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Introduction

By the mid 1990s, the first two key endocannabinoids N-
arachidonoylethanolamine (anandamide, Ia) and 2-arachido-
noyl glycerol (Ib) were isolated and characterized as deriva-
tives of the noncannabinergic arachidonic acid (Ic).[1–3] Com-
pounds Ia and Ib act at the CB1 and CB2 receptors, two
Gi/o-protein-coupled cannabinoid receptors (CBs)[4–8] known
to modulate physiological and pathological processes, in-
cluding nociception,[9–11] inflammation,[12] neuroprotec-
tion,[13–15] feeding,[16, 17] memory,[18] anxiety,[19] and cell prolif-
eration.[20,21] The biological actions of Ia and Ib are terminat-
ed by a transport mechanism and enzymatic deactivation. In
most tissues, compound Ia is metabolized hydrolytically by
fatty acid amide hydrolase (FAAH),[22,23] and Ib is metabo-
lized by monoacylglycerol lipase (MAGL).[24,25] However,

recent investigations have demonstrated that oxidative en-
zymes of the arachidonate cascade, including lipoxygenases
(LOX),[26–29] cytochrome P450,[28–31] and cyclooxygenase-2
(COX-2),[28,29,32–34] can transform Ia and Ib into eicosanoid-
related bioactive products.

In addition to the hydrolytic metabolism of Ia and Ib, the
alternative COX-2 metabolic route becomes important
when FAAH or MAGL are inhibited and when endocanna-
binoid biosynthesis is activated following tissue damage.[35, 36]

The first step in the COX-2 oxidative metabolism of Ic has
been proposed to involve abstraction of the pro-(S) hydro-
gen from the C13 position by a tyrosyl radical.[37, 38] It has
also been reported that mutation of Tyr385 prevents Ia oxy-
genation by COX-2, suggesting that, as in the case of Ic, me-
tabolism of Ia is initiated by Tyr385-mediated hydrogen ab-
straction.[39]

Keywords: chirality · endocannabi-
noids · lipids · olefination · struc-
ture–activity relationships

Abstract: Two novel methyl-substituted arachidonic acid derivatives were pre-
pared in an enantioselective manner from commercially available chiral building
blocks, and were found to be excellent templates for the development of (13S)-
methyl-substituted anandamide analogues. One of the compounds synthesized,
namely, (13S,5Z,8Z,11Z,14Z)-13-methyl-eicosa-5,8,11,14-tetraenoic acid N-(2-hy-
droxyethyl)amide, is an endocannabinoid analogue with remarkably high affinity
for the CB1 cannabinoid receptor.

[a] Dr. D. P. Papahatjis, V. R. Nahmias, Dr. S. P. Nikas, M. Schimpgen
Institute of Organic and Pharmaceutical Chemistry
National Hellenic Research Foundation
48 Vass. Constantinou, Athens 116-35 (Greece)
Fax: (+30) 210-7273831
E-mail : dpapah@eie.gr

[b] Dr. S. P. Nikas, A. Makriyannis
Center for Drug Discovery, Northeastern University
116 Mugar Life Sciences Building
360 Huntington Avenue, Boston, MA, 02115 (USA)

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200902880. It contains experi-
mental procedures, physical properties, and spectroscopic data for
compounds 2–4, 8–11, 13–23, and 30, as well as 1H NMR, COSY,
HSQC, HMBC, and NOESY spectra of compound 27, and a
1H NMR spectrum of compound 24.

Chem. Eur. J. 2010, 16, 4091 – 4099 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4091

FULL PAPER



The chemical structure of Ia can be divided into two
major molecular fragments: 1) a polar head group and 2) a
hydrophobic fragment comprising a nonconjugated tetraole-
finic chain (with Z-configured double bonds) and an n-
pentyl tail. Extensive structure–activity relationship (SAR)
studies aimed at developing potent and metabolically stable
analogues of Ia have focused on the polar head group and
on the n-pentyl tail.[40–42] In this regard, earlier work from
our laboratories has led to the synthesis of a high-affinity
and hydrolytically stable analogue of Ia, (R)-methanand-ACHTUNGTRENNUNGamide (Id).[43–47]

Unlike the polar head group and the n-pentyl tail, the
nonconjugated tetraolefinic chain is essentially unexplored,
and SAR studies seeking to probe unsaturation require-
ments have suggested that it plays a pivotal role in deter-
mining the bioactive conformation(s) of Ia and its conge-
ners.[45, 49] Earlier computational and biophysical work by
us[50] and others[51–54] on the conformational properties of
anandamide has shown that the hydrophobic fragment is ca-
pable of assuming a variety of conformations in solution,
which are generally characterized as hairpin (U shaped),
partially extended (J shaped) and fully extended. Of these,
the U- and the J-shaped conformations are believed to be
responsible for CB receptor recognition.[50–54] Additionally,
in the crystal structure of Ic bound in the COX active site of
prostaglandin synthase-1, compound Ic adopts a partially ex-
tended L-shaped conformation.[55]

As a part of our ongoing program in cannabinoid medici-
nal chemistry, we focus on the development of novel endo-
cannabinoid templates that possess high CB receptor bind-
ing affinity as well as metabolic stability to the action of the
COX-2 enzyme. The novel analogues can provide additional
insight into the stereoelectronic requirements for interaction
with CB receptors, and aid in the discovery of more potent
and selective cannabinergic drug candidates and COX-2 in-
hibitors. They can also serve as pharmacological tools to-
wards understanding the connection between the endocan-
nabinoid and COX-2 systems.

We report herein the design, synthesis, and preliminary
biological data of two novel endocannabinoid molecular
probes referred to as (13S)-methyl-substituted anandamide
analogues (32 and 39, Schemes 1 and 6, respectively). Our
synthetic strategy involves two approaches (methods A and
B, Scheme 1) for the enantioselective construction of the
cannabinergic skeleton. The first approach (method A)
yields the final products in fewer synthetic steps, whereas
the second approach (method B) facilitates the enantioselec-
tive introduction of different substituents at the C13 posi-
tion. Biological testing results demonstrate that both ana-
logues 32 and 39 are well recognized by the CB1 receptor. It
is especially worthy of note that 32 is among the endocanna-
binoid analogues with the highest CB1 binding affinities
known to date. A detailed SAR study as well as a full bio-
logical evaluation of the novel endocannabinoid analogues
reported herein is underway.

Results and Discussion

Analogue design : Our approach for the design of the novel
endocannabinoid analogues involved addition of a methyl
substituent at position 13S of the lipophilic fragment (ana-
logue 32, Scheme 1). It was hypothesized that the presence
of a methyl substituent at C13 would not significantly affect
the ability of the nonconjugated tetraolefinic chain to
assume U- and/or J-shaped conformations, and thus would
not significantly affect its bioactivity for CB1. In contrast, it
seemed plausible that endocannabinoid analogues substitut-
ed at the C13S position might “shut off” the COX-2-mediat-
ed metabolism due to the absence of a hydrogen atom in
the respective position. We also extended our design to in-
clude analogue 39 (Scheme 6), which can be considered to
mimic the J- and/or L-shaped conformers of Ia and Ic, be-
cause of the conformational restriction imposed by the two
triple bonds. The head group of the endogenous anand-ACHTUNGTRENNUNGamide was incorporated in our templates.

Synthesis : Our retrosynthetic analysis identifies methyl ester
27 as the key intermediate from which (13S)-methylanand-ACHTUNGTRENNUNGamide (32) would be generated through peptide coupling
(Scheme 1).

