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For the development of novel endocannabinoid templates with potential resistance to hydrolytic and
oxidative metabolism, we are targeting the bis-allylic carbons of the arachidonoyl skeleton. Toward this
end, we recently disclosed the synthesis and preliminary biological data for the (13S)-methyl-ananda-
mide. We report now the total synthesis of the (10S)- and (10R)-methyl-counterparts. Our synthetic
approach is stereospecific, efficient, and provides the analogs without the need for resolution. Peptide
coupling, P-2 nickel partial hydrogenation, and cis-selective Wittig olefination are the key steps.
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1. Introduction

The endogenous arachidonic acid (Ia) derivatives N-arach-
idonoylethanolamine (AEA, anandamide, Ib) and 2-arachidonoyl
glycerol (2-AG, Ic, Fig. 1) are synthesized on demand in response
to elevations of intracellular calcium, and are the two key lipid
modulators that act on CB1 and CB2 cannabinoid receptors.! > Both
CB1 and CB2 are members of the superfamily of G-protein-coupled
receptors®~” and they are implicated in a wide array of patho-
physiological processes including inflammation,® nociception,® !
neuroprotection,'>~"> memory,'® anxiety,"” feeding,'®'® and cell
proliferation.?>?! Following their synthesis and release, the endo-
cannabinoids AEA and 2-AG are removed from their sites of action
by cellular uptake and degraded by enzymes. In most tissues, fatty
acid amide hydrolase (FAAH) is the enzyme responsible for AEA
hydrolysis, and monoacylglycerol lipase (MGL) is the major
metabolizing enzyme for 2-AG.2*?3 In addition to hydrolysis, the
presence of an arachidonoyl moiety in both AEA and 2-AG suggests
the conspicuous possibility that endocannabinoids may be metab-
olized by the plethora of oxygenases that act on arachidonic acid.
Investigations into this possibility have shown that a subset of
oxidative enzymes of the arachidonate cascade, such as lip-
oxygenases (LOX), cyclooxygenase-2 (COX-2), and cytochrome P450
catalyze the biotransformation of AEA and 2-AG into eicosanoid-
related metabolites.?4=2% Apart from the hydrolytic deactivation of
AEA and 2-AG, the alternative COX-2 oxidative deactivation
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becomes important when FAAH or MGL are inhibited and when
endocannabinoid biosynthesis is activated following tissue dam-
age 3931 Also, in platelets, which lack significant COX-2 and FAAH
activity a lipoxidative pathway of AEA deactivation predominates.®

As a part of our ongoing program in cannabinoid medicinal
chemistry, we turned our attention into the development of novel
endocannabinoid prototypes that possess CB receptor binding af-
finity as well as metabolic stability to the action of COX-2 and LOX.
The novel analogs can enhance our understanding regarding the
stereoelectronic requirements for CB receptor binding and aid in
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Fig. 1. Structures of arachidonic acid and endocannabinoid analogs.
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the discovery of more potent and selective cannabinergic drug
candidates and fatty acid oxygenase (e.g., COX-2 and LOX) in-
hibitors. They can also serve as biochemical/pharmacological tools
to explore the connection between the endocannabinoid and the
COX-2 and LOX systems, and to define the physiological significance
of the oxidative metabolism of endocannabinoids.

Earlier work from our laboratory has shown that one of the most
successful and convenient ways to ‘shut off’ the enzymatic hydro-
lysis of AEA is the addition of a methyl substituent near the met-
abolic hot spot of the substrate (e.g., (R)-methanandamide, Id).3234
It has also been shown that COX-2 and LOX mediated metabolism of
arachidonic acid and its derivatives begins with abstraction of
a hydrogen radical from the bis-allylic carbons 7, 10, or 13
(Fig. 1).3>738 Therefore, we considered that introduction of a methyl
group at the bis-allylic positions might preserve cannabinoid ac-
tivity while blocking the oxidative metabolism by COX-2 and LOX
enzymes. In this regard, we recently described the synthesis and
preliminary biological evaluation of (13S)-methyl anandamide
(1e).3® With the aim of exploring all three bis-allylic positions and
establishing structure—activity relationships (SAR) for the hitherto
unknown, methyl-substituted arachidonoyl chain, we report here
our efforts toward the total synthesis of the (10S)- and (10R)-
methyl-anandamides. Our synthetic approach is stereospecific, ef-
ficient, and provides the analogs without the need for resolution. A
detailed SAR study along with a full biological evaluation of the
synthesized analogs will be reported in due course.

2. Results and discussion

Our retrosynthetic analysis involves methyl esters 2a and 2b as
the key precursors from which (10S)- and (10R)-methyl-ananda-
mides (1a and 1b, respectively) would be produced through pep-
tide coupling (Fig. 2). Retrosynthetic disconnection at the double
bonds adjacent to the chiral center provides four convergent frag-
ments: the phosphonium salts 5 and 6, and the chiral aldehydes 3
and 4 that possess the S and R configuration corresponding to the
C10 stereogenic centers of 1a and 1b, respectively. The synthetic
direction could be completed through Wittig olefination reactions.
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Fig. 2. Retrosynthetic analysis of (10S)- and (10R)-methyl-anandamides.

Synthesis of chiral aldehyde 3 was carried out by following our
recently reported procedures (Scheme 1).39 Briefly, silylation of
commercially available methyl ester 7 gave the TBDPS ether 8 (95%
yield), which upon reduction with diisobutylaluminum hydride led
to aldehyde 3 (60% yield) and alcohol 9 (38% yield). Oxidation of 9
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Scheme 1. Synthesis of chiral aldehydes 3 and 4.

with Dess—Martin periodinane produced 3 in 88% yield. Similarly,
the enantiomeric aldehyde 4° was synthesized from Roche ester 10.

Construction of the required alkenyl phosphonium salt 5 is
summarized in Scheme 2. Protection of the acetylenic alcohol 13
afforded terminal alkyne 14 (95% yield), which was metalated with
n-BuLi and quenched with excess ethylene oxide to give the two
carbon homologated alcohol 15 in 75% yield. As reported earlier,*!
we also observed that ethylene oxide opening with lithium acety-
lides (e.g., TBDPSO(CH3)4C=CLi) in the presence of boron tri-
fluoride etherate has low reproducibility, especially on large scale,
and requires freshly distilled catalyst. Use of hexamethylphos-
phoramide,*> which strongly coordinates to lithium cations, is
a robust alternative to carry out this conversion. Partial hydroge-
nation of alkyne 15 over P-2 nickel catalyst>® afforded the corre-
sponding Z alkene 16 in 86% yield (*J3_sn=10.5 Hz). Treatment of
this material with the PPh3/CBrg system gave bromide 17 (81%
yield). However, deprotection with TBAF at 0 °C produced the de-
sirable bromide 18 (R=0.32, 30% AcOEt in hexane, 41% yield) along
with significant amounts of the elimination byproduct 19 (R=0.27,
30% AcOEt in hexane, 32% yield). We also observed that large excess
of TBAF reagent and elevated temperature favor the formation of
19. After our experimental exercise, the problem was solved by
carrying out the reaction in the presence of acetic acid at 0 °C.
Under these neutral conditions, 18 was produced in 83% yield
without any contamination with 19. Oxidation of the primary al-
cohol 18 to the carboxylic acid 20 employing Zhao’s elegant
method,*® followed by TMSCHN; esterification gave methyl ester
21444 in 77% yield over two steps. A lower overall yield (63%) was
obtained when conversion of 18 to 20 was carried out using Jones
oxidation. Heating of 21 (72—75 °C) with triphenylphosphine in dry
acetonitrile for four days furnished phosphonium salt 5% in 91%
yield after purification.

Similarly the requisite C12—C20 fragment 6 was synthesized in
two steps and high overall yield (Scheme 3) through conversion of
alcohol 22 to bromide 23 (94% yield) and reaction with triphenyl-
phosphine in refluxing acetonitrile for seven days (72% yield). The
reaction time for the synthesis of phosphonium salt 6, is longer
when compared to the time required for the preparation of 5. Per-
haps, this is due to slightly different solubility of bromides 21 and 23
in acetonitrile. Our attempts to minimize the reaction time during
the preparation of phosphonium salts 5 and 6 using microwave
heating®® resulted in reduction of the purity of the products.

The assembly of the phosphonium salts 5 and 6 with chiral al-
dehyde 3 into (10S)-methyl-anandamide 1a is outlined in Scheme
4. Treatment of 5 with KHMDS at —78 to —60 °C and coupling of
the resulting ylide with aldehyde 3 at —115 °C gave TBDPS ether 24
(46% yield). Based on 'H NMR analysis (see Supplementary data),
this Wittig reaction afforded the Z olefin exclusively with
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Scheme 4. Synthesis of (10S)-methyl-anandamide 1a.

