-
tions of Nb(OC,Hs)5 and Ti(O-i-Pr), on Me-HPODE. Both
reactions were conducted at the same time with the same
batch of Me-HPODE. As before, Nb(OC,Hs)s produced
mostly erythro Me-11,12-EHODE (Fig. 3A). Although the
major peak given by Ti(O-i-Pr), eluted at a position nearly
identical to Me-HPODE (Fig. 3B), the product was easily dis-
tinguished from Me-HPODE by the lack of absorbance at 234
nm. This product was determined to be threo Me-11,12-
EHODE and had spectral characteristics as described earlier
(15).

Influence of water on product formation. Epoxy alcohol
formation by Nb(OC,Hs)5 was found to be more sensitive to
the presence of trace amounts of water than formation by

JAOCS, Vol. 75, no. 8 (1998)
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FIG. 3. Time course of stability of methyl 11(S),12(9)-epoxy-13(5)-hydroxy-
9(2-octadecenoate (erythro Me-11,12-EHODE), formed by Nb(OC,H,).
in the absence (@) and presence (M) of 3A molecular sieves (0.6 g). The
data are the means of three and four determinations, respectively.

Ti(O-i-Pr),. As was shown previously with Ti(O-i-Pr), as a
catalyst, alcohol epoxide formed even in the presence of
water (15). However, when sufficient water was present, only
triol product was detected, demonstrating that the epoxide
group was hydrolyzed after its formation. With Nb(OC,Hjs)s
as catalyst and trace amounts of water present, either no reac-
tion occurred or Me-HPODE was reduced to form the corre-
sponding alcohol without concomitant epoxide formation.
Several steps were taken to overcome this problem: Water
was removed from CH,Cl, by placing it over activated mole-
cular sieves, Me-HPODE was dried as outlined in Materials
and Methods, CH2C12 and catalyst solutions were stored in a
nitrogen dry box, and reaction mixtures were prepared under
nitrogen. When these precautions were taken, failure of alco-
hol epoxide formation was usually caused by traces of water
that remained in the Me-HPODE preparation, and it was
sometimes necessary to measure out an aliquot of a solution
of Me-HPODE and redry it under a stream of nitrogen.

The addition of molecular sieves to the reaction mixture
as a precaution against contamination by water was tested. As
shown in Figure 3, rather than enhancing conversion, the
presence of molecular sieves in the reaction medium pro-
moted the loss of erythro Me-11,12-EHODE; it decomposed
to materials that eluted close to the solvent front in HPLC.
These materials have not been completely characterized, but
UV/VIS absorbance spectra and mass spectra indicate that
these materials are fatty ketones. Also shown in Figure 3 is
the time course of reactions conducted without molecular
sieves; over the time of the experiment, erythro Me-11,12-
EHODE alcohol epoxide was stable, and almost no loss of
this product was observed.

In conclusion, it is now possible to prepare both confor-
mations of the Me-11,12-EHODE from Me-HPODE (Scheme
1, pathway II). The threo diastereomer is given by Ti(O-i-
Pr),, and Nb(OC,Hs) produces predominantly the erythro
diastereomer. Treatment of Me-HPODE with VO(acac),
gives a racemic mixture.
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