Retrosynthetic disconnection (method A) of both the
C11=C12 and C14=C15 double bonds in 27 generated three
fragments: the phosphonium salts 20 and 8 a, and the chiral
aldehyde 3, which possesses the S configuration correspond-

Scheme 1. Retrosynthetic analysis of (13S)-methylanandamide 32.
TBDPS= tert-butyldiphenylsilyl.
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ing to the C13 stereogenic center of 27. In the synthetic di-
rection, fragments 20, 8 a, and 3 are joined by Wittig reac-
tions. An alternative approach (method B) involves cleavage
of the C11=C12 double bond, yielding phosphonium salt 20
and chiral aldehyde 11. Further disconnection at the C3=C4
double bond of 11 led to 8 a and chiral methyl-substituted
aldehyde 8, which can in turn be derived from the enantio-
merically pure (R,R)-epoxide 6. The synthetic direction
could thus be completed through Wittig reactions. Although
method B involves more steps, it facilitates the enantioselec-
tive introduction of various substituents at the C13 position
of Ia, through SN2-type reactions on the epoxide 6. Because
of the similarity in the structures, a closely related retrosyn-
thetic analysis could be envisaged for the conformationally
partially extended (13S)-methyl analogue 39.

The syntheses of the required chiral aldehydes 3 and 11
are summarized in Scheme 2. Protection of the primary hy-
droxyl group in 1 as the TBDPS ether (2)[56] was followed

by diisobutylaluminum hydride (DIBAL-H) reduction to
give aldehyde 3[57] (61% yield) and alcohol 4[58] (37 % yield).
Conversion of 4 to 3 was carried out through Dess–Martin
periodinane oxidation in 90 % yield.[56] Enantiomerically
pure (R,R)-epoxide 6 was synthesized in six steps starting

from commercially available (�)-diethyl tartrate (5) by fol-
lowing our recently reported procedures.[59] Conversion of 6
to acetonide 7 involved the following steps:[60] 1) methyla-
tion of 6 with Me2CuLi, 2) benzyl ether cleavage by hydro-
genolysis, and 3) treatment of the resulting triol with ace-
tone, in the presence of p-toluenesulfonic acid.

Oxidation of alcohol 7 with PCC in dry CH2Cl2 gave alde-
hyde 8 in excellent yield (93 %).[61,62] Combination of alde-
hyde 8 and the ylide derived from hexyltriphenylphosphoni-
um bromide and KHMDS, at �98 8C, resulted in the forma-
tion of exclusively the Z isomer 9 in 50 % yield (JACHTUNGTRENNUNG(3H,4H)=

10.4 Hz, see the Supporting Information). Mild deprotection
of the ketal 9 by using the BF3·CH3COOH complex (84 %
yield), and lead tetraacetate mediated cleavage of the result-
ing 1,2-diol 10 at �78 8C provided aldehyde 11 (97 % yield),
which was used immediately in a Wittig reaction with phos-
phonium salts 20 and 23.

The construction of the required alkenyl phosphonium
salt 20 proceeded as shown in Scheme 3. Commercially
available 3-butyn-1-ol (12) was converted into alcohol 18

through several modifications of a known sequence,[63a] in
improved overall yield. Thus, TBDPS protection of 12 led to
alkyne 13 (99% yield), which was subsequently treated with
nBuLi and quenched with paraformaldehyde to give alcohol
14 in 73 % yield. Conversion of 14 to bromide 15 was car-
ried out by using the PPh3/CBr4 method (85 % yield).

Copper-mediated cross-coupling of 15 with methyl 5-hexy-
noate in the presence of Cs2CO3 and NaI afforded diyne 16
(95 % yield), which was partially hydrogenated over P-2
nickel catalyst to give the corresponding skipped Z diene 17

Scheme 2. Synthesis of chiral aldehydes 3 and 11. Reagents and condi-
tions: a) TBDPSCl, imidazole, CH2Cl2, 0 8C to RT, 1.5 h, 98%;
b) DIBAL-H, CH2Cl2, �110–�90 8C, 20 min, 61% for 3 and 37% for 4 ;
c) Dess–Martin periodinane, 0 8C to RT, 45 min, 90%; d) PCC, CH2Cl2,
4 � molecular sieves, RT, 2.5 h, 93 %; e) CH3ACHTUNGTRENNUNG(CH2)5P

+Ph3Br�, KHMDS,
THF, 10 8C, 50 min, then 8, �98 8C, 1 h, 50 %; f) BF3·CH3COOH, MeOH,
0 8C, 1 h, 84%; g) PbACHTUNGTRENNUNG(OAc)4, CH2Cl2, �78 8C, 1.5 h, 97%. PCC =pyridini-
um chlorochromate, KHMDS =potassium bis(trimethylsilyl)amide.

Scheme 3. Synthesis of alkenyl phosphonium salt 20. Reagents and condi-
tions: a) TBDPSCl, imidazole, THF, 0 8C, 1.5 h, 99%; b) nBuLi, THF,
0 8C, 1.5 h, then (CH2O)n, �50 8C to RT, 1.5 h, 73%; c) CBr4, Ph3P,
CH2Cl2, 0 8C to RT, 3 h, 85%; d) CH�C-(CH2)3-COOMe, Cs2CO3, NaI,
CuI, DMF, RT, 2.5 h, 95%; e) Ni ACHTUNGTRENNUNG(OAc)2, NaBH4, ethylenediamine, H2,
MeOH, RT, 2 h, 85%; f) TBAF, THF, 0 8C to RT, 1.5 h, 93%; g) CBr4,
Ph3P, CH2Cl2, �25–0 8C, 1.5 h, 96 %; h) Ph3P, CH3CN, 72–75 8C, 8 days,
95%. TBAF= tetrabutylammonium fluoride.

Chem. Eur. J. 2010, 16, 4091 – 4099 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 4093

FULL PAPERArachidonic Acid Analogues

www.chemeurj.org


in 85 % yield.[63] Deprotection with TBAF at 0 8C and expo-
sure of the resulting alcohol 18 to the PPh3/CBr4 system
gave bromide 19 in 89 % overall yield. Heating 19 (72–
75 8C) with PPh3 in dry CH3CN for 8 days afforded the
target phosphonium salt 20 in 95 % yield after purification.
In the 1H NMR spectrum of 20, all four double bond pro-
tons are well separated with coupling constants J ACHTUNGTRENNUNG(5H,6H)
and JACHTUNGTRENNUNG(8H,9H) of less than 10.8 Hz (see the Supporting Infor-
mation), which suggests a Z relationship between the hydro-
gen atoms in the 5H–6H and 8H–9H spin systems.

Similarly, the alkynylphosphonium salt 23 was produced
in three steps (72 % overall yield) from diyne 16 through de-
silylation, conversion of alcohol 21 to the bromide 22, and
reaction with PPh3 (Scheme 4).

The assembly of the synthesized aldehydes 3 and 11 with
phosphonium salt 20 into the (13S)-methyl anandamide (32)
is shown in Scheme 5. Thus, treatment of 20 with KHMDS
and coupling of the resulting ylide with aldehyde 3 at
�115 8C produced ester 24 (61 % yield). Based on 1H NMR
analysis, this Wittig olefination reaction afforded exclusively
the Z olefin with J ACHTUNGTRENNUNG(11H,12H) =10.8 Hz (the 1H NMR spec-
trum of 24 is available in the Supporting Information). Desi-
lylation of 24 with TBAF gave alcohol 25 in 85 % yield.