3]31.[,9“:10.5 Hz. Cleavage of the silyl ether 24 with TBAF produced
alcohol 25 in 92% yield. Interestingly, in the "H NMR spectrum of 25,
all four double bond protons are well separated with coupling
constants 3Jsy_gy and 3Jgi_on equal to 10.5 Hz (see Supplementary
data), which confirms a Z relationship between the hydrogen atoms
of the 5H—6H and 8H—9H spin systems. Exposure of 25 to
Dess—Martin periodinane delivered aldehyde 26, which was used
immediately, without purification, in a Wittig reaction with phos-
phonium bromide 6, under salt free conditions, to give (10S)-
methyl-arachidonate 2a (39% yield from 25). Saponification of 2a

with lithium hydroxide in THF/H,O0 led to acid 27 (86% yield), which
was coupled with 2-(tert-butyldiphenylsilyloxy)ethanamine (29) to
give amide 30 (74% yield) by using the carbonyldiimidazole acti-
vation procedure. Desilylation of 30 with TBAF produced the req-
uisite (10S)-methyl-anandamide (1a) in 83% yield. The structure of
1a was established using 1D and 2D NMR experiments (COSY, HSQC
and NOESY, given under Supplementary data). NOESY interactions
between 10H and 13H confirm the Z stereochemistry for the
C11=C12 double bond, which was installed earlier in the arach-
idonate structure during the synthesis of the methyl ester 2a.
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The enantiomer (10R)-methyl-anandamide (1b) was synthe-
sized in a similar fashion (Scheme 5). Thus, Wittig olefination of
aldehyde 4 with phosphonium bromide 5 gave the Z product 31.
Deprotection with TBAF followed by oxidation with Dess—Martin
periodinane led to intermediate aldehyde 33, which was used im-
mediately in the next step. Combination of 33 and the ylide derived
from 6 and KHMDS, resulted in the formation of the methyl ester
precursor 2b. The synthesis of 1b was completed by following: (a)
methyl ester hydrolysis, (b) coupling with protected ethanolamine
29 and (c) desilylation using TBAF.
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Scheme 5. Synthesis of (10R)-methyl-anandamide 1b.

3. Conclusion

In summary, to explore the bio-actions, the receptor-appropriate
conformation(s), and the metabolic stability of a novel arachidonoyl
chain substituted with methyl groups at the bis-allylic positions, we
report here the enantioselective total synthesis of (10S)- and (10R)-
methyl-anandamides. Our approach involves P-2 nickel partial hy-
drogenation, cis-selective Wittig olefination and peptide coupling
as the key steps. A detailed SAR study and a full biological evaluation
of the analogs described here are currently underway.

4. Experimental
4.1. General

All reagents and solvents were purchased from Aldrich Chemical
Company, unless otherwise specified, and used without further
purification. All anhydrous reactions were performed under a static
argon or nitrogen atmosphere in flame-dried glassware using
scrupulously dry solvents. Flash column chromatography employed
silica gel 60 (230—400 mesh). All compounds were demonstrated
to be homogeneous by analytical TLC on pre-coated silica gel TLC
plates (Merck, 60 F,45 on glass, layer thickness 250 pm), and
chromatograms were visualized by phosphomolybdic acid or
KMnO4 staining. Melting points were determined on a micro-
melting point apparatus and are uncorrected. Optical rotations
were recorded on a Rudolph DigiPol 781 polarimeter. NMR spectra
were recorded in CDCl3, unless otherwise stated, on a Bruker Ultra

(intensity relative to base=100). Elemental analyses were obtained
in Baron Consulting Co., Milford, CT.

4.1.1. 6-[(tert-Butyldiphenylsilyl)oxy]hex-1-yne (14).# To a solution
of 5-hexyn-1-0l (13) (14.2 g,144.7 mmol) and dried imidazole (12.8 g,
188.1 mmol) in anhydrous CH,Cl, (180 mL) at O °C under an argon
atmosphere, was added a solution of tert-butyldiphenylsilyl chloride
(43.8 g,159.2 mmol) in 10 mL CH,Cl, dropwise. The reaction mixture
was stirred for 1 h at 0 °C and 1 h at room temperature. On com-
pletion, the reaction was quenched with saturated aqueous sodium
bicarbonate solution and extracted with CH,Cl,. The combined or-
ganic extracts were washed with brine, dried (MgS0O4) and concen-
trated under reduced pressure. Purification by flash column
chromatography on silica gel (10—20% diethyl ether in hexanes) gave
44.1 g (95% yield) of 14 as a colorless oil. '"H NMR (500 MHz, CDCls)
07.68(d,J=7.2Hz,4H, 2-H, 6-H, Ph), 742 (t,J=7.2 Hz, 2H, 4-H, Ph), 7.38
(t,J=7.2Hz,4H, 3-H, 5-H, Ph), 3.68 (t, ]=6.0 Hz, 2H, —CH,0—), 2.19 (td,
J=7.0, 2.5 Hz, 2H, —CH,—C=CH), 1.93 (t,J=2.5 Hz, 1H, —CH,—C=CH),
1.71-1.60 (m, 4H, —CH,—CH,—), 1.05 (s, 9H, —C(CH3)3—). *C NMR
(100 MHz, CDCl3) 6 135.8 (Ph), 134.2 (=C(Si)—), 129.8 (Ph), 127.8 (Ph),
84.7 (C=CH), 68.5 (=CH), 63.5 (—CH,0—), 31.8, 27.2 (—C(CH3)3), 25.7,
19.4, 18.4. Mass spectrum (ESI) m/z (relative intensity) 359 (M*+Na,
37), 337 (M*+H, 100), 239 (95), 135 (42). Exact mass (ESI) calculated
for C33H290Si (M +H), 337.1988; found, 337.1992.

4.1.2. 8-[(tert-Butyldiphenylsilyl)oxy]oct-3-yn-1-ol (15). To a stirred
solution of 14 (5.0 g, 15.6 mmol) in dry THF (78 mL) at —78 °C under
an argon atmosphere, was added n-Buli (12.5 mL, 31.2 mmol, 2.5 M
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solution in hexanes) dropwise followed by the addition of HMPA
(previously dried over 4 A molecular sieves). The reaction temper-
ature was raised to 0 °C and stirring was continued for 1.5 h. Ethylene
oxide (7.7 mL, 156 mmol) was added at the same temperature and
the reaction mixture was stirred for an additional 5 h. On comple-
tion, the mixture was quenched by the addition of saturated aque-
ous NH4Cl at —78 °C, then warmed at room temperature, and
extracted with diethyl ether. The combined organic extracts were
washed with brine, dried (MgS0Q4), and concentrated under reduced
pressure at 30 °C. Purification by flash column chromatography on
silica gel (20—50% diethyl ether in hexanes) afforded 4.45 g (75%
yield) of 15 as a colorless oil. '"H NMR (500 MHz, CDCl3) 6 7.66 (d,
J=7.2 Hz, 4H, 2-H, 6-H, Ph), 7.42 (t, J=7.2 Hz, 2H, 4-H, Ph), 7.38 (t,
J=72 Hz, 4H, 3-H, 5-H, Ph), 3.67 (t, J=6.0 Hz, 2H, —CH,OH
or —CH,OTBDPS), 3.66 (t, J=6.0 Hz, 2H, —CH,OTBDPS or —CH,0H),
242 (tt, J=6.5, 2.5 Hz, 2H, —CH,—C=C-), 2.17 (tt, J=6.5, 2.5 Hz,
2H, —C=C—CH,-), 1.72 (t, J=6.5 Hz, 1H, OH), 1.68—1.56 (m,
4H, —CH,—CHy—), 1.05 (s, 9H, —C(CH3)3—). °C NMR (100 MHz,
CDCl3) 6 135.8 (Ph), 134.2 (=C(Si)—), 129.8 (Ph), 127.8 (Ph), 84.5
(—C=CH), 77.2 (=CH),63.6 (—CH,0-), 61.6 (—CH,0-), 32.0, 27.1
(—C(CH3)3), 25.6, 23.4, 19.4, 18.7. Mass spectrum (ESI) m/z (relative
intensity) 403 (M*+Na, 100), 303 (15). Exact mass (ESI) calculated
for C24H3,0,NaSi (M*-+Na), 403.2069; found, 403.2068.

4.1.3. (Z)—8-[(tert-Butyldiphenylsilyl)JoxyJoct-3-en-1-ol (16). To
a stirred solution of Ni(OAc); (2.24 g, 9.0 mmol) in dry MeOH
(178 mL) at room temperature under an argon atmosphere, was
added NaBH4 (0.4 g, 10.6 mmol) portionwise. Following the addi-
tion, the argon atmosphere was replaced with hydrogen. To the
black suspension was added ethylenediamine (0.9 mL), stirring was
continued for 5 min and then a solution of 15 (2.0 g, 5.3 mmol) in
dry MeOH (20 mL) was added. The reaction mixture was hydroge-
nated until the TLC analysis indicated total consumption of the
starting material (2 h). The catalyst was filtered off through Celite
pad, and the filtrate was diluted with diethyl ether and brine. The
organic phase was separated and the aqueous phase extracted five
times with diethyl ether, and the combined organic layer was
washed with brine. Then, the aqueous phases were reextracted with
diethyl ether and the ethereal layer was washed with brine. The
combined organic phase was dried (MgSO4) and evaporated under
reduced pressure at 38 °C. The residue was again diluted with
diethyl ether/brine and the organic phase was separated. The
aqueous phase was extracted with diethyl ether and the combined
organic layer was washed with brine, dried (MgSO4) and concen-
trated in vacuo (38 °C). Purification by flash column chromatogra-
phy on silica gel (10—30% diethyl ether in hexanes) afforded 1.73 g
(86% yield) of 16 as a colorless oil. 'TH NMR (500 MHz, CDCl3) 6 7.66
(d, J=7.2 Hz, 4H, 2-H, 6-H, Ph), 7.42 (t, J=7.2 Hz, 2H, 4-H, Ph), 7.38
(t, J=7.2 Hz, 4H, 3-H, 5-H, Ph), 5.54 (dtt, J=10.5, 7.0, 1.5 Hz, 1H, =
CH(CH;),0—-), 5.36 (dtt, J=10.5, 7.0, 1.5 Hz, 1H, —CH=), 3.66
(t,J=6.5 Hz, 2H, —CH,0—), 3.62 (t, J=6.5 Hz, 2H, —CH,0H), 2.30 (dt,
J=7.0, 7.0 Hz, 2H, —CH,CH,0H), 2.05 (dt, J=7.0, 7.0 Hz, 2H,
—CH,—CH=), 1.57 (quintet, J=6.5 Hz, 2H, —CH,—), 1.44 (quintet,
J=6.5 Hz, 2H, —CH,—), 1.04 (s, 9H, —C(CH3)3—). 13C NMR (100 MHz,
CDCl3) 6 135.8 (Ph), 134.3 (=((Si)—), 133.50 (—CH=CH-), 129.7
(Ph),127.8 (Ph),125.4 (—CH=CH—), 64.0 (—CH,0—), 62.6 (—CH,0—),
324, 31.0, 27.3, 27.1 (—C(CH3)3), 26.1,19.5. Mass spectrum (ESI) m/z
(relative intensity) 405 (M*+Na, 100). Exact mass (ESI) calculated
for C24H340,NaSi (M™+Na), 405.2226; found, 405.2229.

4.14. (Z)-[(8-Bromooct-5-en-1-yl)oxy]|(tert-butyl)diphenylsilane
(17). To a solution of 16 (1.64 g, 4.3 mmol) and carbon tetrabromide
(2.85 g, 8.6 mmol) in dry CHCl; (21 mL) at 0 °C under an argon
atmosphere, was added dried triphenylphosphine (2.25 g,
8.6 mmol) portionwise. The reaction mixture was stirred for 1 h at
0 °C and for 2 h at room temperature. On completion, the solvent

was removed under reduced pressure at 30 °C and the residue was
purified by flash column chromatography on silica gel (1—-2%
diethyl ether in hexanes) to give 1.54 g (81% yield) of 17 as a col-
orless oil. 'TH NMR (500 MHz, CDCl3) 6 7.66 (d, J=7.2 Hz, 4H, 2-H, 6-
H, Ph), 7.42 (t,J=7.2 Hz, 2H, 4-H, Ph), 7.38 (t, J=7.2 Hz, 4H, 3-H, 5-H,
Ph), 5.51 (dtt, J=10.5, 7.0, 1.5 Hz, 1H, =CH(CH,),Br), 5.36 (dtt,
J=10.5, 7.0, 1.5 Hz, 1H, —CH=), 3.66 (t, J=6.3 Hz, 2H, —CH,0-), 3.35
(t, J=6.3 Hz, 2H, —CH,Br), 2.58 (dt, J=7.0, 7.0 Hz, 2H, —CH,CHBr),
2.03 (dt, J=7.0, 7.0 Hz, 2H, —CH,—CH=), 1.57 (quintet, J=6.5 Hz, 2H,
—CH,—), 144 (quintet, J=6.5 Hz, 2H, —CH,—), 1.05 (s, 9H,
—C(CH3)3—). C NMR (100 MHz, CDCl3) ¢ 135.8 (Ph), 134.3
(=C(Si)—), 133.1 (—CH=CH—), 129.7 (Ph), 127.8 (Ph), 126.2 (—CH=
CH-), 63.9 (—CH20-), 32.7, 32.3, 31.0, 27.3, 27.1 (—C(CH3)3), 25.9,
19.4. Mass spectrum (EI) m/z (relative intensity) 389 (M*42-
C(CH3)3, 22), 387 (Mt —C(CH3)s, 22), 263 (25), 261 (25), 109 (100).
Mass spectrum (ESI) m/z (relative intensity) 469 (M*+2+Na, 100),
467 (M*+Na, 100). Exact mass (ESI) calculated for Cy4H33BrOSiNa
(M*+Na), 467.1382; found, 467.1396.

4.1.5. (Z)-8-Bromooct-5-en-1-ol (18). To a solution of 17 (1.5 g,
3.36 mmol) in dry THF (67 mL) at 0 °C, under an argon atmosphere,
was added acetic acid (1.78 mL, 31.2 mmol), followed by tetra-n-
butylammonium fluoride (4.37 mL, 1 M solution in THF) dropwise.
The reaction mixture was stirred at 0 °C until completion of the
reaction (12 h) and then it was quenched with saturated aqueous
NH4(Cl, and extracted with diethyl ether. The combined organic ex-
tracts were washed with brine, dried (MgSO4) and the solvent was
evaporated under reduced pressure at 33 °C. The residue was puri-
fied by flash column chromatography on silica gel (20—40% ethyl
acetate in hexanes) to give 578 mg of 18 as a colorless oil in 83% yield.
TH NMR (500 MHz, CDCl3) ¢ 5.53 (dtt, J=10.5, 7.0, 1.5 Hz, 1H, —
CH(CHy),Br), 538 (dtt, J=10.5, 7.0, 1.5 Hz, 1H, —CH=), 3.66 (t,
J=6.5Hz, 2H, —CH,0H), 3.37 (t,]J=7.0 Hz, 2H, —CH,Br), 2.63 (dt,J=7.0,
7.0 Hz, 2H, —CH,CH,Br), 2.09 (dt, J=7.0, 7.0 Hz, 2H, —CH,—CH=),1.59
(m as quintet, J=7.0 Hz, 2H, —CH»—), 1.46 (m as quintet, J=7.0 Hz, 2H,
—CH,-). '3C NMR (100 MHz, CDCl3) 6 132.8 (—CH=CH-), 126.4
(—CH=CH-), 63.0 (—CH,0-), 32.6, 32.5, 31.0, 27.3, 25.8. Mass
spectrum (CI) m/z (relative intensity) 207 (M*+H, 2%),189 (M"—OH,
5%),188 (3),187 (3), 127 (M*+H-Br, 10), 109 (100). Exact mass (ESI)
calculated for CgH1gBrO (M*+H), 207.0385; found, 207.0395.

When the above procedure was carried out without acetic acid,
two major compounds were isolated and identified: (a) (Z)-8-
bromooct-5-en-1-ol (18, 41% yield, R=0.32, 30% AcOEt in hexane)
and (b) (2)-octa-5,7-dien-1-01*® (19, 32% yield, R=0.27, 30% AcOEt
in hexane). (Z)-Octa-5,7-dien-1-ol (19) 'H NMR (500 MHz, CDCl5)
0 6.63 (ddd, J=16.5, 11.0, 10.5 Hz, 1H, 7-H), 6.02 (dd, J=11, 10.5 Hz,
1H, 6-H), 5.45 (dtd, J=10.5, 8.0, 1.0 Hz, 1H, 5-H), 5.18 (dd, J=16.5,
1.5 Hz, 1H, 8-H), 5.09 (d, J=10.5 Hz, 1H, 8-H), 3.65 (t, J=6.5 Hz, 2H,
—CH,0-), 2.23 (dt, J=8.0, 7.5 Hz, 2H, 4-H), 1.65—-1.57 (m, 2H,
—CHy—), 1.51-1.42 (m, 2H, —CHy—).

4.1.6. (Z)-8-Bromooct-5-enoic acid (20). To a stirred mixture of 18
(512 mg, 2.5 mmol) in acetonitrile (9 mL) and water (3 mL) at 0 °C
was added 1 mL of Zhao's reagent every 30 min until completion of
reaction (3.5 h). A stock solution of Zhao’s reagent was prepared by
dissolving 0.63 g H5l0 and 1.27 g CrO3 in 1.9 mL Hy0 and 4.4 mL
CH3CN. The reaction was quenched with Na;HPO4 (20 mg in 1 mL
H,0) and diluted with diethyl ether. The organic phase was sepa-
rated and the aqueous phase extracted with diethyl ether. The
combined organic layer was washed with brine, dried (MgS0O4) and
the solvent was evaporated under reduced pressure at 33 °C. Pu-
rification by flash column chromatography on silica gel (30—40%
ethyl acetate in hexanes) gave 464 mg (85% yield) of 20%4% as an
oil. TH NMR (500 MHz, CDCl3) 6 5.53 (dtt, J=11.0, 7.0, 1.5 Hz, 1H, =
CH(CH,),Br), 538 (dtt, J=11.0, 7.0, 15 Hz, 1H, —CH=), 3.37
(t, J=7.0 Hz, 2H, —CH;Br), 2.63 (dt, J=7.0, 7.0 Hz, 2H, —CH,CHBr),
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2.38 (t, J=7.0, 7.0 Hz, 2H, —CH,—COOH), 2.12 (dt, J=7.0, 7.0 Hz, 2H,
—CH,—CH=), 1.73 (quintet, J=7.0 Hz, 2H, —CH,—CH,—COOH). 3C
NMR (100 MHz, CDCl3) 6 179.7 (—COOH), 131.7 (—CH=CH-), 127.4
(—CH=CH-), 33.5, 32.6, 31.0, 26.9, 24.6. Mass spectrum (EI) m/z
(relative intensity) 222 (M*+2, 0.2), 220 (M*, 0.2), 204 (M*+2-
H,0, 1), 202 (MT—H,0, 1), 176 (M*+2-H,0-CO, 2), 174 (M*—H,0,
—C0, 2), 162 (M*+2-H,0, —CO, —CH>, 18), 160 (M*—H,0, —CO,
—CH>, 18), 140 (M*—Br, 86), 123 (39), 81 (100). Mass spectrum (ESI)
m/z (relative intensity) 245 (M*+2+Na, 100), 243 (M*+Na, 100),
127 (45), 125 (45). Exact mass (ESI) calculated for CgHi3BrO;Na
(M™+Na), 242.9997; found, 243.0004.