The coupling constant between 11H and 12H of 25
(JACHTUNGTRENNUNG(11H,12H)=10.4 Hz) correlates well with Z stereochemis-
try of the C11=C12 double bond. Dess–Martin periodinane
oxidation of 25 led to aldehyde 26, which was used immedi-
ately, without purification, in a Wittig reaction with hexyltri-
phenylphosphonium bromide, under salt-free conditions, to
give (13S)-methyl arachidonate 27 in 65 % yield from 25. By
using our second approach, phosphonium bromide 20 was
treated with KHMDS at �78 8C, and the resulting phosphor-
ane was coupled with aldehyde 11 at �98 8C to give 27 in
22 % yield. The structure of 27 was established by using 1D
and 2D NMR methods (COSY, HSQC, HMBC, and
NOESY; data are available in the Supporting Information).
NOESY interactions between 13H and 16H confirm the Z
stereochemistry for the newly formed double bond at the
C14 position. Saponification of ester 27 with lithium hydrox-
ide in THF/H2O led to acid 28 (86% yield), which was cou-
pled with 2-(tert-butyldiphenylsilyloxy)ethanamine (30) to

give amide 31 (91 % yield) by using the carbonyldiimidazole
activation procedure. Removal of the silyl protecting group
was carried out by using TBAF in THF, and gave (13S)-
methylanandamide (32) in 88 % yield.

Conformationally partially extended (13S)-methyl ana-
logue 39 was synthesized in a similar fashion, as depicted in
Scheme 6. Thus, Wittig reaction of aldehyde 3 with phospho-
nium salt 23 in the presence of KHMDS gave exclusively
the Z olefin 33 in 58 % yield (JACHTUNGTRENNUNG(11H,12H)=10.8 Hz). De-
protection with TBAF under neutral conditions (to suppress
the formation of byproducts) gave 34 (76% yield). Alde-
hyde 35 was obtained from 34 through Dess–Martin periodi-
nane oxidation, and was used immediately in the next step.
Wittig reaction of aldehyde 35 with hexyltriphenylphospho-
nium bromide produced ester 36 in 58 % yield from 34. Al-
ternatively, ester 36 could also be obtained in 21 % yield
through Wittig reaction of aldehyde 11 and alkynyl phos-
phonium salt 23. These Wittig olefination reactions led ex-

Scheme 4. Synthesis of alkynyl phosphonium salt 23. Reagents and condi-
tions: a) TBAF, THF, 0 8C, 2 h, 84 %; b) CBr4, Ph3P, CH2Cl2, �16 8C, 2 h,
98%; c) Ph3P, CH3CN, 70–72 8C, 7 days, 88 %.

Scheme 5. Synthesis of 32. Reagents and conditions: a) KHMDS, THF,
�78–�60 8C, 20 min, then 3, �115–0 8C, 3 h, 61%; b) TBAF, THF, 0 8C to
RT, 1.5 h, 85 %; c) Dess–Martin periodinane, 0 8C to RT, 75 min; d) CH3-ACHTUNGTRENNUNG(CH2)5P

+Ph3Br�, KHMDS, THF, 0 8C, 40 min, then addition of 26, �115–
�100 8C, 50 min, 65% from alcohol 25 ; e) KHMDS, THF, �78–�60 8C,
20 min, then 11, �98–0 8C, 2.5 h, 22 %; f) LiOH, THF/H2O, RT, 24 h,
86%; g) TBDPSCl, imidazole, CH3CN, 0 8C, 30 min, 97 %; h) carbonyldii-
midazole, THF, RT, 2 h, then 30, RT, 1 h, 91%; i) TBAF, THF, 0 8C to
RT, 1 h, 88%.
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clusively to the required Z geometry at the newly generated
double bonds under the experimental conditions used. Sub-
sequent saponification, coupling with protected ethanol-ACHTUNGTRENNUNGamine 30 and deprotection by using the TBAF/CH3COOH
system led to the target amide 39 in 60 % overall yield from
36.

Receptor binding studies : Binding affinities of the newly
synthesized analogues for CB1 and CB2 cannabinoid recep-
tors were determined as described in the Experimental Sec-
tion.[4,44, 45,47,64, 65] For the CB1 receptor, binding data were
obtained by using a rat brain membrane in the presence of
phenylmethanesulfonyl fluoride (PMSF),[66,67] a general
serine protease inhibitor that is used to protect the ana-
logues from the hydrolytic activity of fatty acid amide hy-

drolase (FAAH).[43,67] Rat brain membranes have a high
concentration of CB1 receptors without significant CB2 re-
ceptors present. CB2 receptor affinity was measured by
using mouse spleen membranes, in which FAAH activity is
absent and does not require pretreatment with PMSF.
[3H]CP-55,940 was chosen as a competing ligand for the
assays, because it has high affinity for both CB1 and CB2 re-
ceptors and is nonselective. It is one of the most widely used
radioligands for characterizing both CB1 and CB2 cannabi-
noid receptors.[40–42] SAR, mutation, and computer modeling
study results indicate that nonclassical cannabinoids (e.g.,
CP-55,940), classical cannabinoids, and anandamide share
key binding motifs, whereas other classes of cannabinergic
compounds, such as the aminoalkylindole WIN55212-2,
might have different binding features.[53] The binding affini-
ties (Ki values) of the novel endocannabinoid analogues are
summarized in Table 1, in which the endogenous anand-ACHTUNGTRENNUNGamide is included for comparison.

It is apparent from the CB2 affinities reported herein that
these analogues show selectivity for the CB1 receptor. Addi-
tionally, the backbone of the two ligands is well recognized
by the CB1 receptor. In this regard, compound 32 is the
most interesting, with a 13-fold higher affinity for CB1 over
anandamide, a feature which places it among the endocan-
nabinoid analogues with the highest CB1 binding affinities
known to date. Furthermore, preliminary functional charac-
terization of 32 using the cannabinoid-stimulated guanosine-
5’-O-(3-[35S]thio)triphosphate ([35S]GTPgS) binding assay[68]

indicates that 32 is a full agonist for the CB1 cannabinoid
receptor.

Conclusion

We have designed and synthesized two novel endocannabi-
noid templates with potential resistance to oxidative metab-
olism by COX-2. The synthetic strategy developed involves
two approaches for the enantioselective construction of the
cannabinergic (13S)-methyl-substituted skeleton. The first
approach yields the final products in 18–19 synthetic steps
starting from commercially available 1. The second ap-
proach provides the targeted compounds in 19–20 synthetic
steps from the key intermediate 6, which can in turn be pre-

Scheme 6. Synthesis of the conformationally partially extended (13S)-
methyl analogue 39. Reagents and conditions: a) KHMDS, THF, �78 8C,
50 min, then 3, �98–0 8C, 2.5 h, 58%; b) TBAF, CH3COOH, THF, 0 8C to
RT, 20 h, 76%; c) Dess–Martin periodinane, 0 8C, 2 h; d) CH3 ACHTUNGTRENNUNG(CH2)5P

+

Ph3Br�, KHMDS, THF, 10 8C, 40 min, then addition of 35, �98 8C, 1 h,
58% from alcohol 34 ; e) KHMDS, THF, �78 8C, 50 min, then 11, �98–
0 8C, 2.5 h, 21%; f) LiOH, THF/H2O, RT, 7 h, 82%; g) TBDPSCl, imida-
zole, CH3CN, 0 8C, 30 min, 91%; h) Carbonyldiimidazole, THF, RT, 2 h,
then 30, RT, 1 h, 97 %; i) TBAF, CH3COOH, THF, 0 8C to RT, 20 h,
75%.

Table 1. Affinities (Ki) of endocannabinoid analogues for CB1 and CB2
cannabinoid receptors (95 % confidence limits).

Compound CB1 Ki [nm]a with PMSF CB2 Ki [nm][a]

anandamide 61[b] 1930[b]

32 4.8�1.3 137�22
39 139�25 967�321

[a] Affinities for CB1 and CB2 were determined by using rat brain (CB1)
or mouse spleen (CB2) membranes and [3H]CP-55,940 as the radioligand
following previously described procedures.[4, 44, 45, 47, 64, 65] Data were ana-
lyzed by using nonlinear regression analysis. Ki values were obtained
from three independent experiments run in duplicate and are expressed
as the mean of the three values. [b] Reported previously.[40]

Chem. Eur. J. 2010, 16, 4091 – 4099 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 4095

FULL PAPERArachidonic Acid Analogues

www.chemeurj.org


pared in six steps from commercially available 5. Although
this synthetic route involves more steps, it facilitates the in-
troduction of different substituents at the 13S position. Both
approaches use Wittig reactions and peptide coupling as key
steps.

Biological testing results show that the synthesized ana-
logues are well recognized by the CB1 receptor, and 32 is
one of the endocannabinoid analogues with the highest
CB1-binding affinity known to date (Ki = 4.8 nm for CB1).
In addition, preliminary functional characterization of 32 in-
dicates that this analogue is a full agonist for the CB1 can-
nabinoid receptor. A detailed SAR study and a full biologi-
cal evaluation of the two novel endocannabinoids described
are currently underway.

Experimental Section

General : All reagents and solvents were purchased from Aldrich Chemi-
cal Company, unless otherwise specified, and used without further purifi-
cation. All anhydrous reactions were performed under a static argon or
nitrogen atmosphere in flame-dried glassware using scrupulously dry sol-
vents. Flash column chromatography was carried out by using silica gel
60 (230–400 mesh). All compounds were demonstrated to be homogene-
ous by analytical TLC on precoated silica gel TLC plates (Merck, 60 F245

on glass, layer thickness 250 mm), and chromatograms were visualized by
staining with phosphomolybdic acid. Melting points were determined on
a micromelting point apparatus and are uncorrected. Optical rotations
were recorded on a Perkin–Elmer 341 digital polarimeter. NMR spectra
were recorded in CDCl3, unless otherwise stated, on Varian 300 (1H at
300 MHz, 13C at 75 MHz) and Varian 600 (1H at 600 MHz, 13C at
150 MHz) NMR spectrometers and chemical shifts are reported in units
of d relative to internal TMS. Multiplicities are indicated as br (broad-
ened), s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), and
coupling constants (J) are reported in hertz (Hz). Low- and high-resolu-
tion mass spectra were obtained in the School of Chemical Sciences, Uni-
versity of Illinois at Urbana-Champaign. Mass spectral data are reported
in the form of m/z (intensity relative to base=100). Elemental analyses
were obtained in Baron Consulting, Milford, CT.

Compound 24 : KHMDS (384 mg, 1.93 mmol) was added to a solution of
20 (1.09 g, 2.03 mmol) in dry THF (8 mL) at �78 8C under an argon at-
mosphere. The mixture was stirred and allowed to warm from �78 to
�60 8C over 20 min to ensure complete formation of the orange ylide,
then the resulting mixture was cooled to �115 8C. A solution of aldehyde
3 (331 mg, 1.02 mmol) in dry THF (2 mL) was added dropwise. The reac-
tion mixture was stirred for 35 min at �115 8C, then warmed to 0 8C over
1.5 h, and stirring was continued at that temperature for 1 h. The reaction
mixture was cooled to �115 8C and quenched with a saturated aqueous
solution of sodium bicarbonate. The mixture was warmed to room tem-
perature, extracted with diethyl ether, and the combined organic extracts
were washed with brine, dried (Na2SO4), and concentrated in vacuo. Pu-
rification by flash column chromatography on silica gel (5–7 % diethyl
ether in hexane) gave 24 as a colorless oil (312 mg, 61% yield). [a]20

D =

�33.59 (c =0.00521 g mL�1 in CHCl3); 1H NMR (CDCl3, 600 MHz): d=

1.00 (d, J =7.2 Hz, 3H; CH-CH3), 1.05 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.70 (quintet,
J =7.8 Hz, 2H; 3-H), 2.09 (dt, J=6.6, 6.6 Hz, 2H; 4-H), 2.31 (t, J=

7.8 Hz, 2H; 2-H), 2.67–2.74 (m, 2 H; 10-H), 2.75–2.84 (m and t overlap-
ping, 3H; 13-H, 7-H, including 2.77, t, J= 6.0 Hz; 7-H), 3.46 (dd, J =10.2,
6.8 Hz, 1H; 14-H), 3.50 (dd, J= 10.2, 6.3 Hz, 1 H; 14-H), 3.66 (s, 3H;
COOCH3), 5.21 (tdd, J =10.8, 9.6, 1.2 Hz, 1 H; 12-H), 5.28–5.42 (m, 5H;
5-H, 6-H, 8-H, 9-H, 11-H), 7.34–7.38 (m, 4 H; 3-H, 5-H, ArH), 7.39–7.44
(m, 2 H; 4-H, ArH), 7.66 ppm (d, J=7.0 Hz, 4H; 2-H, 6-H, ArH);
13C NMR (CDCl3, 75 MHz): d=17.4, 19.3, 24.8, 25.6, 25.9, 26.5, 26.8,
33.4, 34.7, 51.5 (OMe), 68.5 (CH2O), 127.5, 127.6, 128.0, 128.5, 128.9,
129.5, 133.1, 133.9, 135.6, 174.1 ppm (C=O); MS (ESI): m/z (%): 527.9

[M+Na]+ (24), 427.7 (12), 249.4 (100), 217.3 (47), 123.2 (23); MS (EI):
m/z (%): 447 [M�C ACHTUNGTRENNUNG(CH3)3]

+ (39), 213 (45), 199 (100), 183 (19), 133 (39),
91 (27), 77 (18); MS (ESI): m/z (%): 527 [M+Na]+ (100); HRMS (ESI):
m/z calcd for C32H44O3NaSi+ Na+ : 527.2957 [M+Na]+ ; found: 527.2954.

Compound 25 : TBAF (0.8 mL, 0.8 mmol, 1m solution in THF) was
added dropwise to a stirred solution of 24 (290 mg, 0.575 mmol) in dry
THF (12 mL), at 0 8C under an argon atmosphere. Stirring was continued
for 10 min at 0 8C and for 1.5 h at room temperature. The reaction mix-
ture was quenched with a saturated aqueous solution of NH4Cl at 0 8C
and extracted with AcOEt. The combined organic extracts were washed
with brine, dried (Na2SO4), and concentrated in vacuo at 37 8C. The
crude oil was purified by flash column chromatography on silica gel
(40 % ethyl acetate in hexane) to afford 25 as a colorless viscous liquid
(130 mg, 85 % yield). [a]20

D =++7.46 (c=0.00067 g mL�1 in CHCl3);
1H NMR (CDCl3, 600 MHz): d=0.90 (d, J =6.6 Hz, 3H; CH-CH3), 1.54
(br s, 1H; OH), 1.64 (quintet, J=7.8 Hz, 2 H; 3-H), 2.04 (dt, J =6.6,
6.6 Hz, 2H; 4-H), 2.26 (t, J =7.8 Hz, 2H; 2-H), 2.67 (m as septet, J=

7.8 Hz, 1H; 13-H), 2.73 (t, J =5.4 Hz, 2 H; 7-H), 2.75–2.85 (m, 2 H; 10-
H), 3.29 (dd, J= 10.2, 7.8 Hz, 1 H; 14-H), 3.42 (dd, J =10.2, 6.0 Hz, 1 H;
14-H), 3.60 (s, 3H; COOCH3), 5.10 (tdd, J=10.4, 9.6, 1.8 Hz, 1H; 12-H),
5.26–5.36 (m, 4H; 5-H, 6-H, 8-H, 9-H), 5.43 ppm (dtd, J =10.4, 7.8,
1.2 Hz, 1 H; 11-H; 13C NMR (CDCl3, 150 MHz): d=16.95, 24.75, 25.62,
26.04, 26.56, 33.43, 34.95, 51.55 (OCH3), 67.64 (CH2OH), 128.05, 128.32,
128.77, 128.93, 129.94, 132.53, 174.12 ppm (C=O); MS (EI): m/z (%): 266
[M]+ (2), 248 (7), 236 (16), 175 (9), 161 (17), 147 (18), 133 (37), 119 (32),
107 (58), 93 (89), 79 (100); MS (ESI): m/z (%): 289 [M+Na]+ (100), 267
[M+H]+ (38), 249 (41), 217 (39); HRMS (EI): m/z calcd for C16H26O3:
266.1882 [M]+ ; found: 266.1890.