4.1.7. (5Z)-8-Bromo-5-octenoic methyl ester (21). To a stirred solu-
tion 0f 20 (0.35 g, 1.58 mmol) in 1:4 mixture of methanol (4 mL) and
diethyl ether (16 mL) at O °C under an argon atmosphere, was
added trimethylsilyldiazomethane (1.02 mL, 2.05 mmol, 2.0 M so-
lution in hexane). After 20 min, the reaction was quenched with
saturated aqueous NH4Cl and diluted with diethyl ether. The or-
ganic phase was separated and the aqueous layer was extracted
with diethyl ether. The combined organic layer was washed with
brine, dried (MgSO4) and concentrated under reduced pressure at
25 °C. Purification by flash column chromatography on silica gel
(0—10% diethyl ether in hexanes) afforded 338 mg (91% yield) of
21%4% 35 a colorless oil. 'TH NMR (500 MHz, CDCl3) 6 5.50 (dtt,
J=11.0, 7.0, 1.5 Hz, 1H, =CH(CH;),Br), 5.42 (dtt, J=11.0, 7.0, 1.5 Hz,
1H, —CH=), 3.68 (s, 3H, —COOCH3), 3.39 (t, J=7.0 Hz, 2H, —CH>Br),
2.61 (dt, J=7.0, 7.0 Hz, 2H, —CH,CH,Br), 2.33 (t, J=7.5 Hz, 2H,
—CH,—C00-), 2.10 (dt, J=7.0, 7.0 Hz, 2H, —CH,—CH=), 1.71 (quin-
tet, J=7.0 Hz, 2H, —CH,—CH,—COO0-). '3C NMR (100 MHz, CDCls)
6 1741 (>C=0), 131.8 (—CH=CH-), 127.2 (—CH=CH-), 51.7
(—O0CH3), 33.5, 32.6, 30.9, 26.9, 24.8. Mass spectrum (EI) m/z (rel-
ative intensity) 236 (M™+2, 1), 234 (M*, 1), 205 (M*+2-MeO, 5),
204 (M*+2-MeOH, 3), 203 (M™—MeO, 5), 202 (M*—MeOH, 3), 176
(M*+2-MeOH, —CO, 4), 174 (M*—MeOH, —CO, 4), 162 (M*+2-
MeOH, —CO, —CH,, 11), 160 (MT—MeOH, —CO, —CH,, 11), 160
(M*—MeOH, —CO, —CHy, 11), 155 (M +H—Br, 42), 154 (M" —Br, 32),
123 (M*—Br, —OMe, 79), 74 (100). Exact mass (ESI) calculated for
CgH15BrO, (M), 234.0255; found, 234.0244.

4.1.8. [(3Z)-8-Methoxy-8-o0x0-3-octen-1-yl]triphenylphosphonium
bromide (5). A stirred mixture of 21 (300 mg, 1.27 mmol) and dried
triphenylphosphine (667 mg, 2.54 mmol) in anhydrous acetonitrile
(6 mL) was heated (72—75 °C) for four days under argon. Solvent
evaporation and purification by flash column chromatography on
silica gel (0—15% methanol in methylene chloride) gave 576 mg (91%
yield) of 5* as a colorless gum. The product was rigorously dried in
high vacuo for 6 h at 40—42 °C, and used in the next step. 'H NMR
(500 MHz, CDCl3) ¢ 7.88 (m as dd, J=12.6, 7.8 Hz, 6H, 2-H, 6-H,
—PPh3), 7.81 (m as td, J=7.8, 1.8 Hz, 3H, 4-H, —PPh3), 7.71 (m as td,
J=7.8, 4.2 Hz, 6H, 3-H, 5-H, —PPh3), 5.65 (dtt, J=11.0, 7.0, 1.5 Hz, 1H,
=CH(CH3),P"Phs), 5.37 (dtt, J=11.0, 7.0, 1.5 Hz, 1H, —CH=), 3.96 (dt,
J=12.0, 8.0 Hz, 2H, —CH,PPh3), 3.61 (s, 3H, —COOCH3), 2.48—2.46
(m, 2H, —CH—CH,P"Phs), 2.21 (t, J=7.5 Hz, 2H, —CH,—CO0-), 1.87
(dt, J=7.0, 7.0 Hz, 2H, —CH,—CH=), 1.58 (quintet, J=7.5 Hz, 2H,
—CH,—CH,—C00—-). 13C NMR (100 MHz, CDCl3) § 174.1 (>C=0),
135.2 (C4/, Ph), 1341 (d, J=9.2 Hz, C2/, C6, Ph), 1313 (—CH=
CH—(CH),P Ph3), 130.7 (d, J=11.5 Hz, C3/, C5/, Ph), 127.5 (d,
J=13.8 Hz, —CH=CH—(CH,),P), 118.6 (d, J=85.5 Hz, C1/, Ph), 51.7
(—OCH3), 33.5, 26.8, 24.7, 23.0 (d, J=49 Hz, —CH,P), 20.7. Mass
spectrum (ESI) m/z (relative intensity) 417 (M " —Br, 100). Exact mass
(ESI) calculated for Cy7H300,P(M™—Br), 417.1983; found, 417.1973.

4.1.9. (3Z)-1-Bromo-3-nonene (23). To a stirred solution of (32)-3-
nonen-1-ol (5 g, 35.15 mmol) and carbon tetrabromide (11.6 g,
35.15 mmol) in dry CHCl; (170 mL) at O °C under an argon atmo-
sphere, was added dried triphenylphosphine (9.17 g, 35.15 mmol)

portionwise. The reaction mixture was stirred for 1 h at 0 °C and for
2 h at room temperature. On completion, the solvent was removed
under reduced pressure at 30 °C and the residue was purified by
flash column chromatography on silica gel (1—2% diethyl ether in
hexanes) to give 6.8 g (94% yield) of 23%° as a colorless oil. 'H NMR
(500 MHz, CDCl3) 6 5.53 (dtt, J=10.5, 7.0, 1.5 Hz, 1H, 3-H), 5.36 (dtt,
J=10.5, 7.0, 1.5 Hz, 1H, 4-H), 3.36 (t, J=7.0 Hz, 2H, —CH,Br), 2.61 (dt,
J=7.0, 7.0 Hz, 2H, —CH,—CH,Br), 2.03 (dt, J=7.0, 7.0 Hz, 2H, =
CH—CH,—(CH;)3—CH3s), 1.40—1.24 (m and sextet overlapping, 6H, 6-
H, 7-H, 8-H, especially 1.36 sextet, J=7.0 Hz, 2H), 0.89 (t, J=7.5 Hz,
3H, —CH,CHj3). Mass spectrum (ESI) m/z (relative intensity) 205
(M*+H, 15), 163 (15), 123 (92), 55 (100). Exact mass (EI) calculated
for C;Hq7Br(M1), 204.0514; found, 204.0504.

4.1.10. [(3Z)-3-Nonen-1-yl|triphenylphosphonium bromide (6). A
stirred mixture of 23 (5 g, 24.37 mmol) and dried triphenylphos-
phine (12.78 g, 48.74 mmol) in anhydrous acetonitrile (48 mL) was
heated (72—75 °C) for 7 days under argon. Solvent evaporation and
purification by flash column chromatography on silica gel (3%
methanol in methylene chloride) gave 8.2 g (72% yield) of 6% as
a colorless gum. The product was rigorously dried in high vacuo for
6 h at 40—42 °C, and used in the next step. 'H NMR (500 MHz,
CDCl3) 6 7.88 (m as dd, J=12.5, 7.5 Hz, 6H, 2-H, 6-H, —PPhs3), 7.80 (m
as td, J=7.5, 1.8 Hz, 3H, 4-H, —PPh3), 7.70 (m as td, J=7.5, 4.2 Hz, 6H,
3-H, 5-H, —PPhs), 5.57 (dtt, J=11.0, J=7.0, 1.5 Hz, 1H, =
CH(CH,),P"Phs), 5.39 (dtt, J=11.0, 7.0, 1.5 Hz, 1H, —CH=), 3.95 (dt,
J=12.0, 80 Hz, 2H, -—CHyP'Phs), 2.49-241 (m, 2H,
—CH,—CHy—P*Ph3), 1.75 (quintet, J=7.0 Hz, 2H, —CH=CH—CH,—),
1.26—1.17 (m, 4H, —CH,—), 1.16—1.10 (m, 2H, —CH,—), 0.84 (t,
J=7.0 Hz, 3H, —CH,—CH3). Mass spectrum (ESI) m/z (relative in-
tensity) 387 (M"—Br, 100). Exact mass (ESI) calculated for
Cy7H32P(MT—Br), 387.2242; found, 387.2249.