Compound 26 : Dess–Martin periodiane (DMP; 271 mg, 0.639 mmol) was
added to a solution of alcohol 25 (100 mg, 0.376 mmol) in dry CH2Cl2

(8 mL) at 0 8C under an argon atmosphere. The resulting suspension was
warmed to room temperature and stirred for 45 min. An additional
amount of DMP (112 mg, 0.263 mmol) was added at 0 8C and stirring was
continued for 30 min at room temperature to ensure total consumption
of alcohol 25. The reaction mixture was quenched by adding a 1:1 (v/v)
mixture of a 10% aqueous solution of Na2S2O3 and a saturated aqueous
solution of NaHCO3, and diluted with diethyl ether. The slurry was fil-
tered through Celite, the layers were separated and the aqueous layer
was extracted with diethyl ether. The combined organic extracts were
washed with a saturated aqueous solution of NaHCO3, brine, and dried
(Na2SO4). Concentration in vacuo at 37–40 8C provided the sensitive
crude product 26 as a colorless oil, which was used in the next step imme-
diately. 1H NMR (CDCl3, 600 MHz): d=1.18 (d, J =6.6 Hz, 3 H; CH-ACHTUNGTRENNUNG(CH3)), 1.69 (quintet, J =7.8 Hz, 2 H; CH2-CH2-CH2-COO), 2.10 (dt, J =

6.6, 6.6 Hz, 2 H; CH2-CH2-CH2-COO), 2.31 (t, J= 7.8 Hz, 2 H; CH2-
COO), 2.78 (t, J =5.8 Hz, 2H; CH=CH-CH2-CH=CH), 2.83 (ddd, J=

16.0, 8.1, 7.3 Hz, 1H; CH2-CH=CH-CH ACHTUNGTRENNUNG(CH3)), 2.89 (ddd, J =16.0, 8.1,
7.2 Hz, 1H; CH2-CH=CH-CH ACHTUNGTRENNUNG(CH3)), 3.37 (m as quintet, J =8.4 Hz, 1 H;
CH ACHTUNGTRENNUNG(CH3)), 3.65 (s, 3 H; COOCH3), 5.24 (tdd, J =10.5, 9.5, 1.8 Hz, 1 H;
CH=CH-CH ACHTUNGTRENNUNG(CH3)), 5.31–5.44 (m, 4 H; CH=CH-CH2-CH=CH), 5.64
(dtd, J =10.5, 7.8, 1.2 Hz, 1H; CH=CH-CH ACHTUNGTRENNUNG(CH3)), 9.52 ppm (d, J =

1.2 Hz, 1 H; CHO).

Compound 27

Method A (from aldehyde 26): KHMDS (291 mg, 1.46 mmol) was added
to a stirred solution of hexyltriphenylphosphonium bromide (641 mg,
1.50 mmol) in dry THF (21 mL) at 0 8C under an argon atmosphere. The
mixture was stirred for 40 min at 0 8C to ensure complete formation of
the orange ylide, then cooled to �115 8C. A solution of crude aldehyde
26 in dry THF (3 mL) was added dropwise, the reaction mixture was
stirred for 50 min at �115–100 8C, and then quenched by the addition of
a saturated aqueous solution of sodium bicarbonate. The mixture was
warmed to room temperature, extracted with diethyl ether, and the com-
bined organic extracts were washed with brine, dried (Na2SO4), and con-
centrated in vacuo. Purification by flash column chromatography on
silica gel (2–4 % diethyl ether in hexane) gave ester 27 as a colorless oil
(81 mg, 65% yield from alcohol 25). [a]20

D =�4.89 (c= 0.00225 g mL�1 in
CHCl3); 1H NMR (CDCl3, 600 MHz): d=0.89 (t, J=7.2 Hz, 3H; 20-H),
1.01 (d, J=6.6 Hz, 3 H; CHCH3), 1.24–1.33 (m, 4H; 18-H, 19-H), 1.36
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(sextet, J =7.2 Hz, 2H; 17-H), 1.71 (quintet, J =7.8 Hz, 2 H; 3-H), 2.02–
2.09 (m, 2H; 16-H), 2.11 (dt, J =6.8, 6.8 Hz, 2H; 4-H), 2.32 (t, J =7.8 Hz,
2H; 2-H), 2.75–2.84 (ddd and t overlapping, 3H; 10-H and 7-H; including
2.80, t, J =6.6 Hz, 2H; 7-H), 2.87 (ddd, J =15.6, 7.5, 6.5 Hz, 1H; 10-H),
3.46 (ddq as sextet, J=7.5 Hz, 1H; 13-H), 3.67 (s, 3H; COOCH3), 5.20–
5.30 (m, 4 H; 11-H, 12-H, 14-H, 15-H), 5.43–5.32 ppm (m, 4H; 5-H, 6-H,
8-H, 9-H); 13C NMR (CDCl3, 150 MHz): d =14.03 (C-20), 22.01 (C-13-
CH3), 22.56 (C-19), 24.76 (C-3), 25.59 (C-7), 25.81 (C-10), 26.53 (C-4),
27.48 (C-16), 29.44 (C-17), 30.50 (C-13), 31.55 (C-18), 33.42 (C-2), 51.48
(-OCH3), 125.61 (C-11), 128.07 (C-15), 128.24 (C-5), 128.35 (C-9), 128.84
(C-8 or C-6), 128.88 (C-6 or C-8), 134.12 (C-14), 135.02 (C-12),
174.00 ppm (C=O); MS (EI): m/z (%): 332 [M]+ (9), 248 (16), 217 (12),
164 (13), 147 (11), 133 (23), 119 (29), 107 (43), 93 (100), 91 (44), 81 (58);
MS (ESI): m/z (%): 355 [M+Na]+ (100), 333 [M+H]+ (64), 217 (48), 199
(43), 170 (36); HRMS (EI): m/z calcd for C22H36O2: 332.2715 [M]+ ;
found: 332.2722.

Method B (from aldehyde 11): The synthesis was carried out as described
for 24, using phosphonium salt 20 (167 mg, 0.31 mmol), KHMDS (58 mg,
0.29 mmol), and aldehyde 11 (53 mg, 0.34 mmol). The reaction was com-
pleted in 2.5 h at �98–0 8C to give 27 (25 mg, 22 % yield).

Compound 28 : A 1m aqueous solution of LiOH (0.2 mL) was added to a
stirred solution of 27 (34 mg, 0.102 mmol) in dry THF (1 mL) at room
temperature, under an argon atmosphere. Stirring was continued for 24 h,
then the reaction mixture was acidified with a 5 % aqueous solution of
HCl to pH 3, and lipophilic products were extracted with Et2O. The com-
bined organic extracts were washed with brine, and dried (Na2SO4). Con-
centration in vacuo at 37–39 8C gave acid 28 as a colorless oil (28 mg,
86% yield), which was used in the next step without further purification.
1H NMR (CDCl3, 600 MHz): d =0.89 (t, J =6.6 Hz, 3H; 20-H), 1.01 (d,
J =7.2 Hz, 3H; CH-CH3), 1.24–1.33 (m, 4H; 18-H, 19-H), 1.36 (sextet,
J =7.2 Hz, 2H; 17-H), 1.72 (quintet, J=7.8 Hz, 2 H; 3-H), 2.01–210 (m,
2H; 16-H), 2.14 (dt, J=7.2, 7.2 Hz, 2 H; 4-H), 2.37 (t, J =7.8 Hz, 2H; 2-
H), 2.76–2.85 (ddd and t overlapping, 3 H; 10-H and 7-H; including 2.81,
t, J=6.3 Hz, 2 H; 7-H), 2.86 (ddd, J=15.7, 7.5, 6.5 Hz, 1 H; 10-H), 3.46
(ddq as sextet, J=7.2 Hz, 1H; 13-H), 5.20–5.31 (m, 4 H; 11-H, 12-H, 14-
H, 15-H), 5.32–5.45 (m, 4 H; 5-H, 6-H, 8-H, 9-H), 10.55 ppm (br s, 1H;
COOH); MS (EI): m/z (%): 318 [M]+ (4), 248 (6), 220 (15), 191 (9), 164
(12), 133 (23), 119 (38), 107 (46), 93 (100), 81 (67); HRMS (EI): m/z
calcd for C21H34O2: 318.2559 [M]+ ; found: 318.2551.

Compound 31: A mixture of acid 28 (22 mg, 0.069 mmol), and fresh car-
bonyldiimidazole (23 mg, 0.138 mmol) in dry THF (1 mL) was stirred for
2 h at room temperature under an argon atmosphere. A solution of pro-
tected ethanolamine 30 (62 mg, 0.208 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 layer was separated and the aqueous layer was
extracted with AcOEt. The combined organic extracts were washed with
brine, dried (Na2SO4), and concentrated in vacuo. The crude product was
purified by flash column chromatography on silica gel (25 % acetone in
hexane) to give 31 as a colorless oil (37 mg, 91% yield). 1H NMR
(CDCl3, 600 MHz): d =0.88 (t, J=6.9 Hz, 3 H; 20-H), 1.02 (d, J =6.6 Hz,
3H; CH-CH3), 1.07 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.24–1.31 (m, 4 H; 18-H, 19-H),
1.35 (sextet, J=7.2 Hz, 2 H; 17-H), 1.69 (quintet, J= 7.2 Hz, 2H; 3-H),
2.02–2.09 (m, 2 H; 16-H), 2.12 (dt, J=7.2, 7.2 Hz, 2H; 4-H), 2.13 (t, J =

7.6 Hz, 2H; 2-H), 2.75–2.84 (ddd and t overlapping, 3H; 10-H and 7-H;
including 2.81, t, J =6.0 Hz, 2H; 7-H), 2.86 (ddd, J=15.7, 7.5, 6.5 Hz,
1H; 10-H), 3.40 (dt, J =5.4, 5.4 Hz, 2H; CH2-NH), 3.45 (sextet, J =

7.5 Hz, 1H; 13-H), 3.75 (t, J= 5.4 Hz, 2 H; CH2-OTBDPS), 5.18–5.31 (m,
4H; 11-H, 12-H, 14-H, 15-H), 5.32–5.44 (m, 4 H; 5-H, 6-H, 8-H, 9-H),
5.73 (br s, 1 H; NH), 7.39 (t, J= 7.8 Hz, 4 H; 3-H, 5-H, ArH), 7.44 (t, J=

7.8 Hz, 2H; 4-H, ArH), 7.64 ppm (d, J =7.8 Hz, 4H; 2-H, 6-H, ArH);
MS (EI): m/z (%): 599 [M]+ (3), 542 (100), 296 (15), 276 (9), 242 (38),
199 (89), 164 (35), 91 (24); HRMS (EI): m/z calcd for C39H57NO2Si:
599.4159 [M]+ ; found: 599.4165.

Compound 32 : The synthesis was carried out as described for 18, using
31 (32 mg, 0.053 mmol) and TBAF (0.07 mL, 0.07 mmol, 1m solution in
THF) in dry THF (2 mL). The reaction was completed in 1 h and the re-
sulting crude oil was purified by flash column chromatography on silica
gel (57:40:3 ethyl acetate/hexane/MeOH) to afford 32 (17 mg, 88%

yield) as a colorless oil. [a]20
D =�8.89 (c =0.0009 gmL�1 in CHCl3);

1H NMR (CDCl3, 600 MHz): d =0.89 (t, J =6.9 Hz, 3H; 20-H), 1.02 (d,
J =7.2 Hz, 3H; CH-CH3), 1.24–1.33 (m, 4H; 18-H, 19-H), 1.35 (sextet,
J =7.2 Hz, 2H; 17-H), 1.73 (quintet, J =7.2 Hz, 2H; 3-H), 2.06 (nonet,
J =6.3 Hz, 2H; 16-H), 2.12 (dt, J=7.2, 7.2 Hz, 2H; 4-H), 2.22 (t, J =

7.6 Hz, 2H; 2-H), 2.54 (br s, 1H; OH), 2.76–2.84 (ddd and t, overlapping,
3H; 10-H and 7-H, including 2.81, t, J =6.0 Hz, 2H; 7-H), 2.87 (ddd, J =

15.0, 7.5, 6.3 Hz, 1 H; 10-H), 3.42 (dt, J= 5.2, 5.2 Hz, 2 H, CH2N), 3.46
(sextet, J =7.5 Hz, 1 H; 13-H), 3.73 (t, J= 5.2 Hz, 2 H; CH2O), 5.20–5.31
(m, 4 H; 11-H, 12-H, 14-H, 15-H), 5.44–5.32 (m, 4H; 5-H, 6-H, 8-H, 9-
H), 5.88 ppm (br s, 1 H; NH); 13C NMR (CDCl3, 150 MHz): d= 14.09 (C-
20), 22.04 (C-13-CH3), 22.59 (C-19), 25.44 (C-3), 25.61 (C-7), 25.84 (C-
10), 26.61 (C-4), 27.51 (C-16), 29.46 (C-17), 30.50 (C-13), 31.57 (C-18),
35.92 (C-2), 42.48 (NH-CH2), 62.70 (-CH2-OH), 125.61 (C-11), 128.10 (C-
9), 128.26 (C-15), 128.43 (C-6), 128.84 (C-5), 129.02 (C-8), 134.12 (C-14),
135.10 (C-12), 174.16 ppm (C=O); MS (EI): m/z (%): 361 [M]+ (2), 328
(12), 218 (9), 178 (14), 125 (20), 103 (33), 85 (100); HRMS (EI): m/z
calcd for C23H39NO2: 361.2981 [M]+ ; found: 361.2973; elemental analysis
calcd (%) for C23H39NO2: C 76.40, H 10.87, N 3.87; found: C 76.15, H
10.59, N 4.16.

Compound 33 : The synthesis was carried out as described for 24, using
phosphonium salt 23 (217 mg, 0.41 mmol), KHMDS (75 mg, 0.38 mmol),
and aldehyde 3 (94 mg, 0.29 mmol) in anhydrous THF (0.8 mL). The re-
action was completed in 2.5 h at �98–0 8C to give 33 (84 mg, 58 % yield).
[a]20

D =�29.6 (c =0.00550 gmL�1 in CHCl3). 1H NMR (CDCl3, 300 MHz):
d=0.98 (d, J=6.6 Hz, 3H; CH-CH3), 1.04 (s, 9 H; Si(Ph)2CACHTUNGTRENNUNG(CH3)3), 1.80
(quintet, J=7.2 Hz, 2 H; 3-H), 2.23 (tt, J=6.9, 2.4 Hz, 2 H; 4-H), 2.42 (t,
J =7.5 Hz, 2 H; 2-H), 2.63 (m, 1H; 13-H), 2.74–2.86 (m, 1 H; 10-H), 2.86–
2.98 (m, 1 H; 10-H), 3.08 (quintet, J =2.4 Hz, 2 H; 7-H), 3.45 (d, J=

6.3 Hz, 2 H; 14-H), 3.67 (s, 3H; COOCH3), 5.24 (tdd, J =10.8, 9.6, 0.9 Hz,
1H; 12-H), 5.41 (dtd, J=10.8, 6.3, 0.5 Hz, 1H; 11-H), 7.33–7.46 (m, 6 H;
3-H, 4-H, 5-H, ArH), 7.68–7.62 ppm (m, 4 H; 2-H, 6-H, ArH); 13C NMR
(CDCl3, 75 MHz): d=9.7, 17.2, 17.4, 18.2, 19.3, 23.9, 26.8, 26.9, 32.8, 34.7,
51.5 (OCH3), 68.3 (CH2O), 74.2 (C�C), 75.3 (C�C), 78.8 (C�C), 79.1 (C�
C), 124.7, 127.6, 129.5, 133.8, 134.3, 135.6, 173.6 ppm (C=O); MS (ESI):
m/z (%): 523 [M+Na]+ (100), 423 (6), 270 (14).