4.1.11. (10R,5Z,8Z)-11-[(tert-Butyldiphenylsilyl)oxy]-10-methyl-un-
deca-5,8-dienoic methyl ester (24). To a solution of 5 (415 mg,
0.834 mmol) in dry THF (4 mL) at —78 °C under an argon atmo-
sphere was added potassium bis(trimethylsilyl)amide (0.79 mlL,
1.0 M solution in THF) dropwise. The mixture was stirred at —78 °C
to —60 °C for 45 min, to ensure complete formation of the orange
ylide, and then it was cooled to —115 °C. Subsequently, a solution of
aldehyde 3 (136 mg, 0.417 mmol) in dry THF (1 mL) was added
dropwise. The reaction mixture was stirred for 15 min at —115 °C,
and then it was warmed to —20 °C over a period of 2.5 h. The re-
action mixture was then cooled to —78 °C and quenched with
a saturated aqueous sodium bicarbonate solution. The mixture was
warmed to room temperature, extracted with diethyl ether and the
combined organic extracts were washed with brine, dried (MgSO4)
and concentrated in vacuo. Purification by flash column chroma-
tography on silica gel (5—7% diethyl ether in hexane) gave 24 as
colorless oil in 46% yield (89 mg). [#)2® —17.48 (c 0.2 g/100 mL in
CHCl3). "H NMR (500 MHz, CDCl3) 6 7.66 (d, J=7.8 Hz, 4H, 2-H, 6-H,
Ph), 7.44 (t,J=7.2 Hz, 2H, 4-H, Ph), 7.37 (t,J=7.2 Hz, 4H, 3-H, 5-H, Ph),
5.37—5.28 (m, 3H, 5-H, 6-H, 8-H), 5.19 (tdd, J=10.5, 9.5, 1.0 Hz, 1H, 9-
H), 3.66 (s, 3H, —COOCH3), 3.46 (dd, J=10.0, 6.0 Hz, 1H, 11-H), 3.46
(dd,j=10.0,7.0 Hz,1H,11-H), 2.81-2.73 (m, 1H, 10-H), 2.72—2.64 (m,
2H, 7-H), 2.30 (t,J=7.5 Hz, 2H, 2-H), 2.07 (dt, J=6.5, 6.5 Hz, 2H, 4-H),
1.69 (quintet, J=7.5 Hz, 2H, 3-H), 1.05 (s, 9H, —C(CH3)3), 1.00 (d,
J=6.5 Hz, 3H, >CH—CH3). *C NMR (100 MHz, CDCl3) 6 174.23 (>C=
0), 135.9, 134.2, 133.3, 129.7, 129.5, 128.9, 128.3, 127.8, 68.8, 51.6,
35.0, 33.7, 27.1, 26.8, 26.1, 25.0, 19.5, 17.7. Mass spectrum (ESI) m/z
(relative intensity) 465 (M*+H, 23), 387 (M"—Ph, 100). Exact mass
(ESI) calculated for CagH4103Si (M™+H), 465.2825; found, 465.2827.

4.1.12. (10R,5Z,8Z)-11-Hydroxy-10-methyl-undeca-5,8-dienoic
methyl ester (25). To a stirred solution of 24 (85 mg, 0.183 mmol) in
dry THF (3 mL), under an argon atmosphere at 0 °C, was added TBAF
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(0.25 mL, 0.25 mmol, 1 M solution in THF) dropwise. Stirring was
continued for 10 min at 0 °C and for 1.5 h at room temperature. The
reaction mixture was quenched with a saturated aqueous NH4Cl
solution at 0 °C and extracted with AcOEt. The combined organic
extracts were washed with brine, dried (MgS04) and concentrated
under reduced pressure at 37 °C. The crude material was purified by
flash column chromatography on silica gel (15—45% ethyl acetate in
hexane) to afford 25 (38 mg, 92% yield) as a colorless viscous liquid.
[0]28 83.11 (c 0.139 /100 mL in CHCl3). 'H NMR (500 MHz, CDCl3)
0 5.49 (dtd, J=10.5, 7.5, 1.2 Hz, 1H, 8-H), 5.40 (td, J=10.5, 7.0 Hz, 1H,
6-H or 5-H), 5.35 (td, J=10.5, 7.0 Hz, 1H, 5-H or 6-H), 5.16 (tdd,
J=10.5, 10.0, 1.5 Hz, 1H, 9-H), 3.67 (s, 3H, —COOCH3), 3.49 (ddd,
J=12.0, 8.0, 6.0 Hz, 1H, 11-H), 3.35 (ddd, J=12.0, 8.5, 4.5 Hz, 1H, 11-
H), 2.83 (dd, J=7.5, 7.5 Hz, 2H, 7-H), 2.73 (m as septet, J=6.5 Hz, 1H,
10-H), 2.33 (t, J=7.0 Hz, 2H, 2-H), 2.11 (dt, J=7.5, 7.5 Hz, 2H, 4-H),
1.70 (quintet, J=7.5 Hz, 2H, 3-H), 1.51 (dd, J=6.0, 4.5 Hz, 1H, OH),
0.96 (d, J=6.5 Hz, 3H, >CH—CH3). 3C NMR (100 MHz, CDCl3) 6 174.1
(>C=0), 132.8 (C-9 or C-8), 130.4 (C-8 or C-9), 129.4 (C-6 or C-5),
129.2 (C-5 or C-6), 68.1 (CH,0H), 51.8 (OCH3), 35.4, 33.9, 27.0, 26.4,
25.1,17.4. Mass spectrum (ESI) m/z (relative intensity) 249 (M"+Na,
100). Exact mass (ESI) calculated for Cy3Hp03Na (M'+Na),
249.1465; found, 249.1468.

4.1.13. (10R5Z,8Z)-10-Methyl-11-oxo-undeca-5,8-dienoic methyl es-
ter (26). To a solution of alcohol 25 (38 mg, 0.168 mmol) in dry
CH,Cl; (3.5 mL) at 0 °C under an argon atmosphere, was added
Dess—Martin periodiane (DMP) (142 mg, 0.336 mmol) and the
resulting suspension was warmed to room temperature and stirred
for 45 min. An additional amount of DMP (21 mg, 0.05 mmol) was
added at 0 °C and stirring was continued for 30 min at room tem-
perature to ensure total consumption of alcohol 25. The reaction
mixture was quenched by adding a mixture of Na;S,03 (10% in H,0)
and saturated NaHCO3 (1:1) and diluted with diethyl ether. The
slurry was filtered through Celite, the organic phase separated and
the aqueous phase was extracted with diethyl ether. The combined
organic layer was washed with saturated NaHCOs, brine, and dried
(MgS0Qy,). Solvent evaporation under reduced pressure at 36—40 °C
provided the sensitive crude product 26 as a colorless oil, which was
used in the next step immediately. '"H NMR (500 MHz, CDCl3) 6 9.53
(d, J=1.5 Hz, 1H, —CHO), 5.64 (dtd, J=10.5, 7.5 Hz, 1.2 Hz, 1H, 8-H),
5.42—5.34 (m, 2H, 6-H, 5-H), 5.25 (ttd, J=10.5,10.0, 1.5 Hz, 1H, 9-H),
3.67 (s, 3H, —COOCHS3), 3.37 (m as quintet, J=8.0 Hz, 1H, 10-H),
2.86—2.78 (m, 2H, 7-H), 2.33 (t, J=7.0 Hz, 2H, 2-H), 2.11 (dt, J=7.5,
7.5 Hz, 2H, 4-H), 1.71 (quintet, J=7.5 Hz, 2H, 3-H), 1.19 (d, J=6.5 Hz,
3H, >CH—CH3). Mass spectrum (ESI) m/z (relative intensity) 247
(M*+Na, 100),225 (M*+H, 10),175 (34). Exact mass (ESI) calculated
for C13H2003Na (M*+Na), 247.1310; found, 247.13009.