Compound 34 : Acetic acid (0.1 mL) and TBAF (0.73 mL, 0.73 mmol, 1 m

solution in THF) were added sequentially to a stirred solution of 33
(81 mg, 0.16 mmol) in dry THF (3.2 mL), at 0 8C under an argon atmos-
phere. Stirring was continued for 10 min at 0 8C and for 20 h at room
temperature. The reaction mixture was quenched by the addition of a sa-
turated aqueous solution of NH4Cl at 0 8C, then extracted with AcOEt.
The combined organic extracts were washed with a saturated aqueous so-
lution of NaHCO3 and brine, dried (Na2SO4), and concentrated in vacuo
at 37 8C. Purification by flash column chromatography on silica gel (40 %
ethyl acetate in hexane) gave 34 as a colorless viscous liquid (32 mg,
76% yield). [a]20

D =++10.57 (c=0.00265 gmL�1 in CHCl3); 1H NMR
(CDCl3, 300 MHz): d= 0.96 (d, J =6.9 Hz, 3 H; CH-CH3), 1.80 (quintet,
J =7.2 Hz, 2 H; 3-H), 2.22 (tt, J= 6.9, 2.4 Hz, 2 H; 4-H), 2.42 (t, J=

7.2 Hz, 2H; 2-H), 2.70 (m, 1 H; 13-H), 2.96 (m as d, J=7.2 Hz, 2H; 10-
H), 3.10 (quintet, J=2.4 Hz, 2H; 7-H), 3.36 (dd, J =10.5, 8.1 Hz, 1H; 14-
H), 3.50 (dd, J=10.5, 5.7 Hz, 1H; 14-H), 3.67 (s, 3 H; COOCH3), 5.23
(tdd, J =10.9, 9.5, 0.9 Hz, 1 H; 12-H), 5.57 ppm (dtd, J =10.9, 6.3, 0.5 Hz,
1H; 11-H); 13C NMR (CDCl3, 75 MHz): d= 9.7, 16.7, 17.5, 18.2, 23.8,
32.8, 34.9, 51.5 (OCH3), 67.5 (CH2O), 74.5 (C�C), 75.2 (C�C), 78.5 (C�
C), 79.2 (C�C), 126.3 (CH=CH), 133.9 (CH=CH), 173.7 ppm (C=O); MS
(ESI): m/z (%): 285 [M+Na]+ (40), 263 [M+H]+ (12), 202 (100), 186
(24).

Compound 35 : The synthesis was carried out as described for 26, using
alcohol 34 (32 mg, 0.12 mmol) and Dess–Martin periodinane (155 mg,
0.37 mmol) in anhydrous CH2Cl2 (2.4 mL). The reaction was completed
in 2 h at 0 8C, and the sensitive aldehyde 35 was used in the next step
without further purification. 1H NMR (CDCl3, 300 MHz): d= 1.18 (d, J=

6.6 Hz, 3H; CH-CH3), 1.80 (quintet, J =7.2 Hz, 2H; 3-H), 2.22 (tt, J =

6.9, 2.4 Hz, 2H; 4-H), 2.42 (t, J =7.2 Hz, 2H; 2-H), 2.82 (m, 1H; 13-H),
2.98 (m as d, J=7.1 Hz, 2H; 10-H), 3.10 (quintet, J =2.4 Hz, 2 H; 7-H),
3.25–3.52 (m, 2H; 14-H), 3.67 (s, 3 H; COOCH3), 5.32 (dd, J =10.8,
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10.0 Hz, 1 H; 12-H), 5.71 (td, J =10.8, 6.3 Hz, 1H; 11-H), 9.55 ppm (s,
1H; CHO).

Compound 36

Method A (from aldehyde 35): The synthesis was carried out as described
for 27 (method A), using hexyltriphenylphosphonium bromide (156 mg,
0.37 mmol), KHMDS (70 mg, 0.35 mmol), and aldehyde 35 (31 mg,
0.12 mmol). The reaction was completed in 1 h at �98 8C to give 36 as a
viscous oil (23 mg, 58% yield). [a]20

D =�6.16 (c =0.00185 gmL�1 in
CHCl3); 1H NMR (CDCl3, 300 MHz): d=0.88 (t, J=6.6 Hz, 3H; 20-H),
1.00 (d, J =6.9 Hz, 3H; CH-CH3), 1.22–1.38 (m, 6 H; 17-H, 18-H, 19-H),
1.80 (quintet, J= 7.5 Hz, 2H; 3-H), 2.03 (dt, J=6.9, 6.9 Hz, 2H; 16-H),
2.22 (tt, J =6.9, 2.4 Hz, 2H; 4-H), 2.42 (t, J =7.5 Hz, 2 H; 2-H), 2.94 (m,
2H; 10-H), 3.10 (quintet, J=2.4 Hz, 2 H; 7-H), 3.39 (sextet, J =7.2 Hz,
1H; 13-H), 3.66 (s, 3H; COOCH3), 5.35–5.15 ppm (m, 4H; 11-H, 12-H,
14-H, 15-H); 13C NMR (CDCl3, 75 MHz): d=9.7, 14.1, 17.3, 18.2, 21.8,
22.6, 23.9, 27.4, 29.4, 30.4, 31.5, 32.8, 51.5 (OCH3), 74.2 (C�C), 75.3 (C�
C), 78.7 (C�C), 79.1 (C�C), 122.3 (CH=CH), 128.6 (CH=CH), 133.6
(CH=CH), 136.1 (CH=CH), 173.6 ppm (C=O).

Method B (from aldehyde 11): The synthesis was carried out as described
for 24, using phosphonium salt 23 (425 mg, 0.77 mmol), KHMDS
(144 mg, 0.72 mmol), and aldehyde 11 (131 mg, 0.85 mmol). The reaction
was completed in 2.5 h at �98–0 8C to give 36 (50 mg, 21 % yield).

Compound 37: The synthesis was carried out as described for 28, using
36 (23 mg, 0.07 mmol) and a 1 m aqueous solution of LiOH (0.14 mL,
0.14 mmol) in THF (0.25 mL). The reaction was completed in 7 h at
room temperature to give 37 as a viscous oil (18 mg, 82 % yield). [a]20

D =

�7.08 (c =0.00226 gmL�1 in CHCl3); 1H NMR (CDCl3, 300 MHz): d=

0.88 (t, J=6.6 Hz, 3H; 20-H), 1.01 (d, J =6.9 Hz, 3H; CH-CH3), 1.23–
1.38 (m, 6 H; 17-H, 18-H, 19-H), 1.82 (quintet, J= 7.5 Hz, 2 H; 3-H), 2.04
(dt, J =6.9, 6.9 Hz, 2H; 16-H), 2.25 (tt, J=6.9, 2.4 Hz, 2 H; 4-H), 2.48 (t,
J =7.5 Hz, 2H; 2-H), 2.95 (m, 2H; 10-H), 3.11 (quintet, J=2.4 Hz, 2 H;
7-H), 3.39 (m as sextet, J=7.0 Hz, 1H; 13-H), 5.15–5.36 ppm (m, 4 H; 11-
H, 12-H, 14-H, 15-H); 13C NMR (CDCl3, 75 MHz): d= 9.7, 14.1, 17.3,
18.1, 21.8, 22.6, 23.5, 27.5, 29.4, 30.4, 31.5, 32.7, 74.2 (C�C), 75.5 (C�C),
78.7 (C�C), 79.0 (C�C), 122.3 (CH=CH), 128.6 (CH=CH), 133.6 (CH=

CH), 136.1 (CH=CH), 179.1 ppm (C=O); MS (ESI): m/z (%): 337
[M+Na]+ (100), 315 [M+H]+ (4), 271 (16), 239 (44).