4.1.14. (10S,5Z,82,11Z,14Z)-10-Methyl-eicosa-5,8,11,14-tetraenoic
methyl ester (2a). To a stirred solution of phosphonium bromide 6
(395 mg, 0.845 mmol) in dry THF (4 mL) at 0 °C under an argon
atmosphere, was added potassium bis(trimethylsilyl)amide
(0.83 mL, 1.0 M solution in THF) dropwise. The mixture was stirred
for 30 min at 0 °C to ensure complete formation of the orange ylide
and then it was cooled to —78 °C. A solution of crude aldehyde 26 in
dry THF (1 mL) was added dropwise, the reaction mixture was
stirred for 1 h at —78 °C and then it was quenched by the addition of
saturated aqueous sodium bicarbonate. The mixture was warmed
to room temperature, extracted with diethyl ether, and the com-
bined organic extracts were washed with brine, dried (MgS0O4) and
concentrated in vacuo. Purification by flash column chromatogra-
phy on silica gel (0—8% diethyl ether in hexane) gave 21 mg (39%
yield from alcohol 25) of ester 2a as a colorless oil. [OL]ZDG 351.92 (c
0.087 g/100 mL in CHCl3). 'TH NMR (500 MHz, CDCl3) 6 5.43—5.31
(m, 4H, —CH=CH-), 5.31-5.21 (m, 4H, —CH=CH-), 3.67 (s, 3H,
—COOCH3), 3.49 (ddq as sextet, J=6.5 Hz, 1H, 10-H), 2.88—2.75 (m,

4H, 7-H, 13-H), 2.32 (t, J=7.0 Hz, 2H, 2-H), 2.11 (dt, J=7.0, 7.0 Hz, 2H,
4-H), 2.05 (dt, J=7.5, 7.5 Hz, 2H, 16-H), 1.71 (quintet, J=7.5 Hz, 2H, 3-
H), 1.39-124 (m, 6H, 18-H, 19-H, 17-H), 1.02 (d, J=7.0 Hz
3H, >CH—CHs), 0.89 (t, J=7.0 Hz, 3H, 20-H). 13C NMR (100 MHz,
CDCl3) 6 1742 (>C=0), 135.0 (—CH=), 134.7 (—CH=), 130.7
(—CH=), 129.3 (—CH=), 129.1 (—CH=), 127.9 (—CH=), 126.6
(—CH=), 126.2 (—CH=), 51.6 (OCH3), 33.7, 31.7, 30.8, 29.9, 29.5,
274,26.8,26.0,25.0,22.7,22.1,14.2 (C-20). Mass spectrum (ESI) m/z
(relative intensity) 355 (M"+Na, 100), 333 (M"+H, 72). Exact mass
(ESI) calculated for CyyHzgONa (M*™+Na), 355.2613; found,
355.2618, and calculated for CyyH370, (M1+H), 333.2794; found,
333.2797.

4.1.15. (10S,5Z,8Z,11Z,14Z)-10-Methyl-eicosa-5,8,11,14-tetraenoic acid
(27). To a stirred solution of 2a (15 mg, 0.045 mmol) in dry THF
(1 mL) at room temperature, under an argon atmosphere, was added
1 M aqueous LiOH solution (0.09 mL). Stirring was continued for
24 h, and then the reaction mixture was acidified with 5% HCI to pH
3, and lipophilic products were extracted with Et,0. The combined
organic extracts were washed with brine and dried (MgSQj,). Solvent
evaporation under reduced pressure at 37—40 °C gave pure acid 27
(12.4 mg, 86% yield) as a colorless oil, which was used in the next
step without further purification. '"H NMR (500 MHz, CDCls)
0 5.43-5.31 (m, 4H, —CH=CH-), 5.31-5.21 (m, 4H, —CH=CH-),
3.48 (ddq as sextet, J=6.5 Hz, 1H, 10-H), 2.88—2.76 (m, 4H, 7-H, 13-
H), 2.38 (t, J=7.5 Hz, 2H, 2-H), 2.13 (dt, J=7.5, 7.5 Hz, 2H, 4-H), 2.05
(dt, J=7.0, 7.0 Hz, 2H, 16-H), 1.72 (quintet, J=7.5 Hz, 2H, 3-H),
1.39-1.24(m, 6H, 18-H,19-H, 17-H), 1.03 (d, J=7.0 Hz, 3H, >CH—CH3),
0.89 (t, J=7.0 Hz, 3H, 20-H). Mass spectrum (ESI) m/z (relative in-
tensity) 341 (M*+Na, 100), 319 (M*+H, 45). Exact mass (ESI) cal-
culated for Cy;H340,Na (M*+Na), 341.2457; found, 341.2456, and
calculated for C31H350, (MT+H), 319.2637; found, 319.2638.

4.1.16. 2-[(tert-Butyldiphenylsilyl)oxy]ethanamine (29). To a solu-
tion of ethanolamine (28) (1 g, 16.4 mmol) and dried imidazole
(2.44 mg, 36.1 mmol) in anhydrous CH3CN (80 mL) at 0 °C under an
argon atmosphere, was added tert-butyldiphenylsilyl chloride
(4.95 mg, 18.0 mmol) dropwise. The reaction mixture was stirred
for 30 min at 0 °C and then quenched with a saturated aqueous
sodium bicarbonate solution, diluted with water and extracted
with CH;Cl,. The combined organic extracts were washed with
brine, dried (MgSO4) and concentrated in vacuo. The crude oil was
purified by flash column chromatography on silica gel (10% MeOH
in CH,Cly) to afford 29%° (4.64 g, 95%) as a colorless oil. '"H NMR
(500 MHz, CDCl3) 6 7.68 (d, J=7.2 Hz, 4H, 2-H, 6-H, PhH), 7.43 (t,
J=7.2 Hz, 2H, 4-H, PhH), 7.39 (t, ]=7.2 Hz, 4H, 3-H, 5-H, PhH), 3.70 (t,
J=5.4 Hz, 2H, —CH,—O0TBDPS), 2.83 (t, J=5.4 Hz, 2H, —CH,—NH-),
241 (br s, 2H, —NH>), 1.07 (s, 9H, —C(CH3)3).

4.1.17. (10S,5Z,82,11Z,14Z)-10-Methyl-eicosa-5,8,11,14-tetraenoic acid
N-{2-[(tert-butyldiphenylsilyl) oxy]ethyl}amide (30). A mixture of
acid 27 (10 mg, 0.031 mmol), and fresh carbonyldiimidazole (15 mg,
0.093 mmol) in dry THF (1 mL) at room temperature under an ar-
gon atmosphere, was stirred for 2 h and then protected ethanol-
amine 29 (37 mg, 0.125 mmol) in THF (0.5 mL) was added. The
reaction mixture was stirred for 1 h and then diluted with water
and ethyl acetate. The organic phase was separated and the aque-
ous phase extracted with AcOEt. The combined organic layer was
washed with brine, dried (MgS0O4) and concentrated in vacuo. The
crude product obtained after work up was purified by flash column
chromatography on silica gel (15—25% acetone in hexane), and gave
14 mg (74% yield) of 30 as a colorless oil. 'H NMR (500 MHz, CDCl3)
0 7.63 (d, J=7.5 Hz, 4H, 2-H, 6-H, Ph), 7.43 (t, J=7.5 Hz, 2H, 4-H, Ph),
7.38 (t,J=7.5 Hz, 4H, 3-H, 5-H, Ph), 5.73 (br s, 1H, >NH), 5.43—5.32
(m, 4H, —CH=CH-), 5.31-5.19 (m, 4H, —CH—=CH-), 3.74 (t,
J=6.5Hz, 2H, —CH,—OTBDPS), 3.48 (m as sextet, J=7.0 Hz, 1H, 10-H),
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3.40 (dt, J=6.5, 6.5 Hz, 2H, —CH,—NH-), 2.88—2.76 (m, 4H, 7-H, 13-
H), 2.16—2.08 (t and dt overlapping, 4H, 2-H, 4-H), 2.04 (dt, J=7.2,
7.2 Hz, 2H,16-H), 1.68 (quintet, J=8.0 Hz, 2H, 3-H), 1.38—1.24 (m, 6H,
18-H, 19-H, 17-H), 1.07 (s, 9H, —C(CHs)3), 1.02 (d, J=8.5 Hz, 3H,
>CH—CH3), 0.88 (t, J=7.0 Hz, 3H, 20-H). Mass spectrum (ESI) m/z
(relative intensity) 600 (M*+H, 100), 522 (M*—Ph, 52). Exact mass
(ESI) calculated for C3gHsgNO,Si (M*+H), 600.4237; found,
600.4238.

4.1.18. (10S,5Z,82,112Z,14Z)-10-Methyl-eicosa-5,8,11,14-tetraenoic acid
N-(2-hydroxyethyl)amide (1a). The synthesis was carried out as
described for 25, using 30 (10 mg, 0.0166 mmol) and TBAF (0.02 mL,
0.02 mmol, 1 M solution in THF) in dry THF (1 mL). The reaction was
completed in 1 h and the crude oil obtained after work up was
purified by flash column chromatography on silica gel (57:40:3,
ethyl acetate/hexane/MeOH) to afford 1a (5 mg, 83% yield) as
a colorless oil. [0]2¢ 99.27 (c 0.108 g/100 mL in CHCl3). 'H NMR
(700 MHz, CDCl3) 6 5.87 (br s, 1H, >NH), 5.43—5.32 (m, 4H, —CH=),
5.30—5.19 (m, 4H, —CH=), 3.73 (t, J=5.1 Hz, 2H, —CH,—0-), 3.48
(qdd as sextet, J=7.2 Hz, 1H, 10-H), 3.42 (dt, J=5.5, 5.5 Hz, 2H,
—CH,—NH-), 2.87—2.75 (m, 4H, 7-H, 13-H), 2.22 (t, J=7.6 Hz, 2H, 2-
H), 2.12 (dt, J=7.0, 7.0 Hz, 2H, 4-H), 2.05 (dt, J=7.4, 7.4 Hz, 2H, 16-H),
1.73 (quintet, J=7.5 Hz, 2H, 3-H), 1.52 (br s, 1H, OH), 1.38—1.33
(sextet, J=7.1 Hz, 2H, 17-H), 1.32—1.24 (m, 4H, 18-H, 19-H), 1.02 (d,
J=6.7 Hz, 3H, >CH—CH3), 0.88 (t, J=7.1 Hz, 3H, 20-H). 3C NMR
(175 MHz, CDCl3) 6 174.2 (>C=0), 134.8 (—CH=), 134.4 (—CH=),
130.5 (—CH=), 129.01 (—CH=), 128.99 (—CH=), 127.7 (—CH=),
126.4 (—CH=), 126.0 (—CH=), 62.7 (—CH,0H), 42.5 (—NH—CH>—),
35.9 (C-2), 31.5 (C-18 or C-19), 30.6 (C-10), 29.3 (C-17), 27.2 (C-16),
26.6(C-4),25.9(C-7,C-13),25.5(C-3),22.6 (C-19 or C-18), 22.0 (C1o-
Me), 14.1 (C-20). Mass spectrum (ESI) m/z (relative intensity) 362
(M*+H, 100), 301 (M"—NH(CH5),0H, 11). Exact mass (ESI) calcu-
lated for Co3H49NO, (MT+H), 362.3059; found, 362.3061. Elemental
analysis calculated for Cy3H3gNO,: C, 76.40; H, 10.87; N, 3.87.
Found: C, 76.11; H, 11.17; N, 4.21.

4.1.19. (10S,5Z,8Z)-11-[(tert-Butyldiphenylsilyl)oxy]-10-methyl-un-
deca-5,8-dienoic methyl ester (31). The synthesis was carried out as
described for 24 and gave the title compound in 48% yield. Spec-
troscopic and physical data were identical to those of the enan-
tiomer 24.

4.1.20. (10S,5Z,8Z)-11-Hydroxy-10-methyl-undeca-5,8-dienoic
methyl ester (32). The synthesis was carried out as described for 25
and gave the title compound in 90% yield. Spectroscopic and
physical data were identical to those of the enantiomer 25.

4.1.21. (10S,5Z,8Z)-10-Methyl-11-oxo-undeca-5,8-dienoic methyl es-
ter (33). The synthesis was carried out as described for 26 and the
product was used in the next step immediately without further
purification. Spectroscopic and physical data were identical to
those of the enantiomer 26.

4.1.22. (10R,5Z,82,11Z,14Z)-10-Methyl-eicosa-5,8,11,14-tetraenoic
methyl ester (2b). The synthesis was carried out as described for 2a
and gave the title compound in 40% yield from alcohol 32. Spec-
troscopic and physical data were identical to those of the enan-
tiomer 2a.

4.1.23. (10R,5Z,82,11Z,14Z)-10-Methyl-eicosa-5,8,11,14-tetraenoic
acid (34). The synthesis was carried out as described for 27 and
gave the title compound in 86% yield. Spectroscopic and physical
data were identical to those of the enantiomer 27.

4.1.24. (10R,5Z,82,11Z,14Z)-10-Methyl-eicosa-5,8,11,14-tetraenoic
acid N-{2-[(tert-butyldiphenylsilyl) oxy]ethyl}amide (35). The

synthesis was carried out as described for 30 and gave the title
compound in 83% yield. Spectroscopic and physical data were
identical to those of the enantiomer 30.

4.1.25. (10R,5Z,82,11Z,14Z)-10-Methyl-eicosa-5,8,11,14-tetraenoic
acid N-(2-hydroxyethyl)amide (1b). The synthesis was carried out
as described for 1a and gave the title compound in 85% yield.
Spectroscopic and physical data were identical to those of the en-
antiomer 1a.

Acknowledgements

This work was supported by grants from the National Institute
on Drug Abuse, DA009158, DA003801 and DA007215.

Supplementary data

Experimental procedures and spectroscopic and physical data
for all compounds. Reproductions of 'H NMR spectra of compounds
24 and 25 in CDCl; solutions and reproductions of 'H NMR, 3C
NMR, COSY, HSQC and NOESY spectra of compound 1a in CDCl3
solutions. Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.tet.2012.05.010.

References and notes

1. Devane, W. A.; Hanus, L.; Breuer, A.; Pertwee, R. G.; Stevenson, L. A.; Griffin, G.;
Gibson, D.; Mandelbaum, A.; Etinger, A.; Mechoulam, R. Science 1992, 258,
1946—1949.

2. Mechoulam, R.; Ben-Shabat, S.; Hanus, L.; Ligumsky, M.; Kaminski, N. E.;
Schatz, A. R.; Gopher, A.; Almog, S.; Martin, B. R.; Compton, D. R.; Pertwee, R.
G.; Griffin, G.; Bayewitch, M.; Barg, ].; Vogel, Z. Biochem. Pharmacol. 1995, 50,
83-90.

3. Sugiura, T.; Kondo, S.; Sukagawa, A.; Nakane, S.; Shinoda, A.; Itoh, K.; Yamashita,
A.; Waku, K. Biochem. Biophys. Res. Commun. 1995, 215, 89—97.

4. Devane, W. A.; Dysarz, F. A, 3rd; Johnson, M. R.; Melvin, L. S.; Howlett, A. C. Mol.
Pharmacol. 1988, 34, 605—613.

5. Munro, S.; Thomas, K. L.; Abu-Shaar, M. Nature 1993, 365, 61—65.

6. Matsuda, L. A.; Lolait, S. ].; Brownstein, M. ].; Young, A. C.; Bonner, T. I. Nature
1990, 346, 561-564.

7. Howlett, A. C. Mol. Pharmacol. 1985, 27, 429—436.

8. Massa, F.; Marsicano, G.; Hermann, H.; Cannich, A.; Monory, K.; Cravatt, B.
F.; Ferri, G. L.; Sibaev, A.; Storr, M.; Lutz, B. J. Clin. Invest. 2004, 113,
1202—-1209.

9. Calignano, A.; La Rana, G.; Giuffrida, A.; Piomelli, D. Nature 1998, 394, 277—281.

10. Cravatt, B. E; Lichtman, A. H. J. Neurobiol. 2004, 61, 149—160.

11. Walker, J. M.; Huang, S. M.; Strangman, N. M.; Tsou, K.; Sanudo-Pena, M. C. Proc.
Natl. Acad. Sci. US.A. 1999, 96, 12198—12203.

12. Fowler, C. ]. Brain Res. Rev. 2003, 41, 26—43.

13. Karanian, D. A.; Brown, Q. B.; Makriyannis, A.; Kosten, T. A.; Bahr, B. A. J.
Neurosci. 2005, 25, 7813—7820.

14. Naidoo, V.; Nikas, S. P.; Karanian, D. A.; Hwang, J.; Zhao, J.; Wood, ]. T.;
Alapafuja, S. O.; Vadivel, S. K.; Butler, D.; Makriyannis, A.; Bahr, B. A. J. Mol.
Neurosci. 2011, 43, 493—502.

15. Panikashvili, D.; Simeonidou, C.; Ben-Shabat, S.; Hanus, L.; Breuer, A;
Mechoulam, R.; Shohami, E. Nature 2001, 413, 527—-531.

16. Mallet, P. E.; Beninger, R. ]. Psychopharmacology (Berlin) 1998, 140, 11-19.

17. Kathuria, S.; Gaetani, S.; Fegley, D.; Valino, F.; Duranti, A.; Tontini, A.; Mor, M.;
Tarzia, G.; La Rana, G.; Calignano, A.; Giustino, A.; Tattoli, M.; Palmery, M.;
Cuomo, V.; Piomelli, D. Nat. Med. 2003, 9, 76—81.

18. Gomez, R.; Navarro, M.; Ferrer, B.; Trigo, ]. M.; Bilbao, A.; Del Arco, I.; Cippitelli, A.;
Nava, F.; Piomelli, D.; Rodriguez de Fonseca, F. J. Neurosci. 2002, 22, 9612—9617.

19. Williams, C. M.; Kirkham, T. C. Physiol. Behav. 2002, 76, 241—250.

20. Melck, D.; Rueda, D.; Galve-Roperh, I.; De Petrocellis, L.; Guzman, M.; Di Marzo,
V. FEBS Lett. 1999, 463, 235—240.

21. Yamaji, K.; Sarker, K. P.; Kawahara, K.; lino, S.; Yamakuchi, M.; Abeyama, K.;
Hashiguchi, T.; Maruyama, I. Thromb. Haemostasis 2003, 89, 875—884.