Compound 38 : The synthesis was carried out as described for 31, using
37 (6 mg, 0.02 mmol), carbonyldiimidazole (6 mg, 0.04 mmol), and pro-
tected ethanolamine 30 (11 mg, 0.04 mmol) in dry THF (0.45 mL) to give
38 as a viscous oil (11 mg, 97% yield). 1H NMR (CDCl3, 300 MHz): d=

0.88 (t, J =6.9 Hz, 3H; 20-H), 1.01 (d, J=6.6 Hz, 3H; CH-CH3), 1.07 (s,
9H; Si(Ph)2C ACHTUNGTRENNUNG(CH3)3), 1.22–1.38 (m, 6H; 17-H, 18-H, 19-H), 1.79 (quintet,
J =7.2 Hz, 2H; 3-H), 2.04 (dt, J =6.7, 6.7 Hz, 2H; 16-H), 2.17–2.28 (t and
tt overlapping, 4H; 2-H, 4-H; including 2.23, t, J=7.5 Hz; 2-H), 2.94 (m,
2H; 10-H), 3.11 (quintet, J =2.4 Hz, 2H; 7-H), 3.34–3.45 (dt and sextet
overlapping, 3H; 13-H, CH2-NH; including 3.39, dt, J =5.1, 5.1 Hz; CH2-
NH), 3.74 (t, J=5.1 Hz, 2H; CH2OTBDPS), 5.12–5.34 (m, 4 H; 11-H, 12-
H, 14-H, 15-H), 5.76 (br s, 1 H; NH), 7.34–7.46 (m, 6 H; 3-H, 4-H, 5-H,
ArH), 7.60–7.68 (m, 4H; 2-H, 6-H, ArH); MS (ESI): m/z (%): 618
[M+Na]+ (36), 596 [M+H]+ (38), 518 (100), 505 (44), 287 (96), 253 (52),
219 (44), 69 (38).

Compound 39 : The synthesis was carried out as described for 34, using
38 (11 mg, 0.02 mmol), acetic acid (0.4 mL) and TBAF (0.1 mL,
0.1 mmol, 1m solution in THF) in dry THF (0.4 mL). The reaction was
completed in 20 h and the crude oil was purified by flash column chroma-
tography on silica gel (ethyl acetate) to give 39 (5 mg, 75 % yield) as a
viscous oil. [a]20

D =�3.98 (c =0.00201 gmL�1 in CHCl3); 1H NMR (CDCl3,
300 MHz): d=0.88 (t, J=6.9 Hz, 3 H; 20-H), 1.01 (d, J =6.9 Hz, 3H; CH-
CH3), 1.21–1.39 (m, 6 H; 17-H, 18-H, 19-H), 1.82 (quintet, J=7.2 Hz, 2 H;
3-H), 2.05 (dt, J =6.9, 6.9 Hz, 2H; 16-H), 2.23 (tt, J =6.9, 2.4 Hz, 2H; 4-
H), 2.33 (t, J =7.5 Hz, 2H; 2-H), 2.95 (m, 2H; 10-H), 3.11 (quintet, J=

2.4 Hz, 2H; 7-H), 3.35–3.48 (dt and sextet overlapping, 3 H; 13-H, CH2-
NH; including 3.42, dt, J= 5.1, 5.1 Hz; CH2-NH), 3.72 (t, J =5.1 Hz, 2 H;
CH2O), 5.14–5.40 (m, 4H; 11-H, 12-H, 14-H, 15-H), 5.99 (br s, 1H; NH);
13C NMR (CDCl3 75 MHz): d =9.7, 14.1, 17.3, 18.0, 21.8, 22.6, 24.3, 27.4,
29.4, 30.4, 31.5, 35.1, 42.5 (CH2NH), 62.6 (CH2O), 74.3 (C�C), 75.5 (C�
C), 78.8 (C�C), 79.3 (C�C), 122.2 (CH=CH), 128.7 (CH=CH), 133.5

(CH=CH), 136.2 (CH=CH), 173.7 ppm (C=O); MS (ESI): m/z (%): 358
[M+H]+ , (100), 255 (9), 198 (12); HRMS (ESI): m/z calcd for C23H36NO2

[M+H]+ : 358.2746; found: 358.2751; elemental analysis calcd (%) for
C23H35NO2: C 77.27, H 9.87, N 3.92; found: C 77.62, H 10.09, N 4.11.

Radioligand binding assay : For CB1, rat forebrain membranes were pre-
pared according to the procedure of Dodd et al.[69] The binding of the
novel anandamide analogues to the cannabinoid receptor was assessed as
previously described,[4,44, 45, 47, 64, 65] except that the membranes were pre-
treated with PMSF. Membranes, previously frozen at �80 8C, were
thawed on ice. Three volumes of TME buffer (25 mm Tris-HCl buffer,
5 mm MgCl2, and 1 mm ethylenediaminetetraacetic acid (EDTA), pH 7.4)
containing 150 mm PMSF (freshly prepared in 2-propanol as a 100 mm

stock solution) were added to the stirred suspension. The suspension was
incubated at 4 8C, then after 15 min, a second addition of PMSF stock
brought the concentration to 300 mm PMSF, and the mixture was incubat-
ed for another 15 min. At the end of the second 15 min incubation, the
membranes were pelleted and washed three times with TME to remove
unreacted PMSF. The pretreated membranes were subsequently used in
the binding assay described next. The resulting PMSF-treated membrane
(approximately 30 mg) was incubated in a silanized 96-well microtiter
plate with TME containing 0.1 % essentially fatty acid-free bovine serum
albumin (BSA), 0.76 nm [3H]CP-55,940, and various concentrations of
anandamide analogues in a final volume of 200 mL. The binding assay
was performed at 30 8C for 1 h with gentle agitation. The resultant mate-
rial was transferred to Unifilter GF/B filter plates, and unbound ligand
was removed by using a Packard Filtermate-96 Cell Harvester (Perkin–
Elmer Packard, Shelton, CT). Filter plates were washed four times with
ice-cold wash buffer (50 mm Tris, 5 mm MgCl2 containing 0.5 % BSA,
pH 7.4). Radioactivity was determined by using a Packard Top-Count.
Data collected from three independent experiments performed with du-
plicate determinations were normalized between 100 and 0% specific
binding for [3H]CP-55,940, determined using buffer and 100 nm CP-
55,940, respectively. The normalized data were analyzed using nonlinear
regression to yield IC50 values. Data from at least three independent ex-
periments performed in duplicate were used to calculate IC50 values,
which were converted to Ki values by using the assumptions of Cheng
and Prusoff.[70]

For CB2 receptor binding studies, membranes were prepared from frozen
mouse spleen essentially according to the procedure of Dodd et al.[69]

Silanized centrifuge tubes were used throughout to minimize receptor
loss due to absorption. The CB2 binding assay was conducted in the
same manner as for CB1.
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