22. Cravatt, B. F; Giang, D. K.; Mayfield, S. P.; Boger, D. L.; Lerner, R. A.; Gilula, N. B.
Nature 1996, 384, 83—87.

23. Dinh, T. P; Carpenter, D.; Leslie, F. M.; Freund, T. F; Katona, L; Sensi, S. L.;
Kathuria, S.; Piomelli, D. Proc. Natl. Acad. Sci. US.A. 2002, 99, 10819—-10824.

24. Hampson, A. J.; Hill, W. A.; Zan-Phillips, M.; Makriyannis, A.; Leung, E.; Eglen,
R. M.; Bornheim, L. M. Biochim. Biophys. Acta 1995, 1259, 173—179.

25. Kozak, K. R.; Crews, B. C.; Morrow, J. D.; Wang, L. H.; Ma, Y. H.; Weinander, R.;
Jakobsson, P. J.; Marnett, L. ]. J. Biol. Chem. 2002, 277, 44877—44885.

26. Kozak, K. R.; Marnett, L. J. Prostaglandins, Leukotrienes Essent. Fatty Acids 2002,
66, 211-220.


http://dx.doi.org/doi:10.1016/j.tet.2012.05.010

27.

33.

34.

35.
36.

37.

S.P. Nikas et al. / Tetrahedron 68 (2012) 6329—6337

Ueda, N.; Yamamoto, K.; Yamamoto, S.; Tokunaga, T.; Shirakawa, E.; Shinkai, H.;
Ogawa, M.; Sato, T.; Kudo, L; Inoue, K.; Takizawa, H.; Nagano, T.; Hirobe, M.;
Matsuki, N.; Saito, H. Biochim. Biophys. Acta 1995, 1254, 127—134.

. van der Stelt, M.; van Kuik, J. A.; Bari, M.; van Zadelhoff, G.; Leeflang, B. R.;

Veldink, G. A.; Finazzi-Agro, A.; Vliegenthart, J. F.; Maccarrone, M. J. Med. Chem.
2002, 45, 3709—3720.

. Rouzer, C. A.; Marnett, L. ]. Chem. Rev. 2011, 111, 5899—5921.

. Fowler, C. J. Br. J. Pharmacol. 2007, 152, 594—601.

. Jhaveri, M. D.; Richardson, D.; Chapman, V. Br. J. Pharmacol. 2007, 152, 624—632.
. Abadji, V.; Lin, S.; Taha, G.; Griffin, G.; Stevenson, L. A.; Pertwee, R. G.; Mak-

riyannis, A. J. Med. Chem. 1994, 37, 1889—1893.

Khanolkar, A. D.; Abadji, V.; Lin, S.; Hill, W. A.; Taha, G.; Abouzid, K.; Meng, Z.;
Fan, P.; Makriyannis, A. J. Med. Chem. 1996, 39, 4515—4519.

Lin, S.; Khanolkar, A. D.; Fan, P.; Goutopoulos, A.; Qin, C.; Papahadjis, D.;
Makriyannis, A. J. Med. Chem. 1998, 41, 5353—5361.

Hamberg, M.; Samuelsson, B. J. Biol. Chem. 1967, 242, 5336—5343.

Kozak, K. R.; Prusakiewicz, J. J.; Rowlinson, S. W.; Prudhomme, D. R.; Marnett,
L. ]. Biochemistry 2003, 42, 9041—9049.

Peng, S.; Okeley, N. M.; Tsai, A. L.; Wu, G.; Kulmacz, R. J.; van der Donk, W. A. J.
Am. Chem. Soc. 2002, 124, 10785—10796.

38.
39.
40.
41.
. Trost, B. M.; Ball, Z. T. J. Am. Chem. Soc. 2005, 127, 17644—17655.
43.

44,

46.

47.

48.
49.

6337

Nicolaou, K. C.; Ramphal, J. Y.; Petasis, N. A.; Serhan, C. N. Angew. Chem., Int. Ed.
Engl. 1991, 30, 1100—1116.

Papahatjis, D. P.; Nahmias, V. R.; Nikas, S. P.; Schimpgen, M.; Makriyannis, A.
Chem.—Eur. J. 2010, 16, 4091—4099.

Canova, S.; Bellosta, V.; Bigot, A.; Mailliet, P.; Mignani, S.; Cossy, J. Org. Lett.
2007, 9, 145—148.

Brummond, K. M.; McCabe, J. M. Synlett 2005, 2457—2460.

Zhao, M. Z,; i, ].; Song, Z. G.; Desmond, R.; Tschaen, D. M.; Grabowski, E. J. ].;
Reider, P. ]. Tetrahedron Lett. 1998, 39, 5323—5326.

Rao, A. V. R.; Purandare, A. V.; Singh, A. K. Bioorg. Med. Chem. Lett. 1991, 1,
201-204.

. Nicolaouy, K. C.; Petasis, N. A.; Li, W. S.; Ladduwahetty, T.; Randall, J. L.; Webber,

S. E.; Hernandez, P. E. J. Org. Chem. 1983, 48, 5400—5403.

Alapafuja, S. O.; Nikas, S. P.; Shukla, V. G.; Papanastasiou, I.; Makriyannis, A.
Tetrahedron Lett. 2009, 50, 7028—7031.

Romeril, S. P; Lee, V.; Baldwin, ]. E.; Claridge, T. D. W. Tetrahedron 2005, 61,
1127—-1140.

Denmark, S. E.; Wang, Z. G. Synthesis 2000, 999—1003.

Sandri, ].; Viala, J. J. Org. Chem. 1995, 60, 6627—6630.



	Enantioselective synthesis of (10S)- and (10R)-methyl-anandamides
	1. Introduction
	2. Results and discussion
	3. Conclusion
	4. Experimental
	4.1. General
	4.1.1. 6-[(tert-Butyldiphenylsilyl)oxy]hex-1-yne (14)47
	4.1.2. 8-[(tert-Butyldiphenylsilyl)oxy]oct-3-yn-1-ol (15)
	4.1.3. (Z)–8-[(tert-Butyldiphenylsilyl)oxy]oct-3-en-1-ol (16)
	4.1.4. (Z)-[(8-Bromooct-5-en-1-yl)oxy](tert-butyl)diphenylsilane (17)
	4.1.5. (Z)-8-Bromooct-5-en-1-ol (18)
	4.1.6. (Z)-8-Bromooct-5-enoic acid (20)
	4.1.7. (5Z)-8-Bromo-5-octenoic methyl ester (21)
	4.1.8. [(3Z)-8-Methoxy-8-oxo-3-octen-1-yl]triphenylphosphonium bromide (5)
	4.1.9. (3Z)-1-Bromo-3-nonene (23)
	4.1.10. [(3Z)-3-Nonen-1-yl]triphenylphosphonium bromide (6)
	4.1.11. (10R,5Z,8Z)-11-[(tert-Butyldiphenylsilyl)oxy]-10-methyl-undeca-5,8-dienoic methyl ester (24)
	4.1.12. (10R,5Z,8Z)-11-Hydroxy-10-methyl-undeca-5,8-dienoic methyl ester (25)
	4.1.13. (10R,5Z,8Z)-10-Methyl-11-oxo-undeca-5,8-dienoic methyl ester (26)
	4.1.14. (10S,5Z,8Z,11Z,14Z)-10-Methyl-eicosa-5,8,11,14-tetraenoic methyl ester (2a)
	4.1.15. (10S,5Z,8Z,11Z,14Z)-10-Methyl-eicosa-5,8,11,14-tetraenoic acid (27)
	4.1.16. 2-[(tert-Butyldiphenylsilyl)oxy]ethanamine (29)
	4.1.17. (10S,5Z,8Z,11Z,14Z)-10-Methyl-eicosa-5,8,11,14-tetraenoic acid N-{2-[(tert-butyldiphenylsilyl) oxy]ethyl}amide (30)
	4.1.18. (10S,5Z,8Z,11Z,14Z)-10-Methyl-eicosa-5,8,11,14-tetraenoic acid N-(2-hydroxyethyl)amide (1a)
	4.1.19. (10S,5Z,8Z)-11-[(tert-Butyldiphenylsilyl)oxy]-10-methyl-undeca-5,8-dienoic methyl ester (31)
	4.1.20. (10S,5Z,8Z)-11-Hydroxy-10-methyl-undeca-5,8-dienoic methyl ester (32)
	4.1.21. (10S,5Z,8Z)-10-Methyl-11-oxo-undeca-5,8-dienoic methyl ester (33)
	4.1.22. (10R,5Z,8Z,11Z,14Z)-10-Methyl-eicosa-5,8,11,14-tetraenoic methyl ester (2b)
	4.1.23. (10R,5Z,8Z,11Z,14Z)-10-Methyl-eicosa-5,8,11,14-tetraenoic acid (34)
	4.1.24. (10R,5Z,8Z,11Z,14Z)-10-Methyl-eicosa-5,8,11,14-tetraenoic acid N-{2-[(tert-butyldiphenylsilyl) oxy]ethyl}amide (35)
	4.1.25. (10R,5Z,8Z,11Z,14Z)-10-Methyl-eicosa-5,8,11,14-tetraenoic acid N-(2-hydroxyethyl)amide (1b)


	Acknowledgements
	Supplementary data
	References and notes


